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MISSING INFORMATION:

Serial, external memory, and host interfaces; setup & hold times.
Recommend pull-up resistor values.



0. Introduction

The demands of digital audio require particular features from DSP (Digital Signal
Processing) chips for sound-effect design. The semiconductor industry serves a broader
customer base, however. While several commercial processor chips are more or less
suitable to the audio technical community, this is not what drives digital audio-based
companies into the intense and expensive design cycle of custom VLSI. The principal
driving force is the competitive edge gained by proprietary hardware which stifles reverse
engineering. The primary end-product, of course, is software; the algorithms which drive
the chips.

To remain competitive with contemporary products, a typical commercial sound-effects
box needs to execute roughly 30 different algorithm types, each satisfying certain artistic
standards of quality. While in the throes of an audio signal processor design, a DSP guru
from CCRMA, Stanford University, theorized that most DSP algorithms can be
formulated in terms of the digital filter. [Moorer] Reverberation algorithm design,
however, remains more of an artistic endeavor than a science; this elusive specialty is still
dominated by a few companies having the benefit of an early start. [Blesser/Bader]
[Griesinger]

Having this mandate, three design engineers were given carte blanche in 1990 to improve
upon an existing and proven chip design known as ESP. Rarely does an audio-product
specification call for the algorithm designers to engineer the computer as well. The
outcome is the fixed-point ESP2 which, as it turns out, exceeds the capabilities of
commercial DSP chips with regard to audio processing efficiency.

The purpose of Part I, the Hardware (or Chip) Specification, is to explain the ESP2 chip
design philosophy as it pertains to DSP applied to audio. The ESP2 programming
Language is discussed in Part 11, often referred to as the Software Specification. We
discuss effect design and present algorithms for several practical and real Audio
Applications in Part I11. We do this, first, to highlight the efficiency of the ESP2, second,
as an exposition of how fundamental DSP operations are accomplished in real-time, third,
to present some new results in the field of audio and DSP.



1. Chip Overview

Part | fully explains the functionality of the Digital Signal Processor chip called ESP2. To
assist the programmer, this Chip Spec. explains the implementation of all the ESP2
instructions. The information required by the engineer to design this chip into some
system is also found here, and is explained so as to be accessible to programmers having a
limited hardware background.

The information regarding the instructions is supplemented in Part I, the Language and
Software Spec., which explains nuances of the syntax which is the ESP2 assembly
language. The ESP2 language resembles some aspects of the C programming language.
The language is easy to learn, intuitive, and truly a step up from the standard practice of
manipulating unmeaningful register names.

The Software Spec. should be read by anyone using the ESP2 for intensive operations
involving external memory access (e.g., Reverberator design). Other engineers wishing to
write simpler test programs can get by with Part | and an example of a complete ESP2
program from which they may derive a shell to work within. Programming examples can
be found in the Applications section, Part Il11. The References are found thereafter.

The ESP2 chip architecture, shown in Figure 1, is optimized for the processing of audio
signals. The demands of audio dictate a minimum single precision bit-width of 24 bits.
The most prominent feature of this architecture is the three parallel function units:
Address Generator (AGEN), Arithmetic Logic unit (ALU), and
Multiplier/Accumulator/shifter unit (MAC unit).

Each function unit is complemented by extra source/destination registers called SPR
(Special Purpose Register). These registers all have unique purposes specialized to the
unit that they support. In many instances SPRs increase the number of operands
employed by a single instruction.

The AGEN is supported by a distinct block of registers called AOR (Address Offset
Register), which facilitate random access of off-chip data on each instruction cycle. These
registers provide address offsets to AGEN's modulo address calculation mechanisms.
Unlike conventional DSP chips, the AORs facilitate the design of sparse digital networks
which is a requirement of audio signal processing; e.g., digital reverberators.

Both the ALU and the MAC unit perform their three-operand instructions directly on all
the internal registers including GPR (General Purpose Register). MAC unit and ALU
direct access of SPR is useful to control the many specialized processes. The AORs are
directly accessible from the ALU and MAC unit for the purpose of modulating addresses
or for any general purpose. This feature is useful for time-varying processes.

The instruction memory is 96 bits in width and completely internal; i.e., there is no
provision for off-chip program memory. This large instruction word supports the parallel
architecture such that all three units can function in parallel while the instruction set
supports this. While the ESP2 also supports standard program control operations such as
branching and calls to subroutines, there are hardware provisions for program space
conservation. This conservation includes a low-overhead looping mechanism and
conditionally executable instructions. The latter feature eliminates the overhead
associated with branching around status dependent code, and improves efficiency three-



fold through the selective conditional execution of any or all of the parallel function unit
operations.

Although the ESP2 is inherently a parallel/pipeline design, all ESP2 instructions
individually execute in the same amount of time (one instruction cycle, four system clocks)
under all circumstances.
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1.1.1. Function Units: MAC, ALU, AGEN

The three main function units are designed to execute in parallel employing an instruction
set which supports the parallelism. The internal pipeline design dictates a specific
hardware ordering-in-time which sees the MAC unit first, followed mid-cycle by the ALU.
The AGEN timing exactly parallels that of the MAC unit. Some of the inter-unit pipeline
latencies discussed (see the Instruction Cycle Timing diagram), will be more easily
understood if this ordering-in-time is kept in mind.
The order of each instruction field, on the programmer's single line of code (one
instruction cycle, one program line, one instruction line), within which each unit's
instruction will be found is:

MAC unit ALU AGEN
The latencies are few, while easy-to-understand charts are presented in the Software
Specification to assist the programmer. It is important that the programmer recognize
that the speed and efficiency of the ESP2 processor for most all DSP tasks is facilitated by
this pipeline design.
One benefit of the parallelism is that the programmer will find many common instructions
amoung the units; e.g., both the MAC unit and ALU have identical MOV and identical shift
(ASH) syntax, so the programmer can simply cut and paste into the appropriate field.

The MAC unit is a three operand device (two source, one destination), plus a seed source.
The MAC unit instruction set comprises 20 fundamental instructions, 10 variations, and
an assortment of pseudo instructions providing a large palette of
multiply/accumulate/shift operations. A prominent feature of the MAC unit is the ability
to selectively inhibit latching of the accumulator result while sending it to some
destination register. A Barrel Shifter is integral to the MAC unit, available on a per-
instruction basis, and can be accessed by the ALU. The Barrel Shifter can be used to shift
either the input to the accumulator or the accumulator output.

The ALU instruction set consists of 32 standard, non-standard, and Boolean instructions.
All of these instructions can take two source operands and another destination operand.
The non-standard operations are used for such things as FFTs, envelope generators,
stereo-to-mono signal conversion, etc. The ALU instruction set is augmented with a wide
assortment of pseudo instructions. Program control instructions which allow conditional
branching are found in the ALU. While branching allows the programmer to jump over
parallel instructions to the ALU, MAC unit, and AGEN, a separate mechanism allows
conditional execution of individual instructions to any or all of the three function units.

The AGEN performs modulo addressing of 8 distinct regions of data located nearly
anywhere in external physical memory and of any size. Within each region can be defined
numerous delaylines whose region address offsets are determined by the multiplicity of
AORs employed by AGEN. AGEN features include a Plus-One addressing mode, and
UPDATE of the region BASE under program control. The AGEN can also perform
absolute addressing as would be required for peripheral 1/0.

1.1.2. Internal Registers.
Operand addresses are 10 bits allowing up to a total of 1024 internal registers. This

register space is apportioned as follows:

Table 1. Internal Register Address Map

$000 - $1c7 General Purpose Registers (GPRs)



$1c8 - $1ff Special Purpose Registers (SPRs)
$200 - $3c3 Address Offset Register (AORS)
$3c4 - $3ff Special Purpose Register (SPRs)

The ESP2 instruction set operates directly on these registers given meaningful names by

the programmer.
The MAC unit (with one restriction) and ALU can utilize all the registers as operands.
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1.1.3. GPR and ACR
GPRs (General Purpose Registers) and AORs (Address Offset Registers) are 24-bit wide
registers implemented as large dynamic ram arrays. GPRs and AORs have two read ports
and one write port. Each of the ports is accessed twice per instruction cycle. This gives a
virtual set of four read ports and two write ports per instruction cycle for each of the
arrays.
The GPR read ports allow two operand fetches for the ALU and two for the MAC unit in
an instruction cycle. The two GPR write ports allow one result-write by the ALU and one
by the MAC unit.
The AOR array is used to hold address offsets for the AGEN. When not used for holding
address offsets, AORs may be used just like GPRs. The four AOR read ports allow one
offset fetch for the AGEN, one operand fetch for the MAC unit, and two operand fetches
for the ALU. The two write ports of the AOR allow one result-write by the ALU and one
by the MAC unit.
Host access to GPR and AOR is governed by the ALU.

Because these registers are dynamic RAM they must be refreshed to maintain the data.
The mechanism for refreshing these registers is somewhat transparent and built into the
instruction set. GPR and AOR power-up in their lower power state; i.e., when these
registers read as logical 1, they are in their lower power consumption state.

The address map allows 456 GPRs and 452 AORs. Due to die size limitations, it is not at
first planned to include all of these registers. The initial revisions will have 256 GPRs and
256 AORs.

1.1.4. SPR

SPRs (Special Purpose Registers) are static registers for holding data specific to a
particular operation of a function unit, for interfacing to the external ports of the chip, for
controlling certain operating modes, or for chip hardware configuration and status.
Internal chip control and status registers, such as the Program Counter (PC) or the
Condition Code Register (CCR), are mapped as SPRs to provide access via the system
host. Host access to SPR is governed by the ALU.

All the function units (ALU, AGEN, MAC) have supporting SPRs. In some instances, one
or several SPRs effectively behave as extra source/destination operands to a particular
function unit. Unless stated otherwise, these extra source/destination SPRs are subject to
the same inter-unit latencies as any conventional source/destination register. (See the
section on Inter-Unit Latency.)

SPRs are accessible as operands in all of the same modes as GPRs, although some of the

SPRs are read-only. SPRs are distributed over the GPR and AOR address space so as to
balance the number of GPRs against the number of AORs.

11



1.1.5. Internal Register Usage
The rules governing the use of the three types of registers as operands for the three
function units are indicated in Table 2. (The symbol * in Table 2 denotes a valid usage.)
Notice that an AOR is not a valid E source operand in the MAC unit because one of the
AOR's four virtual read ports is usurped by AGEN.

Tabl e 2. Registers as Qperands

ALU MAC unit AGEN

A B C D E F G
GPR * * * * * *
AOR * * * * * *
SPR * * * * * *
Buss X Y 4 X Y Z W
Source * * * * *
Destination * *

1.1.6. Instruction Menory
The instruction memory is presently a 300 by 96-bit dynamic memory array. These 300
ESP2 instructions are equivalent to 900 instructions of a more conventional architecture
because of the three parallel function units that constitute the ESP2. Future expansion
sets the maximum possible number of ESP2 instructions at 1024 (3072 conventional). At a
sample rate of 44.1 kHz and using a system clock of 40 MHz, ESP2 can execute 226
instruction cycles (678 conventional) per sample period.

The instruction memory cell has one write port and one read port and cycles at twice the
instruction rate. This allows one cycle for instruction fetching, and a read/write cycle for
refresh or host access to the instruction memory array. Refresh of instructions is
transparent to the programmer. Instruction memory powers-up in its lower power state;
i.e., when instruction memory reads as logical 1, it is in its lower power consumption state.

Instruction memory can be downloaded, overlaid, or uploaded by the system host at any
time at the instruction rate. This is because the host interface is dichotomized between
internal register and instruction memory.

1.1.7. Future Expandability
It should be possible to shrink the chip to denser process geometries. This would improve
performance by allowing operation at higher clock rates. Since the chip is designed with a
10-bit Program Counter and 10-bit operand (address) fields, we can add GPR, AOR, and
instruction memory with minimal layout effort.

1.1.8. Internal Operand Busses
The ESP2 contains four 24-bit data busses, W, X, Y, Z. The X and Y busses are
time-multiplexed for fetching ALU and MAC unit source operands. These busses connect
to the GPR memory array, the AOR memory array, the ALU, the MAC unit, and to all
SPRs. The source register (GPR, AOR, or SPR) specified as the ALU's A operand is
always fetched on the X buss, as is the MAC unit's D source operand. The register (GPR,
AOR, or SPR) specified as the ALU's B source operand is fetched on the Y buss. The
register (GPR or SPR, but no AOR) specified as the MAC unit's E source operand is
fetched on the Y buss as well. The AOR addressed as the AGEN's G source operand is
fetched on the W buss. The Z buss is used to deliver results to the registers (GPR, AOR,

12



or SPR) designated by destination operands, C and F, from the outputs of the ALU and
the MAC unit respectively.

The MAC unit and ALU share the X, Y, and Z busses by relinquishing their use on
different phases of the same instruction cycle. Instruction Cycle Timing is covered in the
section of the same name.

13



1.1.9. External Interfaces
There are four mechanisms for interfacing to external memory and devices: the external
memory interface, the serial interface, the host interface, and chip synchronization.

The external memory interface is a 24-bit address, 24-bit data buss for random access
of delaylines and tables stored in external memory. This external memory buss can
also be used to access memory-mapped 1/O devices. Addresses for this buss are calculated
on every instruction cycle by the AGEN, under program control. The code which drives
AGEN can be generated automatically for the programmer by the assembler, if desired.
The DIL (Data Input Latch) and DOL (Data Output Latch) SPRs provide the interface to
the external memory data buss for incoming and outgoing data as they are accessed as
normal sources and destinations of instructions, under program control. The external
memory buss cycles at the instruction rate.

The serial interface consists of 8 serial stereo data lines. Each of the lines can be
configured as input or output. There are two fully programmable sets of clocks for
controlling the timing of data transfers on the serial data lines, and each data line can be
assigned to either set of clocks. The serial clocks may be disabled to allow exogenous
devices to dictate the serial timing. The SER data SPRs (e.g., SEROL) provide the
interface to incoming and outgoing serial audio data as they are accessed as normal
sources and destinations of instructions, under program control.

The asynchronous host interface offers an 8-bit data exchange on the host side, but 24-
bit on the ESP2 internal register side. It is described more fully in the later section,
Host/ESP2 Interface. The host/ESP2-register interface timing internally parallels that of
the ALU; the system host transfers data to/from GPR/AOR/SPR registers using normal
ALU data paths (the Y and Z busses). Transfers are completely under ESP2 program
control, however, the exact time of the register transfer governed by the ALU HOST and
BI1OZ instructions. The host will not hang waiting for an acknowledge because built-in
semaphores are polled by the host. When the chip is halted, it continually executes HOST
instructions by design.

Instruction memory is always accessible to the system host at the instruction rate
regardless of the state of the chip. Instruction memory access does not usurp internal
chip resources because there is a dedicated 96-bit buss for this purpose (8 bits wide on the
host side).

The chip synchronization interface includes the 10Z input pin, the IFLAG input pin,
the OFLAG output pin, and the RES\ (reset) pin:

The 10Z input pin is most often tied to the system sample rate signal called LRCLK. This
signal is asynchronous and comes from any desired source including the ESP2 chip itself.
The 10Z pin is indirectly monitored by the ALU BIOZ instruction to synchronize the
running ESP2 program to the sample rate.

The IFLAG input pin is uncommitted and can be used for any desired purpose. Its
intended purpose is for use as a semaphore in a rapid-transfer DMA scheme. It is visible
through the CCR in the ALU as IFLG. Other transfer schemes to external memory are
discussed in the Applications section.

The OFLAG output pin is also uncommitted and can be used for any desired purpose. It is
connected to the OFLG bit in the HARD_CONF SPR.

The RES\ pin impact is discussed in the Chip Reset and Initialization section. It can be
used in a multi-processor environment to initially synchronize several ESP2 chips running

14



in parallel. (Provision has been made in the external memory interface for sharing
external memory.)
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1.2. Instruction Cycle Timing
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Figure 2. Instruction Cycle Timing diagram
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All ESP2 instructions execute in one instruction cycle. The Instruction Cycle Timing
diagram shown in Figure 2 illustrates the relative timing of instruction execution for each
of the function units (MAC, ALU, AGEN), and their timing relationship with the access to
external memory. Notice that the external memory access lags the AGEN instruction
requesting it.

The access to internal source/destination operands is also indicated. Execution timing in
the MAC unit and ALU are interleaved to allow four operand-fetches and two operand-
stores by multiplexing the X, Y, and Z busses. By operating these busses at twice the
instruction rate, the MAC unit and ALU can each be supplied with two source operands
from GPR/AOR/SPRs and have their results stored back into GPR/AOR/SPRs on every
instruction cycle.

1.3. Latency
There are five categories of execution latency due to the internal pipeline architecture:
1l)inter-unit, 2)external memory access, 3)ALU instruction cycle execution, and 4)serial
data access, 5)pointer register access for indirect register addressing. The last three
categories are discussed in the pertinent sections. With few exceptions, when latencies
arise, the latency across the categories is one instruction cycle. This regularity makes for
a highly orthogonal design.

1.3.1. Inter-Unit Latency
The interleaving of the MAC unit and ALU timing produces some latency in the
availability of the result of the ALU instruction with respect to the MAC unit instruction.
As illustrated in Figure 2, the MAC unit fetches its source operands for the (n+1)t queued
instruction before the ALU has stored operation results to its destination from the nth
instruction. Similar latencies arise between the AGEN and the ALU since the AGEN
fetches are coincident with those of the MAC unit. The AGEN source operands (which
include the AOR (address offset), and BASE, SIZEM1, and END region control registers)
are acquired at the beginning of an instruction cycle, while there is an optional UPDATE of
the region BASE at the end of the cycle.

1.3.2. Latency of External Menory Access via AGEN
AGEN must calculate an address during one instruction cycle while the external memory
access at that address physically takes place during the next instruction cycle. The
external memory data-interface registers, the SPRs called DILs and DOLs, look like any
other register to the MAC unit and ALU. In the case of external memory reads (RD), this
pipeline design requires the assembler to schedule a RD at least two instruction cycles
before the data is actually supplied to the ALU or MAC unit via DIL (Data Input Latch).
In the case of external memory writes (WR), the pipeline delays the usage of the MAC
unit and ALU results written out via DOL (Data Output Latch). The pipeline design
allows a WR from the MAC unit to external memory to be scheduled as early as the same
instruction cycle as the MAC unit instruction which requested it (or any time thereafter). But
the pipeline design allows a WR from the ALU to be scheduled no sooner than one
instruction cycle after the requesting ALU instruction.
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The following manifest quantifies the inter-unit latencies and the AGEN scheduling rules:

The interleaving of the MAC unit and ALU operations and the alignment of the AGEN
timing with the MAC unit timing have important ramifications from a programming point
of view. The following rules summarize the register data access latencies between
function units.

Nonlatent operations
1. The result of a MAC unit operation is available for use as a source operand by
the MAC unit no sooner than the next instruction cycle (next queued program

line).

2. The result of a MAC unit operation is available for use as a source operand by
the ALU no sooner than the next instruction cycle.

3. The result of an ALU operation is available for use as a source operand by the
ALU no sooner than the next instruction cycle.

4. The result of a MAC unit operation written to an AOR or AGEN region control
register is available to the AGEN no sooner than the next instruction cycle.

Latent operations
5. The result of an ALU operation is available for use as a source operand
by the MAC unit no sooner than the second instruction cycle following the
ALU instruction.
6. The result of an ALU operation written to an AOR or AGEN region control
register is available to the AGEN no sooner than the second instruction cycle

following the ALU instruction.

The scheduling of DIL/DOL RD/WR from/to external memory, relative to the timing of
MAC unit and ALU operand access, follows these rules:

Alatent operation
7. External memory writes of MAC unit results to DOL can be scheduled on the
same program line (or on any line thereafter) as the instruction which generates
the data.

Nonlatent operation

8. External memory writes of ALU results to DOL can be scheduled no sooner
than one instruction cycle after the instruction which generates the data.

Latent operation
9. The fetch of data from external memory for use by either the ALU or the MAC

unit as a DIL source operand must be scheduled at least two instruction cycles
prior to the sourcing instruction.
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For a nice programmer's chart, see the ESP2 Language and Software Specification in the
Pipeline section.
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2. Multiplier/Accumulator/Shifter

2.1. Architecture
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Figure 3. MAC unit architecture. Bold buss shows first half instruction cycle.
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The multiplication unit is shown in Figure 3. It consists of a 24 by 24-bit signed
multiplier, a 52-bit accumulator, a 60-bit left/right arithmetic Barrel Shifter, overflow
detect logic, a 4 to 1 MUX and latches. The multiplier sources are fetched on the X and Y
buss from registers specified by the D and E operand fields of the instruction. Since the
48-bit product of the 24 by 24-bit fixed-point multiply has two sign bits, a fixed normalizing
shift left of 1 bit is designed permanently into the product path. The accumulator adds or
subtracts the left-shifted multiplication product, having appended 3 bits of sign extension,
to the 52-bit value from the feedback path (bold buss). This allows 4 guard bits for use in
detecting overflow in the accumulated result. The accumulator result can then be
selectively stored in the MAC latch, or out to a destination, or both. (The symbol labeled
'ACCUMULATOR' has no internal output latch.)

During the first half of an instruction cycle, when the right-side accumulator input is being
loaded, the 4 to 1 MUX will select one of three seed sources; either the MAC latch, the
constant MACZERO (MACZ), or the MAC Preload latch (MACP). These three input
options allow:

1) accumulation of the multiplier product with the MAC latch,

2) multiplication without accumulation,

3) accumulation of the multiplier product with a sign-extended (to) 52-bit Preload value
(MACP).

Positioning the Barrel Shifter in the feedback path allows shifting of the MAC or MACP
latch seeds prior to accumulation.

In the second half of the instruction cycle, there are four destination options:

1) 24 MSBs of the double precision accumulator can be written out to a single precision
destination register (via the Z buss), and not to the MAC latch,

2) to a single precision destination register, and 52-bits to the MAC latch,

3) double precision shifted to a single precision destination register, but not shifted to the
52-bit MAC latch,

4) double precision shifted to a single precision destination register, but not shifted and
not to the MAC latch.

The accumulator result must propagate through the 4 to 1 MUX, the 60-bit shifter, and
the overflow detect logic to the reach the Z buss for writing to a destination register. The
shifter and overflow detect logic must be separate so that only the final result of a series
of intermediate multiply/accumulate/shift operations becomes conditionally saturated
before being written to a destination.

The Barrel Shifter always performs a 60-bit arithmetic shift of O to 8 bits left or O to 7 bits
right. The instruction contains only one shift amount, and the shifter can be used to shift
the accumulator right-side input or the accumulator output to a destination register, but
not both in the same instruction cycle.

The sign extension to 60 bits of the 52-bit MUX output is required because of the
maximum possible shift left of 8 bits. The overflow detect logic checks the 13 MSBs of the
60-bit shifter output for overflow. Overflow exists if those 13 bits are not all in the same
state. When overflow has occurred the MAC unit output is saturated to either most
positive $7FFFFF,FFFFFF if the MSB of the shifter input is a 0, or most negative
$800000,000000 if the MSB of the shifter input is a 1. Conditional saturation occurs only
at the MAC unit output; there is no saturation of intermediate accumulator results stored
in the MAC latch.
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Neither is there any saturation of the left-shifted MAC or MACP latch when used as the
accumulator seed input. But when the left-shifted MAC or MACP is used as an
accumulator input and then the conditionally saturated result is sent to a destination
register, it is possible to detect overflow of these two seed inputs if the overflow is not in
excess of 4 bits. This reduction in overflow detection capability for shifts left of the MAC
and MACP latch inputs is because of truncation on the feedback path in the MAC unit.
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2.1.1. Exception Processing
There are two special cases that must be handled by the MAC unit:

Table 3. Miltiplier Exceptions

MAC latch Destination: F,MACRL
$800000 X $800000 = $0,800000,000000 = $7FFFFF,FFFFFF
-$800000 X $800000 = $f,800000,000000 = $800000,000000

2.2. MAC unit Barrel Shifter
The Barrel Shifter residing within the MAC unit performs only arithmetic shifts. The
Barrel Shifter performs two functions:
1) It can be used on the accumulator output path to perform a shift of +8 (left) to -7 bits
of the 52-bit accumulated sign-extended (to 60 bit) result.
2) The Barrel Shifter can be applied to the MAC latch as seed-source, or to Preload
values in the MACP latch as seed-source, for double precision shifting by +8 to -7 bits.

If it is desired to examine the 4 MAC latch guard bits, this can be done by first right-
shifting them in place back into the MAC latch. They can then be examined by sourcing
directly from the MAC latch (the SPR MACH).

ASSEMBLER NOTE: The shift code stored in the instruction is an unsigned 4-bit value.
The value is derived by the following equation:

Shift code = desired shift amount + 7
Since the desired shift amount is in the range from +8 to -7 bits, the result of the Shift
code equation falls into the range 0O to 15.

2.3. Accessing the MAC unit
The MACP latch is accessible as two pairs of 24-bit write-only SPRs: MACP_H and
MACP_L, and MACP_HC and MACP_LS. The ESP2 assembler generally disallows any
reference to MACP as a source operand which is not the seed source in the MAC unit.
When MACP is used as a single precision destination, this is synonymous with the SPR,
MACP_HC.

The unsaturated MAC latch is directly accessible as a pair of 24-bit read-only SPRs,
MACH and MACL, for use as source operands in the ALU or MAC unit with normal
latencies. From the ALU, using the MAC latch as a destination is disallowed by the
assembler. When MAC is used as a single precision source operand, this is synonymous
with the SPR, MACH.
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2.3.1. Witing the MACP (Preload) latch
MACP is used in accumulation, instead of the MAC latch or MACZ, under control of the
program. The MACP latch is nonvolatile and will retain a value written to it until written
again. Because of the interrelationship between the ALU and MAC unit instruction
timing, the value written by the ALU into the high or low-order bits of MACP during the
nth instruction line will be available for accumulation 2 instruction cycles later at the (n +
2)th queued instruction line. The MAC unit can also initialize the high or low-order MACP
latch, just as it can load any other SPR. In this case, MACP is available to the MAC unit
on the next instruction cycle. The ALU and the MAC unit can be used in conjunction to
initialize the full 52 (high and low-order) bits of the MACP latch.

When the SPRs, MACP_H or MACP_L, are written, the 24-bit value is written into the
indicated half of the MACP latch.

When the SPR, MACP_HC, is written, 24 bits are written into the high-order half of the
MACP latch while the loworder half is cleared to all zeros. When SPR, MACP_LS, is
written, the 24-bit value is written into the low-order half of MACP while the high-order
half is written with the sign-extension of the value in the low-order half. These allow
MACP initialization to the full 52-bit accumulator width in one instruction cycle.

Any write to the high-order half of the MACP latch is sign-extended into the 4 guard bits
to create a full 52-bit word.

2.3.2. Reading the MAC I|atch
Since the MAC latch is located before the overflow detect in the circuit topology, values
read from the MAC latch (using the MAC unit SPRs, MACH and MACL, as sources) will
not be conditionally saturated. Our intention was to provide unsaturated MAC unit
results as source operand for the MAC unit itself as well as for the ALU.

Also note from observation of the fundamental instructions, that the MAC latch will be

unshifted with regard to the last executed MAC unit instruction if it was not of the form:
MAC(P) >>n +/- D X E > MAC(F)

That is to say for many instructions, the MAC unit output is shifted but the MAC latch

acting as extra destination is not.

2.3.3. MAC Result Low |l atch (MACRL)

Examination of the fundamental MAC unit instructions shows that the MAC unit has a
destination on every instruction cycle. If the programmer does not specify one, the
assembler chooses the read-only ZERO SPR as the destination. On every instruction
cycle, the low 24 bits of the conditionally saturated MAC unit output will be written to the
MAC Result Low latch because it is in the output path. Since MACRL is mapped as an
SPR, it is readable by the MAC unit and ALU as a source operand. Storing the low word
allows double precision arithmetic using all 48 bits of the final result out of the MAC unit.
It is necessary to read the MAC Result Low latch before it is overwritten by the MAC unit
in the next instruction cycle. The only exception is when the MAC unit is executing NOPs
in which case the contents of MACRL will be preserved (see the MAC unit NOP pseudo
instruction).
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2.4. MAC unit Instructions
The fundamental instructions executed by the MAC unit are two-source one-destination
instructions, having an optional seed source and an optional MAC latch destination, of the
form:

(MAC(P)) +- DXE > (MAC,F

When a seed source is not specified, the assembler inserts MACZERO (MACZ). The D and
F operands can be any GPR, SPR, or AOR. The E operand can be any GPR or SPR. The F
operand acts as the register-type destination. At least one of the two destinations must
be specified by the programmer.

When the only destination specified is MAC, the assembler substitutes the read-only SPR
called ZERO for the F operand. Unsaturated results of the accumulation are stored in the
MAC latch (the SPRs: MACH, MACL) for use in subsequent accumulations.

When the only destination specified is F, the MAC latch is inhibited as a destination. This
inhibition is a means to preserve the previous MAC latch contents.

Table 4 lists the fundamental instructions of the MAC function unit:
(Parenthesis not required; it only serves to clarify the operation.)

Tabl e 4. MAC unit List of Instructions

MACZERO + D XE >MAC >>n >F
MACZERO - D XE >MAC >>n >F

MACZERO + D X E >>n >F
MACZERO - D X E >>n >F
MAC + D X E > MAC >>n >F
MAC - D X E > MAC >>n >F
(MAC + D X E) >>n >F
(MAC - D X E) >>n >F
MAC >>n+D X E > MAC, F
MAC >>n-D X E > MAC, F
MAC >>n+D X E >F
MAC>>n-D X E >F
MACP + D X E > MAC >>n >F
MACP - D X E > MAC >>n >F
(MACP + D X E) >>n >F
(MACP - D X E) >>n >F
MACP >>n+D X E > MAC, F
MACP>>n-D X E > MAC, F
MACP >>n+D X E >F
MACP>>n-D X E >F

In six of the instructions in Table 4, notice the MAC latch gets the unshifted unsaturated
result while the destination operand, F, gets the shifted and conditionally saturated
result. In four other cases, the MAC or MACP latch as seed source is shifted, but the
MAC latch as extra destination remains unsaturated. But in all cases, the destination, F,
receives the shifted and conditionally saturated result. The shift amount n, as specified
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in Table 4, can be +7 to -8 bits; specified as <<n it can be -7 to +8 bits. The shift amount
n is a constant expression that is encoded into the micro-instruction word.
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2.5. MAC unit Pseudo Instructions
The MAC unit pseudo instructions are designed to preserve the MAC latch where
possible. Therefore most pseudos do not provide MAC as a destination. Note that the
MAC latch is neither a valid destination from the ALU (but MACP is).
Generally speaking, only the MAC unit pseudo, NOP, preserves MACRL.

ADD D, MAC > MAC, F =MAC - D X MINUS1 > MAC, F ! destination is MAC or F

or both

ADD D,MAC >MAC>>n>F =MAC - D X MINUS1 > MAC >>n > F

ADD D, MAC = MAC - D X MINUS1 > MAC
ADD D, MAC >>n >MAC = MAC >>n - D X MINUS1 > MAC
ADD D, MACP > MAC, F = MACP - D X MINUS1 > MAC, F ! destination is MAC or F

or both

ADD D, MACP >MAC>>n>F =MACP - D X MINUS1 > MAC >>n > F
ADD D, MACP = MACP - D X MINUSL1 > MACP
ADD D, MACP >>n > MAC = MACP >>n - D X MINUS1 > MAC

The MAC latch as a destination is unsaturated, double precision. MACP as destination is
single precision, conditionally saturated.

ASH D>>n>F -D X MINUS1 >>n>F
ASH some reg >>n = -some_reg X MINUS1 >>n > some_reg

This pseudo instruction performs an arithmetic shift n places of the 24 bit D operand.
The value n which is encoded in the micro-instruction is the shift range; it is a constant
expression which can take any value in the range +7 to -8 bits.

ASH D>>8>F
ASH some_reg >>8

D X HALF >>7 > F
some_reg X HALF >>7 > some_reg

These two extra pseudo instruction definitions make the range of shift for ASH
symmetrical. Alternatively the programmer might choose the constant (HALF, MINUS1) to
be smaller (using the primitive instruction) thus extending the range of possible shifts
right even further.

In a shift right, the programmer should be aware that the MACRL SPR receives all of the
bits shifted out of the single precision D operand. This means that bits of the single
precision operand are not lost when shifted across the LSB boundary. Considering these
pseudo instruction definitions, the 48-bit concatenation, (some_reg,MACRL), will contain
all 24 of the right-shifted bits of some_reg.

PROGRAMMER NOTE: Double precision SHIFTMAC(P) pseudos or the ALU's double
precision shift instructions should also be considered. Note that the ALU's ASH pseudo
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instruction can not incorporate the MACRL SPR to catch the LSBs as explained here for
the MAC unit.

CLR F = MACZ + ZERO X ZERO > F
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DBL D>F = -DXMINUS1<<1>F
DBL some_reg = -some_reg X MINUSI1 <<1 > some_reg

EXIT = MACZ + ZERO X ZERO > REPT_CNT

This MAC unit pseudo instruction is used to terminate a repeating block of code,
instigated by the REPT instruction, at the end of the current block. The MAC unit EXIT
pseudo instruction may be placed anywhere within a repeated instruction block except
for the last line of the block where it will not work at all. See the description of the ALU
REPT instruction and the section on SPR Hazards for more details.

HALVE D>F = -DXMINUSL1>>1>F
HALVE some_reg = -some_reg X MINUS1 >>1 > some_reg
MOV D>F = -DXMINUS1>F

This allows the multiplier to do a MOV from operand D to operand F. If the D operand is
MAC, then the destination will receive the unsaturated MAC latch (MACH) from the
previous queued MAC unit operation. This pseudo instruction does not preserve MACRL.

PROGRAMMER NOTE: This instruction uses the MINUS1 SPR ($800000) as the E
operand. MOV to the MAC latch is discouraged because the MACP latch fulfills any role
as preload register, and because the MAC latch is not a valid destination from the ALU.

MOVSMAC >F =MAC +ZERO XZERO >F
MOVSMACP >F = MACP + ZERO X ZERO > F

These pseudo instructions send the double precision conditionally saturated MAC or
MACP latch to the single precision destination. If you wish to move the unsaturated MAC
latch to a destination, use the MOV pseudo instruction above or the ALU MOV
instruction.

NEG D>F
NEG some_reg

D XMINUS1 > F
some_reg X MINUS1 > some_reg
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NOP = MACRL X ONE >>1 > ZERO

This NOP for the MAC unit, utilizing the SPR called ONE, preserves MACRL. Since the
least significant 24-bits of the MAC unit result are always stored in MACRL, this
instruction performs a move of the MACRL SPR to itself. The MAC latch is not written,
hence it is preserved. This instruction performs no refresh.

NORFSH Identical to NOP

RFSH = - REF X MINUS1 > REF

This instruction performs a MOV using the REF SPR as source and destination registers.
See the section on GPR and AOR Refresh for details on this SPR and its use in refreshing
internal DRAM. Execution of this instruction will cause the loss of the contents of
MACRL from the previous queued MAC unit instruction.

SHIFTMAC >>n = MAC >>n + ZERO X ZERO > MAC
SHIFTMAC >>n > MAC = MAC >>n + ZERO X ZERO > MAC
SHIFTMAC >>n >F = MAC + ZERO X ZERO >>n > F

SHIFTMACP >>n > MAC = MACP >>n + ZERO X ZERO > MAC
SHIFTMACP >>n >F = MACP + ZERO X ZERO >>n > F

The SHIFTMAC and SHIFTMACP pseudo instructions perform an arithmetic shift of the
52 bit MAC latch and MAC Preload latch contents, respectively. The constant expression,
n, in the equation is the shift amount; it can take any value in the range -8 to +7 bits. If
MAC appears as a destination, it remains unsaturated, but it is shifted with double
precision. Unlike the MAC latch, the double precision MACP cannot be shifted in place,
which explains why there is no corresponding simplest form of SHIFTMACP. As always,
any result written to a destination register (including MACP) is single precision and
conditionally saturated.

PROGRAMMER NOTE: The rationale behind the definition of these pseudos is the
following:
First, we want double precision results unless a single precision destination register is
specified.
Second, consider the construct,

MAC >>n or MACP >>n + ZERO X ZERO > MAC,F
F is conditionally saturated but not guaranteed saturated correctly in a shift left because
the MAC unit feedback path is truncated. Therefore, we can only use this construct
reliably for SHIFTMAC(P) when the only destination is MAC (F is the ZERO SPR),
because the MAC latch is never saturated.
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SQR some_reg > F = some_reg X some_reg > F
SQR some_reg some_reg X some_reg > some_reg

This is a short hand way of multiplying a number by itself.

ASSEMBLER NOTE: AORs cannot be squared because the MAC unit can only get one
source operand from AORs. This event should be flagged as an error for the user.

SUB D, MAC > MAC, F = MAC + D X MlNUSl > MAC, F ' destination is MAC or F or
both

SUB D, MAC > MAC >>n>F = MAC + D X MINUS1 > MAC >>n > F

SUB D, MAC = MAC + D X MINUS1 > MAC

SUB D, MAC >>n > MAC = MAC >>n + D X MINUS1 > MAC

SUB D, MACP > MAC, F = MACP + D X MlNUSl > MAC, F I destination is MAC or F

or both

SUB D, MACP >MAC >>n>F =MACP + D X MINUSL1 > MAC >>n > F
SUB D, MACP = MACP + D X MINUS1 > MACP
SUB D, MACP >>n > MAC =MACP >>n + D X MINUS1 > MAC

The MAC latch as a destination is unsaturated, double precision. MACP as destination is
single precision, conditionally saturated.

XCH some_regl, some_reg2
= -some_regl X MINUS1 > some_reg2 MOV some_reg2 >
some_regl

The exchange instruction is a macro-pseudo instruction which uses one MAC unit
operation and one ALU operation in order to exchange the contents of two registers.
During an XCH instruction, the MAC unit executes a MOV (pseudo) instruction as defined
above, while the ALU also executes a MOV instruction but in the opposite direction. Since
the operation of the MAC unit and ALU is interleaved, the register contents are swapped
using fewer instructions than either function unit acting alone would require.

The complete results are discernible to the ALU on the next instruction cycle, but due to
inter-unit latency, only some_reg?2 is discernible to the MAC unit on the instruction cycle
following the exchange; there, some_reg1l still holds its original contents. On the second
instruction cycle following the exchange, the complete results are discernible to the MAC
unit.

ASSEMBLER NOTE: An XCH specified in the MAC unit instruction field employs both the
MAC unit and the ALU, therefore no ALU operation can be specified on that instruction
line.

A warning should be issued if indirection is specified because to work properly, the
programmer must have set up the INDIRB and/or INDIRC SPRs in the ALU, while it is
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the INDIRD and/or INDIRF (not INDIRE) SPRs which must have been set up in the MAC
unit.
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3. ALU and Instruction Set

The Arithmetic Logic unit can perform a variety of general and special purpose
arithmetic, data movement, and logical operations. It incorporates classical
zero-overhead saturation arithmetic for handling computational overflow, and can shift
double precision signals to the left or right for the purpose of normalization. Instructions
exist to perform unsigned arithmetic without saturation.

During every instruction cycle the ALU takes one or two 24-bit source operands and
produces a 24-bit result which is sent to a (third) destination register. ALU execution
overlaps with the operation of the MAC unit, so the two computation units operate in
parallel. Detailed description of the ALU and MAC unit execution cycles may be found in
the section on Instruction Cycle Timing.

The instructions executed by the ALU are three-operand instructions of the form:
OPERATION A, B > C

The source A and B operands can be any GPR or SPR or AOR. The C operand is the
destination and it can also be any internal register. Since external memory access takes
place via the interface SPRs called DIL and DOL, the available operands virtually include
external memory data.

Some of the instructions that follow (especially program control instructions) do not use
all of the three available operands. Some of the instructions store data in the operand
(address) fields themselves. Directions have been included showing how the assembler
should regard the operands and operand fields of those instructions.

The mnemonic ZERO, used often as an operand, refers to the read-only SPR whose
content is zero.
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3.1. ALU Instructions

These are the fundamental instructions of the ALU:

ADD is a saturating 2's complement addition operator used to create the sum of
two signals. If the sum cannot be represented in 24 bits, full-scale positive
($7FFFFF) or full-scale negative ($800000) is substituted for the overflowed result.
The operation performed is:

C=A+B

ADDC Add with carry is a 2's complement saturating addition operator like

ADD, but the carry bit in the Condition Code Register (CCR) is added at the LSB.

This is valuable for double precision arithmetic. The operation performed is:
C=A+B+carry

When the ADDC instruction is used in conjunction with a preceding ADDV to
perform double precision arithmetic, the ADDC operation can saturate the high
24-bit word of the 48-bit result. Since the low 24-bit word was computed in the
preceding ADDV operation, its value will not be conditionally saturated. The low
word of the result can be adjusted by the following conditional operation:

ADDV a_low, b_low > c¢_low
ADDC a_high, b_high > ¢_high
IF OV

{XOR MINUSL1, ¢_high >c_low}

(See the section on ALU Pseudo Instructions for the IF pseudo, and see the
section on Setting Condition Codes for information on the V flag.)

PROGRAMMER NOTE: Since conditionally executed instructions never modify
the Condition Code Register, a double precision addition using the ADDC
instruction will not execute properly if the preceding ADDV is conditionally
executed {}.

ADDV is an unsaturating addition operator. It operates exactly as ADD, except
that it lacks overflow detection. For this reason it is not normally used to add
signals together, unless the signals are double precision. However, it can be used
for generating ramp signals, for performing unsigned address arithmetic, and for
double precision arithmetic. It performs the operation:

C=A+B
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AMDF This instruction first subtracts the operands as B - A with conditional
saturation, and then takes the (one's complement) absolute value of the result.

Equivalent Pseudo-code:

if (B-A)<0 thenC = (B - A) » $SFFFFFF /* exclusive OR */
elseC=B-A

This implementation employing the exclusive OR operation, instead of negation,
yields the absolute value of negative numbers which are off by 1, making the
magnitude of the destination smaller by one LSB of a 24-bit word in two's
complement. This instruction is typically found in pitch detection applications
where this error is insignificant. If the error needs to be corrected however, then
the state of the N flag in the CCR can be monitored.

AND performs the bit-wise logical AND of the two 24-bit operands:
C=A&B

AS performs an arithmetic shift of B by the contents of A using destination C.
Saturation will occur if any of the bits shifted left through the MSB differ from the
original sign bit. The shift amount is restricted to the range of +8 to -8 bits.
Positive values correspond to left shifts and negative values correspond to right
shifts. Zeros enter the LSB during left shifts and the sign enters the MSB during
right shifts. (See the ASH pseudo.)
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ASDH Arithmetic Shift Double High performs a double precision arithmetic shift
using the B operand as the high word and the A operand as the low word of a 48-bit
input. Saturation will occur if any of the bits shifted left through the MSB differ
from the original sign bit. The shift amount for this operation comes from the
ALU_SHIFT SPR and its range is restricted to +8 through -8 bits as in the AS
instruction. Zeros enter at the low-word LSB in a left shift, and the sign enters at
the high-word MSB in a right shift. The result is the high 24-bit word of the
conditionally saturated 48-bit shift output.

ASSEMBLER NOTE: Switch the operands on this instruction so that ASDH
gprl,gpr2 gets assembled as gpr2 being the A operand and gprl being the B
operand. This allows the two halves of a double precision word to appear in proper
order. In this particular example, gpr2 is the destination (the C operand).

PROGRAMMER NOTE: See the assembler note above. This switch of the
operands hobbles indirection. To indirect on gprl the programmer must write to
INDIRB, and vice-versa. The programmer must always use the verbose form of the
instruction explicitly declaring the destination to successfully implement
indirection.

ASDL Arithmetic Shift Double Low performs a double precision arithmetic shift
using the B operand as the high word and the A operand as the low word of a 48-bit
input. The shift amount for this operation comes from the ALU_SHIFT SPR and
its range is restricted to +8 through -8 bits as in the AS instruction. Zeros enter at
the low-word LSB in a left shift, and the sign enters at the high-word MSB in a
right shift. The result is the low 24-bit word of the 48-bit shift output.

The ALU performs this and the ASDH instruction by intelligently extracting a 32-
bit field from the 48-bit input based on shift direction and whether the low or high
word is the desired result. When the low word is desired, the MSBs of the input
are lost before the shift and are, therefore, not available for detecting overflow
during a shift.

ASSEMBLER NOTE: Switch the operands on this instruction so that ASDL
gprl,gpr2 gets assembled as gpr2 being the A operand and gprl being the B
operand. This allows the two halves of a double precision word to appear in proper
order. In this particular example, gpr2 is the destination (the C operand).

PROGRAMMER NOTE: See the assembler note above. This switch of the
operands hobbles indirection. To indirect on gprl the programmer must write to
INDIRB, and vice-versa. The programmer must always use the verbose form of the
instruction explicitly declaring the destination to successfully implement
indirection.

PROGRAMMER NOTE: The result of this instruction will saturate to $FFFFFF or
$000000 when the V flag in the Condition Code Register is true from the previous
queued ALU instruction. The direction of overflow will be determined by the N
flag of the Condition Code Register from the previous queued ALU instruction.
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The N and Z flags will then be set based on the 24-bit result from this instruction,
the V flag will not be modified.
If the saturation feature is undesirable, use the LSDL instruction instead.

PROGRAMMER NOTE: Since conditionally executed instructions never modify
the Condition Code Register, a double precision shift using the ASDL instruction
will not conditionally saturate reliably based on the previous queued ALU
instruction if that previous instruction is conditionally executed {}.
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AVG takes the average of two operands:

C=(B+A)>>1
The guard bit of the addition result is included in the shift, therefore overflow is
not possible. This means that two full scale signals may be used as inputs without
a saturated result. Often used for stereo to monophonic signal conversion.

PROGRAMMER NOTE: The operation, (B - A) >>1, can be coded using the AVG
instruction as follows:

AVG somereg_a, somereg_b > somereg_c
SUB somereg_a, somereg_c > some_other_reg

This method stores (B+A) >>1 in somereg_c. This method also avoids the
possibility of saturation in the intermediate result that could occur in the more

obvious coding that follows:
SUB somereg_a, somereg_b > somereg_c
AS #1, somereg_c > some_other_reg
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BI1OZ is a sample-rate synchronization instruction which conditionally sets the
BIOZ bit in the HOST_CNTL register. A high BIOZ bit suspends the chip. The
BIOZ bit is set when this instruction is encountered and the 10Z status bit of the
HOST_CNTL register is found low. The chip will stay in a state of suspension
while the 10Z status bit remains low. Execution will resume when the 10Z status
bit is set, for then the BIOZ bit will be automatically cleared. If the 10Z status bit
is set before the BIOZ instruction is encountered, then the BIOZ bit cannot go
high, hence no suspension will occur. The 10Z status bit is automatically set by a
low to high transition of the 10Z input pin while the 10Z_EN bit in the
HOST_CNTL register is high. The 10Z pin is an asynchronous input which is
synchronized to the instruction cycle by the synchronization interface. It is most
often tied to the sample rate signal called LRCLK (which is also allowed to be
asynchronous with regard to serial data transfer 1/0).

Taking the 10Z_EN bit low will disable the detection of subsequent 10Z input pin
transitions, hence disabling the subsequent setting of the 10Z status bit, and will
therefore hold the chip in BIOZ suspension indefinitely (assuming that a BIOZ
instruction was encountered in the running program). If 10Z_EN goes low after the 10Z
status bit was set, the subsequent BIOZ instruction will observe a high 10Z status
bit. Hence, indefinite suspension will occur the next time around. When 10Z_EN
is again set high, the next low to high transition on the 10Z pin sets the 10Z status
bit.

All this can be more easily understood by observing the schematic below:

l —I——D R 3 10Z status bit
10Z_EN
N HR 4 >.74 o l
D> | R
10Z pin D Q

5V
BIOZ instr. D——)
r | BIOZ it

Figure4

The 10Z status bit appears in the CCR, the HOST_CNTL interface register, and in
HOST_CNTL_SPR. The BIOZ instruction automatically monitors the bit which
appears in the CCR and which is updated on a per instruction basis. Unlike the
IFLAG pin, nowhere does an image of the 10Z input pin exist. The system host
has read/write access to the 10Z status bit, the I0Z_EN bit, and the BIOZ bit
through the HOST_CNTL interface register.

In order to allow run-time host access to internal registers, the ALU will execute
HOST instructions but only while in suspension; as it does during chip halt (see
the section on Halt and Suspension States). The example program and its
Equivalent Pseudo-code shows that suspension is not guaranteed by the mere
execution of a BIOZ instruction. We see that the instruction cycle corresponding
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to the BIOZ instruction itself is used to perform one internal register refresh.
Keep in mind that all instructions in the example program are executed only once.

example program: NOP BIOZ NOP
next queued instr.
2nd  queued instr.
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Equivalent Pseudo-code:

example program: NOP MOV REF > REF NOP /*Bicz hit is always clear
comng in. */

/* These B and C operands are supplied by the assenbl er. */

if (10Z status bit) /* set on lowto high transition of 1QZ
pin. */
clear 10Z status bit
else
set BIOZ bit
execute next queued instr. /* Execution latency */
if (10Z status bit) {
clear BIOZ bit
clear 10Z status bit /* zero it for detection of next sanple
period. */
}
while (BIOZ bit) { /* suspension. */
HOST /* Auto refresh or host access. */
/[*Band C operands for HOST are supplied by the hardware as REF. */
if (10Z status bit) { /* set on lowto high transition of 1Qz
pin. */
clear BIOZ bit
clear 10Z status bit [* zero for start of next
peri od. */
}
}
execute 214 queued instr. /* Resune program */

The BIOZ instruction does not always cause chip suspension. Suspension will not
occur when a program main loop equals or exceeds the sample period. BIOZ has
an instruction cycle execution latency of 1. If the chip shall enter into a state of
suspension then there is a one instruction cycle latency before so. Therefore the
instruction line queued for execution following BIOZ (which is not necessarily the
instruction line at PC value + 1 (See the section on Instruction Cycle Execution Latency.) ) Will execute
before the suspension becomes effective. When suspension terminates, execution
resumes with the 2nd instruction line queued for execution following BIOZ.

PROGRAMMER NOTE: If the number of instruction lines in every program main
loop is precisely equal to the sample period, this means that the BIOZ instruction
will never allow host access because the chip never goes into suspension. In this
case, the programmer must include HOST instructions elsewhere in the code if
host access is desired at run-time.

If an occasional program loop exceeds the sample period (which is allowed by the
chip synchronization interface), then BIOZ will not allow host access on that
particular loop for the same reason.

The BIOZ instruction always performs at least one refresh of internal registers as
evidenced by the first line of Pseudo-code. When the application program spends
time in suspension (in the while-loop inside the BIOZ instruction) more internal

registers are refreshed. The HALT_REF_DIS bit in the HARD_CONF SPR must
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be low during suspension (or halt) for the HOST instruction in the while-loop to
perform refresh when no host access is pending. During halt or suspension, the
MAC unit can be forced to do refresh, effectively doubling the refresh rate, if the
HALT_MAC_REF bit in the HARD_CONF SPR is set. This doubling comes at the
expense of the loss of the contents of the MACRL SPR (the low-order MAC unit
result from the queued instruction line executed prior to halt or suspension).

ASSEMBLER NOTE: Itis critical that BIOZ be used be perform refresh by setting

the B and C operands to the SPR called REF for the MOV operation. The A
operand is ZERO.
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BREV performs a classical bit reverse operation on the full 24 bits of the B
operand. This instruction is used in a radix-2 FFT and can be used for FFTs of any
binary size up to 2**24. The usage in a loop is the same as for DREV. The
operation on the bits is as follows:

23>0

22>1
21>2

1>22
0>23

The BREYV instruction can also be used to reverse the order of bits emerging or
received from the serial interface data lines; e.g.,

BREV some_reg > SER2L  /* instead of MOV */

ASSEMBLER NOTE: The A operand of this instruction is a don't-care. For
consistency the ZERO SPR should be used for the A operand.

DREV performs a digit reverse operation on the full 24 bits of the B operand.
The operation on the bits is as follows:

23>1
22>0

21>3
20>2

19>5
18>4

1>23
0>22

This instruction is used in a radix-4 FFT of any quaternary size up to 2**24.
Example of usage in a loop:

ADDV #(2**24)/N, index I where N = size of FFT
DREV index > drev_index lindex=0 > N-1

ASSEMBLER NOTE: The A operand of this instruction is a don't-care. For
consistency the ZERO SPR should be used for the A operand.
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HOST provides host access to GPR/SPR/AOR via the host interface registers.
The HOST_GPR_PEND bit of the HOST_GPR_CNTL interface register is
automatically checked by the ESP2 for a host access request. If an access is
pending, one MOV instruction is automatically executed which transfers data
between the HOST_GPR_DATA SPR and internal register memory in the
direction specified by the HOST_GPR_RW\ bit of the HOST_GPR_CNTL
interface register. The MOV executes using normal ALU timing and the standard
Y and Z busses. The address of the GPR/AOR/SPR to be accessed resides in the
HOST_GPR_ADDR1,0 interface registers. When the MOV is complete the
HOST_GPR_PEND bit will automatically clear.

When no host access is pending, this instruction performs refresh of one of the
internal GPR/AOR registers.

The BIOZ instruction contains the HOST instruction within it. These two
instructions provide the only mechanism for host access to internal registers at
run-time. But if the number of instruction lines in every program main loop equals
or exceeds the sample period, this means that the BIOZ instruction will never
allow host access because the chip never goes into suspension. In that case, the
programmer must include HOST instructions elsewhere in the code if host access
is desired at run-time.

ASSEMBLER NOTE: If no host access is pending, one MOV of B to C
automatically occurs in the ALU along the normal data paths using the operands
found in the instruction. The B and C operands, then, are both the REF SPR to
perform refresh of GPRs/AORs automatically when no host access is pending. (See
also the NOP pseudo instruction.)

The A operand of this instruction is a don't-care. For consistency the ZERO SPR
is used for operand A.

45



46

Jcc Conditional Jump moves the value in the B operand field of the instruction
into the PC. The A operand field of the instruction holds a condition mask which
controls conditional execution of the instruction by always unconditionally
preloading the CMR whenever this instruction is encountered. Thereisal
instruction cycle latency before the PC is modified, therefore the instruction line
qgueued for execution following Jcc is always executed before the jump is made.
Conditional execution applies to all instructions. Conditional jumps are performed
by conditionally executing the Jcc instruction. If the skip bit is not set for the ALU
(i.e., no curly braces in the assembler syntax), the jump is always taken regardless
of the preloaded mask. (See the description of the Conditional Execution
Mechanism.) condition can be GT, GTE, EQ, LT, etc.

ASSEMBLER NOTE: A MOV operation executes along the normal ALU data
path. The C operand should be assigned as the ZERO SPR to insure that the
MOV is benign. The moves to the CMR and PC use special reduced-latency
hardware apart from the normal ALU data path. The A operand field of this
instruction is set to the ALW Condition Mask if not specified.

PROGRAMMER NOTE. The Jcc mnemonic is not recognized by the assembler.
Use instead:
{IJMP label, condition > CMR}

JMP label | By default the assembler supplies ALW as the condition

We strongly discourage the practice of modifying the PC from the ALU using any
instruction not from the JMP class (Jcc, JScc, RScc) nor REPT, such as MOV.
The reason for this is that a sequence of instructions involving MOV to PC and one
of the latent instructions, such as BIOZ for example, can have indeterminate
outcome. In that example the desired PC value, as vector, varies dependent upon
precisely how many instruction cycles the chip remains in suspension.

JScc Conditional Jump to Subroutine executes like Jcc, except the value of the
PC for the second instruction line queued for execution following JScc (which is not
necessarily the instruction at PC value + 2 (See the section on Instruction Cycle Execution Latency.) ) is
pushed onto a 4-deep hardware stack. The B operand field holds the new value of
the PC, while the A operand field holds a condition mask which always
unconditionally preloads the CMR whenever this instruction is encountered. Like
Jcc, the instruction cycle execution latency of JScc is 1, so the instruction line
gueued for execution after JScc is always executed before the subroutine is
entered.

ASSEMBLER NOTE: A MOV operation executes along the normal ALU data
path. The C operand should be assigned as the ZERO SPR to insure that the
MOV is benign. The moves to the CMR and PC use special reduced-latency
hardware apart from the normal ALU data path. The A operand field of this
instruction is set to the ALW Condition Mask if not specified.

Although the PCSTACKO,1,2,3 SPRs are writable by the MAC unit, a hazard will
occur if the MAC unit is writing to one of these registers in the same instruction
line as a JScc or RScc instruction. It is desirable to detect these events and
prevent the programmer from doing this.

PROGRAMMER NOTE. The JScc mnemonic is not recognized by the assembler.



Use instead:
{JS label, condition > CMR} ! Conditional.

JS label ! By default the assembler supplies ALW as the condition
Unlike RScc, there is no programmer specified movement from B to the C
operand.

Example of stack management:
CODE /* push onto PCSTACK */
NOP JS here
NOP MOV #some_PC_value > PCSTACKO
here: NOP /* any MAC/ALU/AGEN

instruction */
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LIM is a special operation for checking a ramping value to a upper or lower limit.
This instruction is often used for envelope generation. It accepts a limit value as
the A operand and a ramping value as the B operand. The instruction also looks at
the NA Condition flag to determine the ramp direction. The NA flag in the CCR
holds the sign of the A operand from the previous queued ALU operation.

The instruction executes as follows:

if (NA==0) /* 1f the previous A operand is greater than or equal to zero (POS)
L

MIN A,B>C
else

MAX A,B>C

This instruction is typically used, for example, in a two instruction block as follows:

ADD increment, current_value > current_value
LIM limit, current_value > current_value

The ADD instruction in this example will set the NA flag with the sign of the
increment, which is the direction of the ramp.

PROGRAMMER NOTES:

Since conditionally executed instructions never modify the CCR, the LIM
instruction in the example above will not work properly if the preceding ADD
instruction is conditionally executed {}.

To conditionally saturate to arbitrary +/- values, use the individual MAX and
MIN instructions.

The LIM instruction can be used to implement the Signum function (sgn()). In
the following applications the negative Signum function is produced:

TEST A
LIM #$7FFFFF, #$7FFFFF > C I no zero produced
With another instruction, we can get the zero.
IF NZ
TEST A>C I zero case

{LIM #$7FFFFF, #$7FFFFF > C}
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LS performs a logical shift of B by the contents of A using destination C. The
shift amount is restricted to the range of +8 to -8 bits. Zero will be shifted into the
LSB or MSB depending on the direction of shift. No saturation will occur. (See the
LSH pseudo.)

LSDH Logical Shift Double High performs a double precision logical shift using
the B operand as the high word and the A operand as the low word of a 48-bit
input. The shift amount for this operation comes from the ALU_SHIFT SPR and
its range is restricted to +8 through -8 bits as in the LS instruction. Zeros enter
vacated bits in left and right shifts of the 48-bit double word. The result is the
high 24-bit word of the 48-bit unsaturated shift output.

Application example (double precision rotate left):

LSDH high, low > high
LSDH low, high > low

ASSEMBLER NOTE: Switch the operands on this instruction so that LSDH
gprl,gpr2 gets assembled as gpr2 being the A operand and gprl being the B
operand. This allows the two halves of a double precision word to appear in proper
order. In this particular example, gpr2 is the destination (the C operand).

PROGRAMMER NOTE: See the assembler note above. This switch of the
operands hobbles indirection. To indirect on gprl the programmer must write to
INDIRB, and vice-versa. The programmer must always use the verbose form of the
instruction explicitly declaring the destination to successfully implement
indirection.

LSDL Logical Shift Double Low performs a double precision logical shift using
the B operand as the high word and the A operand as the low word of a 48-bit
input. The shift amount for this operation comes from the ALU_SHIFT SPR and
its range is restricted to +8 through -8 bits as in the LS instruction. Zeros enter
vacated bits in left and right shifts of the 48-bit double word. The result is the low
24-bit word of the 48-bit unsaturated shift output.

Application example (double precision rotate right):

LSDL high, low > low
LSDL low, high > high

ASSEMBLER NOTE: Switch the operands on this instruction so that LSDL
gprl,gpr2 gets assembled as gpr2 being the A operand and gprl being the B
operand. This allows the two halves of a double precision word to appear in proper
order. In this particular example, gpr2 is the destination (the C operand).

49



PROGRAMMER NOTE: See the assembler note above. This switch of the
operands hobbles indirection. To indirect on gprl the programmer must write to
INDIRB, and vice-versa. The programmer must always use the verbose form of the
instruction explicitly declaring the destination to successfully implement
indirection.
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MAX takes the greater in two's complement of the A and B operands:
C = Maximum(A, B)

The comparison is performed as C = A - B.

ex.. To eliminate the $800000 code in a signal for purposes of symmetry,

MAX #$800001, some_signal > some_signal

PROGRAMMER NOTE: The state of the flags in the CCR upon equality are
consistent with the SUB instruction.

MIN takes the lesser in two's complement of the A and B operands:
C = Minimum(A,B)

The comparison is performed as C = A - B.

ex.. To conditionally saturate to arbitrary high and low limits,

MIN upper_limit, value ldestination is ‘value'
MAX lower_limit, value

PROGRAMMER NOTE: ditto
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MOV performs the fundamental data movement of B to C, as in:
MOV B>C
There is no alteration of the CMR as in MOVcc.

We strongly discourage the practice of modifying the PC from the ALU using any
instruction not from the JMP class (Jcc, JScc, RScc) nor REPT.

ASSEMBLER NOTE: The A operand of this instruction is a don't-care. For
consistency the ZERO SPR should be used for operand A.

MOVcc Conditional move executes like MOV but the A operand field holds a
condition mask which always unconditionally preloads the CMR whenever this
instruction is encountered. If this instruction is conditionally executed {}, then
condition will be used in the decision to execute or not. Like the other cc-class
instructions, condition also applies to all conditionally executed operations in the
other function units appearing on the same program line as MOVcc and on all
subsequent queued lines until another condition is preloaded.

PROGRAMMER NOTE: Specifying CMR as the destination (the C operand) of the
MOVcce will overwrite the load of the CMR from the A operand field. The CMR
used to conditionally execute the MOVcc in this unusual usage is the one from the
A operand field.

PROGRAMMER NOTE: MOVcc is not recognized by the assembler. Use instead:
MOV B > C, condition > CMR

{MOV B > C, condition > CMR} ! curly braces denote a conditionally executed
instruction
MOV B >C ! assembler substitutes MOV instruction

ASSEMBLER NOTE: The move to the CMR is always unconditional and uses
special reduced-latency hardware apart from the normal ALU data path. If no
condition mask is specified, substitute the MOV instruction.

OR performs the bit-wise logical OR of the two 24-bit operands:
C=A|]B

RECT performs the operation:
if(B<0) C=A-B /* with conditional saturation */
else C=8B

Two special cases of this instruction exist: If A =0 the result is the absolute value
of B (full wave rectification; see ABS pseudo). If A =B the resultis B if B is
positive, or O if B is negative (half wave rectification; see HWR pseudo). Regarding
the CCR, the 'result’ of this instruction is the C operand.
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REPT This instruction provides a low-overhead looping mechanism through
which a block of MAC/ALU/AGEN instructions can be made to repeat a specified
number of times. This means that the block is always executed at least once. The
minimum number of instruction lines constituting the block is one.

The instruction's A operand field always represents the PC value of the last
instruction line of the block. The B operand field or the B operand represents the
number of times to repeat the block. This duality gives rise to two forms of the
REPT instruction.

Three SPRs play a role in this looping mechanism: The REPT instruction (both
forms) always loads the value in the A operand field into the REPT_END SPR.
REPT always automatically loads the value of the PC for the next instruction line
queued for execution (which is not necessarily the instruction line at PC value + 1, so the block can be
disjunct. See the section on Instruction Cycle Execution Latency.) into the REPT_ST SPR. REPT
(first form) loads the value of the B operand field into the REPT_CNT SPR. A
nonzero value in REPT_CNT causes a jump to the PC value contained in REPT_ST
whenever the instruction at the PC value contained in the REPT_END SPR is
executed. REPT_CNT post-decrements at the end of each pass through the block
if it is nonzero.

The hardware for automatically setting up a loop is separate from the normal ALU
data path. The normal data path executes a MOV B > C during this instruction,
however. To make this MOV benign, the C operand is the ZERO SPR. The
instruction then has the following first form:

first_form: REPT last_instruction, countml

/* REPT equivalent Pseudo-code */

REPT_CNT = countml, REPT_ST = start_block, REPT_END = last_instruction;
/* countm1 is a constant expression stored in the B operand field */

do {start_block: MAC/ALU/AGEN instr.;

last_instruction: MAC/ALU/AGEN instr.} while (REPT_CNT--);

This first form of the REPT instruction is useful for looping 1024 times and less,
and is recommended for repeating an instruction block as short as one instruction
in length. last_instruction is the PC value of the last instruction of the block and
gets loaded into the REPT_END SPR via the A operand field of the instruction.
The constant expression, countml, gets loaded into the REPT_CNT SPR via the B
operand field of the instruction; GPRs are not allocated to hold either
last_instruction nor countml. countml is the number of times to repeat the
block. countml is unsigned, representing the number of loops minus 1, and so the
assembler allows a countm1 of zero. This first form of the instruction always
executes a block of any length at least once.

ASSEMBLER NOTE: The C operand is ZERO, for consistency, in the first form of
this instruction.

For the REPT instruction, the normal ALU data path movement of B to C occurs

after the REPT_CNT SPR is loaded from the B operand field. Knowing this, the
ALU data path MOV operation can be employed to move a repeat count value from
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the contents of some chip register (GPR/AOR/SPR) into the REPT_CNT SPR. The
second form of the instruction is then:
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second_form: REPT last_instruction, countml gpr > REPT_CNT

[* REPT equivalent Pseudo-code, second form */

REPT_CNT = address of countml_gpr, REPT_ST = start_block, REPT_END =
last_instruction;

do {start_block: MAC/ALU/AGEN instr.,  if (first loop) REPT_CNT = countm1_gpr; /*

transparent */
MAC/ALU/AGEN instr.;

last_instruction: MAC/ALU/AGEN instr. } while
(REPT_CNT--);

This second syntax for the REPT instruction allows counts greater than 1024 and
allows computed loop counts. In this second form of the REPT instruction,
countml_gpr is a register (GPR/AOR/SPR) containing an unsigned value specifying
the number of times to repeat a block of code. (countml_gpr holds the number of
loops minus 1 and cannot be interpreted, by the hardware, to hold a negative
value.) So the sequence of events first moves the register address of

countml_gpr into the SPR, REPT_CNT, via the B operand field (as in the first
form). A short time later, the contents of countml gpr (the B operand)
overwrites the contents of REPT_CNT via the normal ALU data path because
REPT_CNT is the C operand in this form.

ASSEMBLER and PROGRAMMER NOTE for second form:

Because of pipeline latency issues here, although the REPT_CNT SPR will get the
contents of countml1_gpr on the next instruction cycle, the REPT looping
mechanism will not be able to use it for two instruction cycles. This is fine if the
block to be repeated is at least two instructions long. But if the block is only 1
instruction in length, the loop will execute correctly if and only if the address of
countml_gpr is nonzero, and the contents of countml_gpr is the number of
repeats minus one (this is the same as saying the number of loops minus two)!
The assembler will check that the address of countml_gpr is nonzero.

Using the second form of the REPT instruction, the block of instructions will loop
at least once if the block is two or more instructions in length, but it will loop at
least twice if the block is only one instruction in length. (For this reason, we do
not recommend the use of the second form of REPT for one-line loops. See
the section on Latent Instructions.) Therefore, if the block length is two
instructions or more, countml_gpr may rightly hold the value zero indicating 1
loop, no repeat.

Jumps and subroutines (JScc, RScc, or Jcc) are allowed within a loop, but these
instructions must not immediately precede the last instruction of the repeated
block. This hazard is observed by the assembler in the contiguous case.

One must also be careful on a jump which is intended to abort the execution of the
loop. The REPT looping mechanism will remain functional as long as REPT_CNT is
nonzero. That mechanism will attempt to continue the loop if the last instruction
of the last repeated block is reached by any means. So to be safe, zero the
REPT_CNT SPR using the ALU or MAC unit pseudo instruction called EXIT
before aborting loop execution.

Likewise, if it becomes necessary to terminate a loop at the end of the current
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block, this can also be done via the pseudo instruction, EXIT. An EXIT must occur
at least one instruction prior to the last instruction of the block in order for the
loop to stop at the end of the current block.

Because there is only one set of REPT_ST, REPT_END, and REPT_CNT
registers, multiple REPT instructions cannot be nested. Since these
registers are SPRs, it is possible to set up loops manually by writing directly into
these registers.

ASSEMBLER NOTE: Since the REPT_CNT, REPT_END, and REPT_ST SPRs are
written as a result of REPT instruction execution, a hazard will occur if one of
these registers is used as the destination of a MAC unit operation on the same
instruction line as the REPT, or on the last line of a repeated block.

RScc Conditional Return from Subroutine pops the value of the PC from the 4-
deep hardware stack, PCSTACKO0,1,2,3. The A operand field of the instruction
holds a condition mask which controls conditional execution by always
unconditionally preloading the CMR whenever this instruction is encountered.
The RScc instruction always moves the B operand to the C operand just as in a
MOVcc instruction. Since RScc modifies the PC, (as do the other members of the IMP class,
Jeec and JSce) its instruction cycle execution latency is 1. So, the instruction line
gueued for execution following RScc will always execute as the last instruction line
of the subroutine.

PROGRAMMER NOTE. RScc is not recognized by the assembler. Use instead:

{RS B > C, condition > CMR} I curly braces denote a conditionally executed instruction.
RSB>C I by default the assembler inserts the ALW condition.
{RS, condition > CMR} I Note the required comma in this syntax.
RS I by default the assembler inserts the ALW condition.

PROGRAMMER NOTES:

Specifying CCR as the destination (the C operand) of the RScc instruction is a very
good way to restore the state of the Condition Codes before the return home.
Specifying PCSTACKO,1,2, or 3 as the destination (the C operand) of the RScc will
replace the specified PCSTACK SPR contents after the pop. The original contents
of PCSTACKO are always used to load the PC for the return to the calling routine,
in any case.

Specifying CMR as the destination (the C operand) of the RScc will overwrite the
load of the CMR from the A operand field. The CMR used to conditionally execute
the return in this unusual circumstance is the one in the A operand field.

Example of stack management:
CODE /* pop PCSTACK */

NOP MOV #here > PCSTACKO

NOP RS

NOP /* any MAC/ALU/AGEN instructions */
here: NOP
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ASSEMBLER NOTE: Although the PCSTACK SPRs are writable by the MAC
unit, a hazard will occur if the MAC unit is writing to one of these registers on the
same instruction line as a JScc or RScc instruction. It is desirable to detect these
events and prevent the programmer from doing this.

A MOV operation always executes along the normal ALU data path. If the
programmer does not specify B and C operands, they both should be the ZERO
SPR for consistency. The moves to the CMR and PC use special reduced-latency
hardware apart from the normal ALU data path. The A operand field of this
instruction is set to the ALW Condition Mask if not specified.

SUB is a 2's complement saturating subtraction operator which yields the
difference of two signals, analogous to ADD. It performs the operation:

C=B-A
The statement SUB A, B > C is read: 'subtract A from B and put the resultin C .
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SUBB Subtract with borrow is a 2's complement saturating subtraction operator
which yields the difference of two operands. It departs from SUB in that the carry
bit of the CCR is subtracted from the LSB position. This operator is useful for
double precision arithmetic. It performs the operation:

C=B-A-carry

When the SUBB instruction is used in conjunction with a preceding SUBV to
perform double precision arithmetic, the SUBB operation can saturate the high
24-bit word of the 48-bit result. Since the low 24-bit word was computed in the
preceding SUBV operation, its value will not be conditionally saturated. The low
word of the result can be adjusted by the following conditional operation:

SUBV a_low, b_low > ¢ _low
SUBB a_high, b_high > c_high
IF OV

{XOR MINUSL1, ¢_high >c_low}

(See the section on ALU Pseudo Instructions for the IF pseudo, and see the
section on Setting Condition Codes for information on the V flag.)

PROGRAMMER NOTE: Since conditionally executed instructions never modify
the Condition Code Register, a double precision subtraction using the SUBB
instruction will not execute properly if the preceding SUBV is conditionally
executed {}.

SUBREYV is a 2's complement saturating subtraction operator which yields the
difference of two signals, just like SUB. But the position of the source operands
with respect to the minus sign is reversed. It performs the operation:

C=A-B

SUBYV is an unsaturating subtraction operator, analogous to ADDV. Like SUB,
it performs the operation:

C=B-A
SUBYV (like ADDV) can be used for double precision math and unsigned address
arithmetic. (See SUBB instruction.)

XOR performs the bit-wise logical exclusive OR of the two 24-bit operands:
C=A"B

Example:
The following code exchanges the contents of two registers without requiring a
third register:

XOR some_regl, some_reg?2

XOR some_reg2, some_regl
XOR some_regl, some_reg?2
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3.2. ALU Pseudo Instructions
Pseudo instructions make use of the fundamental instructions in an unusual or limited
way. Since ALU pseudo instructions are assembled as one of the fundamental ALU
instructions, they affect the CCR just the same.

ABS B>C
performs the operation:
RECT ZERO, B> C
This is the absolute value operation and it is a special case of the RECT instruction
is which the A operand is the ZERO SPR.

ASSEMBLER NOTE: The ABS instruction requires that the A operand be the
ZERO SPR.

ASH B>>n > C
performs the operation:
AS #n,B>C
If a computed shift is required, use the primitive AS instruction. The syntax here
is the same as for the MAC unit pseudo.

ASH some_reg >>n I some_reg is also destination.
ASH some_reg <<n I shift left for positive n

n is a constant expression (no # sign allowed); -8 <= n <= 8 bits.
ASSEMBLER NOTE: The syntax above is equivalentto AS A, B> C where the A

operand holds the shift amount. A-operand negative means shift right; this is
derived from exponentiation of 2.
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BIOZNORFSH

BIOZNORFSH B>C

This pseudo performs a BIOZ instruction with the exception that the B and C
operands of the indicated MOV operation (see BIOZ, Equivalent Pseudo-code) are
not set to the REF SPR. This instruction always moves B to C. The first form
of the instruction uses the ZERO SPR as the defaults for B and C.

The standard BIOZ instruction uses MOV REF > REF to accomplish at least one
refresh of internal registers. The BIOZNORFSH pseudo does not use the REF
SPR thereby inhibiting only that first refresh. To inhibit subsequent refresh
(which is not desirable, by the way) during a BIOZ (while-loop) suspension, the
HALT_REF_DIS bit in the HARD_CONF SPR must be set. That bit controls
internal register refresh during the halt and suspension states of the chip. In the
suspension state, it disables refresh when set by effectively changing the HOST
instruction, embedded within the BIOZ instruction, to a HOSTNORFSH. The
HALT_REF_DIS bit overrides the HALT_MAC_REF bit, but it can never override
the usage of the REF SPR, used as an instruction source and destination, as a
means to effect refresh. See the description of Internal Register Refresh for
more details on the use of this bit.

ASSEMBLER NOTE: If the programmer does not specify B and C operands, they
should be the ZERO SPR for consistency. The A operand of this instruction is a
don't-care, but it should be the ZERO SPR for consistency.

CLR C
performs the operation:
MOV ZERO >C
This is a shorthand way to clear a register.

CMP A, B
CMP A B>C
is a pseudo instruction created from the SUBREYV instruction using the
destination ZERO. It performs the comparison operation:

ZERO = A-B
The assembler supplies the destination ZERO when C is not specified. Used in this
manner, the CMP pseudo constitutes an arithmetic test which results in a setting
of the CCR that is used in subsequent instruction lines by conditionally executed
instructions.
The statement, CMP A, B isread: ‘compare A to B and set the CCR
accordingly".
CMP A, B > C performs the same operation but has a destination that is not
ZERO.
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DBL some_reg > some_other_reg
DBL some_reg

This pseudo instruction doubles a register's contents.

The second form performs the operation:
ADD some_reg, some_reg > some_reg
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DEC some_reg = SUB ONE, some_reg > some_reg
DECV some_reg = SUBV ONE, some_reg > some_reg

DIFF B>C
performs the operation:
C = $7FFFFF - B
ASSEMBLER NOTE: This instruction requires the constant $7FFFFF be stored in
a GPR or AOR for use as the A operand. It also assumes that the ALU SUBREV
instruction is used.

EXIT
This ALU pseudo instruction is used to terminate a repeating block of code,
instigated by the REPT instruction, at the end of the block. Although the ALU
EXIT pseudo instruction may be placed anywhere within a repeated block of
instructions, it will not terminate the current block if placed on the last line of the
block; in that case it will, however, terminate the block repeat after the next time
around. The operation is:

REPT ZERO, 0 > ZERO
(The A operand is a don't-care, the B operand field is 0.)

HALT
ESP2 program halt of the chip can be achieved by the operation:
OR #$2, HOST_CNTL_SPR > HOST_CNTL_SPR

This instruction sets the ESP_HALT bit in HOST_CNTL_SPR without affecting the

remaining bits of the register. (See the section on Halting the Chip.) To successfully
halt ESP2 under program control, the ESP_HALT_EN bit of the HOST_CNTL
interface register must also be set, otherwise HALT is ignored.

The chip can be taken out of the halt state by having the system host clear the

ESP_HALT and HOST_HALT bits of the HOST_CNTL interface register.

There is an execution latency of 1 instruction cycle for HALT to take effect,

therefore the

instruction line queued for execution following HALT will execute before the chip

enters into the halt state.

ASSEMBLER NOTE: To use this instruction, a GPR must be allocated to hold the

value $2.

HALVE B>C =AS #1,B>C
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HOSTNORFSH

HOSTNORFSH B>C

This pseudo allows host interaction, as in the HOST instruction, when host access
to an internal register is pending. If no host access is pending, the instruction
performs one MOV B > C where B and C are not the REF SPR. This instruction
inhibits the internal register refresh which is normally part of the standard HOST
instruction when no host access is pending, by purposely not referencing the REF
SPR in the B and C operands. In general, it is not a good idea to inhibit refresh.

ASSEMBLER NOTE: If the programmer does not specify B and C operands, they
both should be the ZERO SPR for consistency. The A operand of this instruction
is a don't-care, but it should be the ZERO SPR for consistency.

HWR B>C
performs the half-wave rectification operation:
ifB<O0
C=A-B=0
else
C=B

HWR is a special case of the RECT instruction where the A operand equals the B
operand:
RECT some_reg, some_reg > some_other_reg.

ASSEMBLER NOTE: The HWR instruction requires that the A operand and the B
operand be the same register.

IF condition = MOV ZERO > ZERO, condition > CMR

{IF condition} = {MOV ZERO > ZERO, condition > CMR}

These pseudo instructions utilize the MOVcc instruction to always unconditionally
preload the Condition Mask Register with a condition mask. Unlike the CMP
pseudo, IF does not constitute a test of any sort. In fact, the CCR is largely
unaffected by these pseudos. (Only the IFLG and 10Z flags of the CCR are
updated in the first form.) The {second form} is used when it is desired that all
the flags remain unmodified in the CCR. Like MOVcc, the new condition mask
will apply to all conditional operations on the same program line containing the IF,
and on all subsequent queued lines until another condition is preloaded.

PROGRAMMER NOTE: condition is a constant expression. The assembler
recognizes EQ, Z, GTE, etc. (see the section on Arithmetic Condition Masking). All
cc-class instructions always unconditionally preload the CMR.

ASSEMBLER NOTE: The B and C operands for this instruction should be

assembled as the ZERO SPR, while the A operand field holds the preload
condition mask which gets sent to the CMR.
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INC some_reg = ADD ONE, some_reg > some_reg
INCV some_reg = ADDV ONE, some_reg > some_reg
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LSH B>>n>C
performs the operation:
LS #n,B>C
and uses a specified shift amount; -8 <= n <= 8 bits (right) .
If a computed shift is required, use the primitive LS instruction.

LSH some_reg >>n I some_reg is also destination.
LSH some_reg <<n I shift left for positive n

n represents a constant expression (no # sign allowed).

ASSEMBLER NOTE: The syntax above is equivalentto LS A, B > C where the A
operand holds the shift amount. A-operand negative means shift right; this is
derived from exponentiation of 2.

NEG B>C
performs the operation:
ZERO-B>C
This is a special case of the SUBREYV instruction in which the A operand is
supplied by the assembler as the ZERO SPR.

NOP
performs a refresh of the internal register indicated by the REFPT SPR. The
instruction is assembled as:

MOV REF > REF
This refresh (and the MAC unit RFSH pseudo), when successfully executed (not
skipped), cannot be overridden by any means. See the section on GPR and AOR
Refresh for more information on the use of the REF SPRs for internal register
refresh.

ASSEMBLER NOTE: The A operand of this instruction is a don't-care, but it
should be the ZERO SPR for consistency.

NORFSH
This no-operation instruction is assembled as:
MOV ZERO > ZERO

ASSEMBLER NOTE: This NORFSH pseudo requires that the C operand be the
ZERO SPR. The A and B operands are don't-cares, but they should be ZERO for
consistency.

RFSH identical to NOP pseudo instruction.
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ROL some_reg
ROL some_reg > some_other_reg = LSDH some_reg, some_reg >

some_other_reg
This is a 24-bit rotate left (having no other bits outside the register involved). The
ALU_SHIFT SPR provides the shift amount for the instruction.

ROR some_reg
ROR some_reg > some_other_reg = LSDL some_reg, some_reg >

some_other_reg
This is a 24-bit rotate right (having no other bits outside the register involved).
The ALU_SHIFT SPR provides the shift amount for the instruction.

TEST A performs: ADD A, ZERO > ZERO

TEST A>C performs: ADD A, ZERO > C

This test sets the flags in the Condition Code Register, appropriate to the
arithmetic status of operand A, so that they can be used in subsequent instruction
lines by conditionally executed instructions. The second form of this pseudo also
moves operand A to some destination.
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3.3. Condition Code Register
Associated with the ALU is a Condition Code Register, the CCR, which is used for the
conditional execution of instructions. Seven bits (flags) from this register reflect the
arithmetic status of the chip, particularly the result of the previous queued ALU
operation. One bit (IFLG) reflects the state of a pin, while the remaining bit (10Z) reflects
the state of the internal 10Z status bit located in HOST_CNTL_SPR and the HOST_CNTL
interface register. The 9 LSBs of this 24-bit CCR are:

bit:8 7 6 5 4 3 2 1 0
10Z IFLG NB NA N C \Y LT Z

The CCR contains 5 flags whose states are derived in most ALU operations from basic
arithmetic results:

Z (zero result)

C (carry out)

N (negative result)

V (result overflow)

The LT (less than) flag is generated by the logic:

LT=V "N /* exclusive OR */

where N' is the sign of the result before saturation. Having the LT flag allows simple
detection of a Less-Than Condition.

The sixth and seventh flags, NA and NB, hold the sign of the A and B operands,
respectively, from the previous queued ALU operation.

The eighth flag is IFLG; it is an image of the IFLAG pin signal which is part of the
synchronization interface. The IFLAG pin is an asynchronous uncommitted input to the
ESP2 which is internally synchronized by the ESP2. The synchronization forces the state
of IFLG to update on a per instruction basis along with the ALU's update of the flags 0
through 6.

The nineth flag, 10Z, reflects the state of the internal 10Z status bit. The 10Z status bit is
a function of the 10Z input pin signal which is part of the synchronization interface. 10Z is
employed by the instruction BIOZ to automatically synchronize a running program to the
sample-rate signal at the 10Z pin. (See the BIOZ instruction for more details.) The
asynchronous 10Z pin signal is internally synchronized by ESP2 to force the 10Z flag to
update on a per instruction basis along with the ALU's update of the remaining flags.

The upper bits of the 24-bit CCR SPR are read as zeros as are all SPRs less than 24 bits in
width. The CCR is mapped in the SPR address space and is read-writable by the
instructions as is any other SPR. IFLG and 10Z, however, are read-only in the CCR SPR.
The 10Z status bit can be manually modified by writing to the HOST_CNTL (host)
interface register or to HOST_CNTL_SPR.

PROGRAMMER NOTE:

The programmer may have occasion to restore the chip state after returning from some
subroutine. The programmer should be wary of using the CCR as the destination of any
instruction other than an ALU MOV, MOVcc, or RScc because the outcome would be
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unpredictable since many ALU instructions automatically manipulate bits of the CCR.
Using the ALU MOV, MOVcc, or RScc to restore the CCR, the CCR bits become active
during the next instruction cycle for the purpose of conditional execution. (Moving to the
CCR from the MAC unit produces a hybrid combination of the MAC unit supplied data
with only the automatically updated CCR bits from the ALU; interesting but dangerous.
See SPR Hazards.)
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3.3.1. Setting Condition Codes
Condition Codes of the CCR are generated as follows for each ALU operation:

Table 5. CCR Setting by Instruction

OPERATION 1I0Z IFLGNB NA N C \Y LT Zz
ADD, ADDV, ADDC X X X X X X X X X
SUB, SUBV, SUBB, SUBREV X X X X X X X X X
AND, OR, XOR X X X X X - - - X
MIN, MAX X X X X X X X X 3
AVG X X X X X - X - X
RECT X X X X X - 2 @ X
AMDF X X X X 4 X X X X
AS, ASDH X X X X X Q) X - X
ASDL, LS, LSDH, LSDL X X X X X @ - - X
BREV, DREV X X X X X - - - X
LIM X X - - X X X X 3
MOV, HOST, BIOZ, REPT X X - - - - - - -
MOVcc, Jcc, JSce, RSce X X - - - - - - -

{any instruction}
N' is defined to be the MSB of the adder/subtractor output prior to saturation, shifting,
MUXing, XORing, etc.

X in the NB and NA flags indicates that the flag is set to the sign of the corresponding
source operand, two's complement. NB and NA, as other CCR bits, are active for the

purpose of conditional execution on the next instruction cycle.

X in the 10Z flag indicates that the flag is set to the value of the 10Z status bit. The 10Z
status bit is in turn a function of the 10Z input pin from the synchronization interface.

X in IFLG indicates that the flag is set to the value of the IFLAG input pin from the
synchronization interface.

X in the N flag indicates that the flag is set to the sign of the result of the operation, two's
complement.

X in the C flag indicates that the flag is set to the value of the carry output of the MSB of
the adder/subtractor as in classical 2'S complement arithmetic.

X in the V (overflow) flag indicates that the flag is set to the value G ~ N' where G is
the guard bit (beyond the MSB) of the adder/subtractor. (The ~ symbol indicates the
exclusive OR binary operator.)

X in the LT flag indicates that the flag is set to the value N' ~ V.

X in the Z flag indicates that the flag is set to a 1 if the result of the operation is a zero.

(-) Indicates that this flag is not altered by the operation.
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(1) C receives the last bit shifted off the left of the 24-bit result in a left shift, or off the
right of the 24-bit result in a right shift (before saturation is performed in the cases of
arithmetic shifts).
If the shift amount is zero the C flag gets the bit to the immediate left of the MSB:

In the case of AS or ASDH this would be a sign extension of the MSB.

In the case of LS or LSDH this would be zero.

In the case of ASDL or LSDL this is the LSB of the B operand.
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(2) V and LT are modified based on the result of the subtraction if the B operand is less
than zero. If the B operand is greater than or equal to zero, the subtraction is not
performed, therefore the V and LT flags will be cleared.

(3) Z asserted based on the result of the comparison not the result of the instruction.

(4) The result of an AMDF operation always has a positive sign. Therefore, the N flag for
this operation is set to N' as defined above, which is indicative of whether the exclusive OR
operation was performed.

Only the ALU automatically sets the CCR. CCR bits will be active for the conditional
execution of ALU, and/or MAC unit, and/or AGEN operations during the next instruction
cycle. CCR bits become valid at the end of the ALU instruction (see Instruction Cycle
Timing diagram); thus, they are available (as source operand) for explicit reading by the
next queued ALU instruction, but by the second queued MAC unit instruction.

If the ALU instruction is conditionally executed {}, the CCR will remain unchanged from
the previous queued instruction.
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3.3.2. Conditional Execution Mechanism
In addition to the program control instructions (e.g., the JMP class), the ESP2 chip has a
mechanism that allows individual function unit operations to be conditionally executed.
Any or all instruction fields may be marked by the programmer as conditionally executed
{}, meaning that the corresponding function unit's operation will only be executed when
the ALU's Condition Code Register (CCR) is in a specified state. That state constitutes
the skip Condition, and is specified by loading a particular mask value into the Condition
Mask Register (CMR) under program control. In this manner, the individual MAC unit,
and/or ALU, and/or AGEN instructions can be conditionally executed according to a
variety of ALU Conditions. The Conditions are formulated from combinations of the nine
CCR flags:
10Z, IFLG, NB, NA, N, C, V, LT, and Z.

All ESP2 instructions execute in one instruction cycle whether or not conditionally
executed. When the Condition Mask and Condition Code Register do not correspond, a
function unit instruction having its skip bit set {} will have its destination inhibited and all
its functionality disabled (with caveat under Instructions Not Skippable). The ALU, MAC
unit, and AGEN each have their own skip bit so this mechanism can be applied
independently to each.

Recall that only the ALU automatically sets the CCR. ALU instructions which are
conditionally executed never set the CCR, regardless of whether they were executed or
not. This provision allows for the CCR to be set once before a block of conditionally
executed instructions. Then, that CCR is automatically held the same across the entire
length of the block. In this way, an entire block of instructions may be conditionally
executed based on the same Condition. The Condition Mask Register (CMR) can be
initialized at the beginning of the block, but it is unconditionally subject to change if a cc-
class instruction is encountered. To keep the CMR the same across the block, any cc-class
instruction within the block must reload the CMR with the desired mask. (Note that if a
block of MAC unit and/or AGEN instruction fields are conditionally executed while the
corresponding block of ALU instructions is not, then the CCR will be changing on a per
instruction basis, but in accordance with the specific instructions executed in the ALU.)

To detect a skip Condition during the instruction cycle of any conditionally executed
instruction field, the following logic is performed:

skip\ = NOT, ~ ((NB&NB,)[(NA&NA )I(N&N,)|(Z&Z,) | (V&V )| (C&C, ) |(LT&LT,)|(IFLG&IFLG,,)|(102&10Z,,)

The subscript M in the skip\ equation indicates the corresponding bit of the Condition
Mask Register. Each Mask bit in the CMR (except NOT) is ANDed with the corresponding
bit in the CCR, and the results are ORed together. This result is then inverted (or not) as
per the status of the NOT bit, to account for the extra negated cases. If the final result is
false (equal to 0) then the current instruction field is skipped; that is to say, the field
becomes a NOP in the case of the MAC unit and AGEN and a NORFSH in the case of the
ALU by disabling the output along any destination buss.

Note that a NEV (execute never) Condition, where instructions will be unconditionally
skipped, can be formulated by clearing all Condition Mask bits to 0 except for a 1 in the
NOT bit. Likewise, ALW (execute always) can be formulated by clearing all bits in the
CMR including NOT.
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3.3.3. Instructions Not Skippable
All instructions (including REPT, BIOZ, HOST, and their related pseudos) are
conditionally executable {} with few qualifications:

All cc-class instructions (Jcc, JScc, RSce, and MOVcc) always unconditionally preload the
CMR whenever these instructions are encountered ({conditional} or not). This action
cannot be inhibited. Fortunately, the MOV instruction has two primitive forms.

Blocks of conditionally executed {} ALU instructions warrant consideration regarding the
impact upon the conditional execution of several instructions, ADDC, SUBB, LIM, ASDL,
which input Condition Code Register bits as part of their computation within the block.
(See the description of each instruction named for more details.) Double precision
operations are impacted; the programmer should consider the use of branching
instructions instead of conditionally executed instructions.

ASSEMBLER NOTE: Warnings should be issued when the instructions, ADDC, SUBB,
LIM, ASDL, are found conditionally executed.

When the SPR called REF is used as a source operand in either the MAC unit or the ALU,
the contents of the REFPT SPR are incremented. This action cannot be inhibited through
conditional execution. See the section on GPR and AOR Refresh.

3.3.4. Arithnetic Condition Masking
There are 16 commonly used arithmetic Conditions which can be tested based on the 5
CCR flags:
N, C, V, LT, and Z. The programmer loads a mask (having 5 corresponding bits and a
NOT bit) into the Condition Mask Register to select the Condition which will cause
instructions to be conditionally executed. The mask values for the 16 Conditions are listed
in Table 6. Note that mask values are not copies of the bit patterns produced by the CCR
when these Conditions exist; they are merely the values that are necessary and sufficient
for detecting the desired Condition.
In addition to these Conditions, the flag IFLG can be used for conditional execution based
upon the state of the input pin signal, called IFLAG, which it reflects. Similarly, the flag
10Z can be used for conditional execution as it reflects the state of the internal signal
called the 10Z status bit (see BIOZ instruction), which is in turn a function of the input pin
signal called 10Z.

The CMR can be written by a number of means:

1) Special instructions in the ALU always unconditionally move the value of the A
operand field of the instruction into the CMR; These are the cc-class instructions,
consisting of Jcc, JScc, RSce, and MOVcc. When any one of these instructions is
encountered ({conditional} or not), a new Condition Mask is preloaded and becomes
effective for all conditional operations (MAC, ALU, and AGEN) on the same and
subsequent queued instruction lines, until a new Mask is loaded.

2) A second method for writing the Condition Mask is to use the ALU or MAC unit to
MOV the contents of some register (GPR/SPR/AOR) into the CMR along the normal data
paths. Under this circumstance, the new Condition Mask will be effective for all
conditional operations on the queued instruction lines following the MOV, until a new
Mask is loaded.
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PROGRAMMER NOTE: If both function units specify the CMR as their destination
operand on the same instruction line, the ALU write to the CMR will supersede the MAC
unit write to the CMR. Conditional Execution Latencies of the CMR are discussed in the
Software Spec. in the section having that name.

ASSEMBLER NOTE: A hazard will occur if the MAC unit instruction specifies the CMR
as a destination on the same instruction line as an ALU operation which is a Jcc, JScc,
RScc, or MOVcec. In this case, both function units are trying to write the CMR
simultaneously with unpredictable results.
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Tabl e 6.

Condition

Equal (Zero)

Not Equal (NonZero)
Negative

Positive (>= 0)
Overflow

No Overflow

Lower (Carry Set)
Higher or Same (Carry
Clear)

Lower or Same
Higher

Less Than

Greater Than or Equal
Less Than or Equal
Greater Than
Always

Never

IFLG set

IFLG clear

10Z status bit set
10Z status bit clear
B operand negative
B operand positive
A operand negative
A operand positive

Mnemonic

EQ=Z
NEQ=NZ
NEG
POS
oV
NV
LO=CS
HS=CC
LS

HI

LT
GTE
LTE
GT
ALW
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Arithmetic Condition Code Masks
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HI, LO, HS, LS can be used for unsigned comparisons such as for address arithmetic.
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Mask
Value

$201
$001
$210
$010
$204
$004
$208
$008
$209
$009
$202
$002
$203
$003
$000
$200
$280
$080
$300
$100
$240
$040
$220
$020



3.4. Instruction Cycle Execution Latency (Latent Instructions)
This advanced topic may be skipped by the novice or the first-time reader.
This category of latency regards the latency of the instructions themselves. All
the latent ESP2 instructions are from the ALU. No instruction has an execution
latency which exceeds 1 instruction cycle. The latent instruction is one whose
impact is not effective until the second queued program line following. The reason
we study this topic is because we must be able to predict the effect of cascades of
instructions, some of which may be latent.

The latent instructions in the ESP2 are: Jcc, JScc, RScc, and BIOZ.
The latent pseudo instructions are: BIOZNORFSH and HALT.

The JMP class (Jcc, JScc, RScc) instructions always see the next queued
instruction line execute prior to the actual branch; this is a prominent case.

The HALT class (HALT, BIOZ, BIOZNORFSH) instructions see the next queued
instruction line execute prior to freezing the PC; most all audio programs will
employ the BIOZ instruction.

In the following examples, the labels, identified by colons, each denote a PC value
corresponding to a particular program line number. Many of the ancillary
instructions are NOPs to make the examples simpler, but they generally represent
any nonlatent instruction.

CASE: JMP class
An important instruction sequence involves the nonlatent low-overhead loop
instruction, REPT, which is not from the JMP class. Specifically, we consider:

CODE
11: NOP REPT label2, countml

12: NOP JMP labell /* CMR unconditionally preloaded with ALW */
13: NOP  /* executed */

labell: NOP

label2: NOP

The outcome is that the REPT_ST SPR receives the value, 12, as expected. The
loop spans the program lines 12 through label2. But now consider:

CODE

labell: NOP

label2: NOP

11: NOP JMP labell /* CMR unconditionally preloaded with ALW */
12: NOP REPT label2, countml

The outcome has changed such that the REPT_ST SPR receives the value, labell.
This happens because when REPT is executed, the program line at labell is queued
next in line for execution; this is what is meant by the phrase, queued for
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execution. The loop now spans only labell and label2. This feature permits the
use of disjunct REPT blocks.
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CASE: HALT class

CODE
11: NOP HALT
12 NOP REPT labell, countml gpr > REPT_CNT

labell: NOP  /* 100p */

This important exception is for one-line loops using the second form of the REPT
instruction. The previous halt state disrupts the normal latency of the load to the
REPT_CNT SPR. So our one-line loop rule for the second form of REPT reverts
to the rule for the first form, and the concern about the address of countml_gpr
disappears. Since this is too difficult to remember, we recommend using only
the first form of REPT for one-line loops (see REPT instruction description).

ASSEMBLER NOTE: A warning should be issued under the circumstance that a
HALT instruction precedes the second form of the REPT instruction used for a
one-line loop. The warning states that countml_gpr should not contain the
number of repeats less one (i.e., not the number of loops desired less two); but
rather, the number of repeats desired.

If the instruction preceding REPT is BIOZ (or BIOZNORFSH) for this case, the
outcome depends upon whether suspension actually occurs. Hence, this alternate
warning should recommend not using the construct unless the programmer knows
that suspension will always occur or always not occur.

CASE: JMP class, JMP class
Consider the example of two JMP class instructions, one after the other:

CODE

11: NOP JMP labell /* CMR unconditionally preloaded with ALW */
12: NOP JMP label2 /* CMR unconditionally preloaded with ALW */
13: NOP /* hurdle 1 */

labell: NOP

15: NOP /* hurdle 2 */

label2: NOP

According to the prescribed latency of these instructions above, the sequence of
executed program lines will be as follows: 11, 12, labell, label2.

CODE

11: NOP JS labell /* CMR unconditionally preloaded with ALW */
12: NOP JMP label2 /* CMR unconditionally preloaded with ALW */
13: NOP /* hurdle 1 */

labell: NOP

I5: NOP /* hurdle 2 */

label2: NOP

Here we find that the PC value 13 is pushed onto the hardware stack for the
instruction sequence above; this is as expected.



CODE

11: NOP JMP labell /* CMR unconditionally preloaded with ALW */
12: NOP JS label2 /* CMR unconditionally preloaded with ALW */
13: NOP /* hurdle 1 */

labell: NOP

I5: NOP /* hurdle 2 */

label2: NOP

But now we find that the instruction sequence above pushes 15 onto the stack.
Again, this is because when JScc is executed, the instruction line at labell is
queued next in line.

A number of academic examples can be constructed from a sequence of JScc/RScc
instructions, but they are perhaps not very useful. The predominant feature of
this particular sequence is the aerobatic trajectory of the PC. We give one such
example:

CODE
NOP JS label /* CMR unconditionally preloaded with ALW */
NOP RS /* CMR unconditionally preloaded with ALW */
pcstackO: instructionO /* hurdle */

label: instructionl

In the example above, pcstackO is pushed onto the hardware stack by JS. The
program line holding RS is executed, then instructionl is executed, and then
instructionO is executed. Then instructionl is executed again before the program
continues on. instructionl is executed a total of two times, but instructionO is
executed only once. By inserting NOPs and/or moving the label around, many
more such exercises can be generated.

CASE: HALT class, HALT class

Generally speaking, this type of instruction sequence is not useful and should not
be programmed. For example, two HALT pseudo instructions cannot be queued
because the impact of the second HALT will be lost upon restart by the system
host. As a second example, consider a HALT/BIOZ sequence. The BIOZ
instruction loses its execution latency as the chip becomes effectively 'suspended'
indefinitely. When the ESP_HALT_EN bit is not set, the execution latency of
B1OZ returns hence producing a different outcome. There is no useful purpose for
this.
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CASE: JMP class, HALT class
The following instruction sequence is a useful programming paradigm (see the
Applications section.):

CODE
top_of program: NOP /* executes prior to suspension. */
11 NOP [* PC frozen here. */
NOP JMP top_of program /* CMR unconditionally preloaded with ALW */
NOP BIOz
12: ... I* never executed */

Since both IMP and BIOZ are latent, the instruction line queued for execution
following each is always executed before impact. The contiguous program line at
12 is never executed. The PC becomes frozen at the second queued instruction
line following BIOZ if suspension occurs. When suspension terminates, execution
will resume at instruction line I1.

CASE: HALT class, JMP class

This instruction sequence is automatically detected by the hardware as a special
case. The HALT_JUMP monitor bit in the HOST_CNTL register goes high when
the normal run-time latency of a JMP class instruction is being enforced following
a HALT class instruction. The execution latency of a IMP might be absorbed by a
preceding HALT class instruction were it not for this enforcement. So, from a
programmer's point of view, a JMP class instruction has the same execution
latency under all circumstances regardless of what instruction precedes it. We
present this case here only in the interest of being complete. As an example:

CODE
NOP BIOZ
10: NOP JMP 12 /* HALT_JUMP bit stays high for this cycle. */
11 NOP [* PC frozen here if it freezes. */
/* hurdle */
12:

Here the JMP instruction line at PC location 10 always executes prior to any
amount of suspension time (including none) due to BIOZ. The instruction line at
location 11 will execute following any suspension. But I1 always executes prior
to the branch regardless of whether the state of suspension actually occurs; this is
because of latency enforcement. After 11 executes, the PC will relocate to 12.
Because a feature of the chip synchronization interface allows individual program
loops to occasionally exceed the sample period, it is not desirable that the BIOZ
instruction unequivocally cause suspension. It is for this reason that the
enforcement is necessary.
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4. Indirect Register Addressing

A mechanism is provided for indirect addressing of internal register-type operands for the
MAC unit (D, E, F), the ALU (A, B, C), and AGEN (G). Seven SPRs, corresponding to
the six operands of the ALU and MAC unit and the one AOR operand of the AGEN
(INDIRA, INDIRB, INDIRC, INDIRD, INDIRE, INDIRF, and INDIRG), act as pointer
registers holding operand addresses. This mechanism indirectly accesses internal
register data with normal latency once the pointer registers are loaded.

To proceed with indirect register addressing, we must first load some internal register
address into one (or more) of the pointer registers corresponding to the desired
operand(s). To activate the indirection mechanism, an instruction is written substituting
the INDIRECT SPR as the desired operand for which indirection should occur. This
substitution can be for any (or all) of the seven instruction operands. The hardware will
recognize this special INDIRECT SPR and substitute the contents of the corresponding
pointer register (INDIRA,B,C,D,E,F,G) for the operand address.

The INDIRECT SPR is not a physical register; it is a reserved address in the SPR space
which is used by the programmer to activate indirection on a particular operand. Two
more reserved addresses, INDIRINC and INDIRDEC, are provided which also accomplish
indirection via the pointer registers. INDIRINC has the augmented functionality of
post-incrementing the corresponding pointer register's contents. INDIRDEC post-
decrements the corresponding pointer register's contents. (This can be very useful in looping on
internal array elements.) When automatically inc[dec]remented in that manner, the INDIRA,
INDIRB, and INDIRC pointer SPRs each become an extra source and destination whose
timing follows the ALU source and destination in the Instruction Cycle Timing diagram
shown in Figure 2. Likewise, automatic inc[dec]rement of INDIRD, INDIRE, and INDIRF
follow the MAC unit source and destination timing, while INDIRG inc[dec]rement follows
AGEN source and UPDATE BASE timing. The inc[dec]remented pointer register
contents will be available for the purpose of indirection in the next instruction cycle; i.e.,
these automatic inc[dec]rement operations are nonlatent, and normal inter-unit latencies

apply.

Miscellaneous

If the function unit instruction whose indirection operand is specified as INDIRINC or
INDIRDEC is actually skipped (as in conditional execution), then the automatic increment or
decrement will not take place.

We see in Figure 1 that the MAC unit's E operand has no access to AORs. Similarly, if
INDIRE points to an AOR, the outcome is indeterminate.

Indirection within the REPT instruction repeated block is not prohibited.
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4.1. Exceptions to Indirection
Since the ALU instructions, MOVcc, Jcc, JScc, RSce, and REPT, use the source operand
fields of the instruction for storing Condition Mask and repeat count values, the
indirection mechanism is disabled in the hardware for those particular source types to
avoid unexpected results. This could hypothetically occur if one of the afflicted source
operand fields were to contain a value which matched the INDIRECT, INDIRINC,
INDIRDEC, or REF reserved addresses.

Table 7 lists the afflicted instructions showing the operands for which indirection is
available * :

Table 7. Indirection Operand Availability

Instruction Operand Operand Operand

A B C
MOVcc * *
Jce * n/a
JScc * n/a
RScc * *
REPT * n/a

ASSEMBLER NOTE: The assembler should detect the use of the REF, INDIRECT,
INDIRINC, and INDIRDEC keywords as the B operand of REPT, or the A operand of
MOVcc, Jec, JSce, and RScc and then warn the programmer that indirection is disabled
for those operands.

ASSEMBLER NOTE: In the * cases of Jcc, JScc, and REPT, there are four high
instruction addresses which cannot be directly referenced as PC values. These illegal
instruction addresses correspond to the register addresses of INDIRECT, INDIRINC,
INDIRDEC, and REF. In these cases it is the PC value that is detected as an error, while
the use of the four keywords is legal; the REF keyword draws an 'outcome indeterminate’
warning, however.

ASSEMBLER NOTE: The values for the INDIRECT, INDIRINC, and INDIRDEC
reserved addresses are all 10-bit values having 1 in the MSB. The G operand field of the
instruction is only 9-bits wide. But, since the G operand field always refers to AORs, the
10th bit of this field is implicitly a 1.

PROGRAMMER NOTE: In order to use indirection effectively, always use the verbose
form of the instructions using no implicit destinations.

ASDH, ASDL, LSDH, and LSDL require special consideration regarding indirection. See
those instructions for information.

Admittedly our method of indirection is contrived. The motivation was the primary design
objective that makes all instructions execute in one cycle.
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4.2. Pointer Register Latencies
Since the contents of the INDIRA,B,C,D,E,F,G pointer SPRs are used as operand
addresses rather than as operands, the latencies encountered when these registers are
modified as normal destinations differ from the inter-unit latencies described elsewhere.
These latency rules are as follows:

Nonlatent

1. The result of a MAC unit write to INDIRA,B,C is available for use as an indirect
address no sooner than 1 instruction cycle (1 queued program line) later.

Latent

2. The result of a MAC unit write to INDIRD,E,F,G is available for use as an indirect
address no sooner than 2 instruction cycles later.

3. The result of an ALU unit write to INDIRA,B,C,D,E,F,G is available for use as an
indirect address no sooner than 2 instruction cycles later.

A programmer's chart can be found in the ESP2 Language and Software Specification.
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5. Internal Memory Refresh

The majority of internal memory is implemented in Dynamic RAM (DRAM) and, therefore,
requires a periodic refresh of its contents. This consideration applies to the instruction
memory, the GPRs, and the AORs. Memory refresh might interfere with write access
from the host interface or with memory writes made in the course of executing some
typical ESP2 program were it not for dedicated hardware that transparently detects and
prevents such collisions.

The decision to use DRAM for selected memory functions greatly increased the amount of
internal memory. The SPRs (Special Purpose Registers) are implemented as Static RAM
(SRAM), so they do not require refresh.

5.1. Instruction Refresh
Collision free instruction refresh is transparent to the programmer insofar as it happens
nearly all the time; i ncl udi ng suspensi on and hal t. There are 4 memory accesses
available in the instruction array per instruction cycle; these consist of two reads and two
writes. Only 1 read is required for instruction fetching based on the PC, leaving three
accesses available. 1 read and 1 write are used to allow host access to instructions when a
host access is pending, or to perform refresh when no host access is pending. The
remaining write access is unused.

Refresh is performed based on the REFINST SPR which is a 10-bit counter. Although the
current implementation of the chip has 300 instructions, the counter is allowed to count
from 0 to 1023 for future expandability of the instruction array. Since each instruction is
refreshed once every 1024 instruction cycles, the refresh period at 100nS/instruction is
102.4 uS.

A bit in the HARD_CONF SPR can be used to enable or disable instruction refresh; the
INST_REF_DIS bit disables instruction refresh when set (this is not desirable).

5.2. GPR and AOR Refresh
The GPR array allows 6 accesses per instruction cycle: 4 for reading source operands to
the ALU and MAC unit, and 2 for writing results of ALU and MAC unit operations.
The AOR array allows 6 accesses per instruction cycle: 1 for reading a source operand to
the AGEN,
3 for reading source operands to the ALU and MAC unit, and 2 writes of ALU and MAC
unit results.
In both the GPR and AOR array there are no available accesses for refreshing these
internal registers. Host access is governed by the ALU timing.

Refresh of internal registers at run-time is accomplished via common instructions
invoking SPRs tied to hardware support of the refresh operation. (Recall that SPRs are
static.) Those instructions provide refresh as an ALU function, NOP, BIOZ, HOST, and as
a MAC unit function, RFSH, which each employ the indirect addressing hardware support
provided by the REF and REFPT SPRs. We conservatively and empirically estimate a
refresh rate of 5 kHz to be sufficient.

The refresh mechanism should be transparent to the programmer because it is built in to
the most commonly used instructions, but some unusual user programs may warrant its
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consideration. In normal audio signal processing applications, use of the BIOZ instruction
for sample rate synchronization, and available ALU NOP pseudo instructions should
provide sufficient refresh. Additional refresh can be provided through use of the HOST
instruction or by using the MAC unit RFSH pseudo instruction instead of NOP in places
where preservation of MACRL is unnecessary.

The SPRs, REF and REFPT, control the refresh mechanism as follows: The reserved SPR
address called REF provides an indirect addressing mechanism. By addressing REF in the
operand field of an instruction, the content of REFPT is substituted as the operand
address. REFPT is a 10-bit counter which post-increments whenever the REF reserved
address is used as an ALU or MAC unit source operand address in an instruction,
regardless of whether that instruction is actually skipped. Any successful (not skipped) move
of REF to REF via either the ALU or MAC unit accomplishes one refresh that cannot be
inhibited. The newly incremented REFPT value is not available as the destination address
until the time at which the current destination address is decoded for the function unit
that caused the increment. The assertion of HALT_REF_DIS in the HARD_CONF SPR can
never override the use of the REF SPR, used as source and destination, as a means to
effect internal register refresh. Two moves of REF to REF on the same instruction line
using both the ALU and MAC unit doubles the refresh rate.

Because of the address mapping of GPRs from 0 to 455, and AORs from 512 to 963, the
LSB of the REFPT counter serves as the MSB of the address so that refreshes alternate
between GPR and AOR. Although REFPT is a 10-bit counter, the count is limited to the
number of GPRs and AORs physically residing on the chip in the current version.

5.2.1. Internal Register Refresh during Suspension/Halt
The MAC unit and the ALU can both be used to perform internal register refresh
operations simultaneously which doubles the refresh rate.

When the chip is in the state of suspension (BIOZ bit of the HOST_CNTL register is set)
or in the halt state (because of a high halt bit in the HOST_CNTL register), the MAC unit
executes NOPs by default (designed to preserve MACRL) while the ALU executes the
HOST instruction which allows host access or refresh when no access is pending. In these
two states, the MAC unit can be forced to do refresh automatically by setting the
HALT_MAC_REF bit in the HARD_CONF SPR. This has the effect of doubling the refresh
rate, but the contents of the MACRL SPR will not be preserved. When the ESP2 program
resumes (i.e., comes out of halt or suspension) the MACRL will subsequently be

preserved, assuming no RFSH instructions in the MAC unit code.

The HALT_REF_DIS bit in the HARD_CONF SPR can be set to disable internal register
refresh by both the MAC unit and ALU during halt or suspension (this is not desirable).
The assertion of HALT_REF_DIS always overrides the HALT_MAC_REF bit.

5.2.2. Internal Register Refresh Collision
Due to the interleaved nature of the MAC unit and ALU operand fetching, one of these
function units can be writing a new result to some internal register at the same time that
the other unit is being used to refresh it. This consideration is also applicable to the case
of host access, whose buss timing is governed by the ALU, either through the HOST
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instruction or during the suspension or halt states. The chip contains logic to prevent a
refresh operation from writing old data over newly created register contents.

Whenever REF is used as the destination in the MAC unit, the chip compares the contents
of REFPT to the destination address of the ALU from the preceding instruction cycle. If
the values are equal and the ALU instruction is not actually skipped (as in a conditionally
executed instruction), a NOP is performed by the MAC unit instead of RFSH.

Likewise, when REF is used as the destination in the ALU, the chip compares the contents
of REFPT to the destination address of the MAC unit from the same instruction cycle. If
the values are equal and the MAC unit instruction is not actually skipped, a NORFSH
pseudo is substituted in place of NOP in the ALU.
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6. SPR Hazards

Many of the SPRs in the chip provide special dedicated services which require
modification of the SPR contents as a result of ALU or AGEN operations. In those cases
these registers are being modified by means other than their usage as the destination
operand of some instruction. All SPRs can be read and written by the MAC unit and the
ALU (with the exception of a handful of registers which are read-only or write-only). A
conflict (a hazard) can occur at instances in which a particular SPR is modified in
association with its special service at the same time that it is written as the destination of
some MAC unit or ALU operation. The cases are all listed below:

ASSEMBLER NOTE: The assembler should detect these hazards and issue errors (or
warnings) because the outcome of these cases is indeterminate.

1. Specifying the CMR as the MAC unit destination on the same instruction line as an
ALU Jcc, JScc, RScc, or MOVcc.

2. Specifying the PC as the MAC unit destination at any time.

3. Specifying REPT_ST, REPT_END, or REPT_CNT as the MAC unit destination on the
same instruction line as an ALU REPT (or EXIT pseudo) instruction, or on the last
line of a REPT block.

4. Specifying the PCSTACKO,1,2,3 SPRs as the MAC unit destination on the same
instruction line as a JScc or RScc.

5. Specifying a JScc, RScc, or Jcc on the penultimate queued instruction line of a REPT
block.

6. Specifying a region BASE SPR as a MAC unit destination on the same instruction line
as the AGEN performing an UPDATE BASE operation on the same register.

7. Specifying either SPR, HOST_GPR_DATA or HOST_ESP_FACE, as a MAC unit
destination at any time should be cited because it could cause conflict with a host write
to that register as a host interface register. (warning)

There is a conflict specifying HOST_CNTL_SPR as a MAC unit source at any time
because the host may be writing to it as an interface register at the same time that the
MAC unit is reading from it. (warning)

8. Specifying CCR as the MAC unit destination when the ALU operation on the same
instruction line is not MOV (or NOP), MOVcc, Jcc, JScc, RScc, HOST
(HOSTNORFSH), BIOZ (BIOZNORFSH), or REPT. (warning)

Specifying CCR as the ALU destination of an instruction which is not MOV, MOVcc,
RScc, HOSTNORFSH, or BIOZNORFSH. (warning)

9. The indirection mechanism provides an automatic increment or decrement of the
pointer SPRs via the INDIRINC and INDIRDEC SPRs. Consequently, the following
indirection hazards can occur:

1) MAC unit write to INDIRG on the same program line as an AGEN reference to
INDIRINC or INDIRDEC.
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2) MAC unit write to INDIRD when the D operand is INDIRINC or INDIRDEC, or to
INDIRE when the E operand is INDIRINC or INDIRDEC. ALU write to INDIRA when
the A operand is INDIRINC or INDIRDEC, or to INDIRB when the B operand is
INDIRINC or INDIRDEC.

3) MAC unit write to INDIRINC or INDIRDEC when INDIRF points to itself. ALU
write to INDIRINC or INDIRDEC when INDIRC points to itself. (This last MAC and
ALU hazard is not detectable by the assembler, in general.)
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7. External Data-Memory Interface

The interface to external memory is comprised of two pieces:

1) the Address Generator function unit, AGEN, which performs modulo address

calculation in its fundamental mode,

2) the external memory buss comprising an address and data buss, which provides the
physical connection to external memory (not shown in Figure 5).
This memory port contains the DIL and DOL SPRs which act as the data interface
between external memory and the ALU and MAC unit. (See Chip Architecture.)

7.1. Address Generator (AGEN) Architecture

SPRs: SPRs: SPRs:

region | BASE, region P BASE, region Q BASE,
SIZEM1, and END | SIZEM1, and END | SIZEM1, and END

SPRs:

region V BASE, -

SIZEM1, and END

— P

Y e Y S

AOR 24 x 3
452 x 24
G
W buss
BASE

® ¢ v END ? *

N e I\

sign

2to 1 MUX

24LSB

L~

v address

Figure 5. Address Generator
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A partial diagram of the Address Generator unit is shown in Figure 5. The Address
Generator calculates absolute addresses for the external memory interface once every
instruction cycle (100nS). It consists of three 26-bit adders, eight BASE SPRs, eight END
SPRs, and eight SIZEM1 SPRs, the 24-bit unsigned SPRs serving to partition eight
addressing regions. Relative address offsets held in 24-bit unsigned AORs are selected by
the G operand field of the instruction. The programmer dereferences an AOR to make an
indirect access of external memory.

AGEN code can be automatically generated for the programmer by the assembler. Three
bits in the external-memory control-field of the micro-instruction determine which of the
eight regions is accessed. The programmer's code either states the desired region, or it is
implicit from the declaration of the AOR. The memory location and purpose of the eight
regions are each determined by the contents of the corresponding region control
registers (BASE, SIZEM1, and END). The region control registers can be automatically
initialized by the assembler from values implicit in the programmer's region declarations.
These regions can each be configured as delaylines, tables, or 1/0 space through the
appropriate setting of the region control registers. This becomes apparent by examining
the nature of the calculations automatically performed in the AGEN:

7.1.1. AGEN Address Calculation
At every instruction cycle the following external memory address calculations are
performed using the specified address offset register and the region control registers
from the region specified in the micro-instruction.

address = AOR + BASE
if address > END
address = address - (SIZEM1 + 1)

'‘address' is an absolute external memory address. AOR denotes one of the Address Offset
Registers. The SIZEM1 SPR contains the size of the region - 1; this deficit is necessary
in order to represent a table which is the full size of physical memory, and accounts for
the correction factor '1' appearing in Figure 5. Although the BASE, SIZEM1, END, and
AOR are 24-bit unsigned, the calculations are carried out at 26-bit two's complement to
prevent the first equation from overflowing and to guarantee the correct sign in the result
of the comparison.

7.1.2. Plus-One Addressing Mode
The first calculation can also be executed as

address = AOR + BASE + 1
under instruction control. This addressing mode (not shown in Figure 5) is useful in
acquiring neighboring addresses as for interpolation operations. No register is

permanently modified as a result of this calculation which occurs prior to external
memory access.
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7.1.3. Extent of the Modulo
These equations allow circular addressing within a predefined region because of the region
END detection and modulo addressing. This modulo scheme of addressing restricts the
AOR offset range to 0 through SIZEM1 + 1, for any value of BASE within the modulus.
Since the modulo does not go to infinity, it is easy for computed AOR offsets to land
outside of the modulus, so programmers should beware.

Regions can reside anywhere in physical memory based on the contents of the region
control SPRs. Regions cannot span absolute address zero.

Multiple delaylines coexist in the same region by stringing them end to end and
addressing them using different offsets within the modulus. Delaylines will move only
within the extent of the defined region by decrementing the region BASE in a modulo
fashion described in the section UPDATE region BASE. Therefore, the operation of
delaylines will not impact data in other regions of memory.

Modulo addressing is always with respect to the region, not to the individual delayline.

7.1.4. Other External Memory Configurations
By setting the END SPR to the value of the maximum physical memory location, the
region simplifies to a table not having modulo addressing. Tables are distinguished from
delaylines by fixing the BASE SPR. In this case the BASE always points to the first
location of the table. Tables can certainly be implemented, however, without defeating the
modulo addressing hardware scheme.

Setting BASE to zero and END to the value of the maximum physical location defeats
modulo addressing while admitting absolute addressing, in the AORs, suitable for
peripheral 1/O devices. The recommended use of AORs is to hold relative address offsets
with respect to the associated region. 1/0O addressing can certainly be implemented in a
relative fashion without the need to defeat the modulo addressing hardware. In any case,
for absolute addressing the MUX_ADDR bit in the HARD_CONF SPR must be low (linear
addressing). All these configurations can be determined by the programmer in the
declarations. (See the Software Spec. for more.)

7.1.5. UPDATE region BASE
A built-in method for updating the region BASE SPR under program control is also
provided via the AGEN. This mechanism is especially useful for decrementing the BASE
register every sample period in a modulo fashion. This is desirable when programming
delaylines. As before, the AGEN calculates a new address using the contents of the AOR
(pointed to by the G operand field) as the offset amount. The only change is that the
AGEN opcode field of the instruction demands that the address be written to the external
address buss as well as back into the BASE SPR. The AOR, in this addressing mode,
becomes a post-increment to the region BASE SPR. This explains the feedback path in
Figure 5.

address = AOR + BASE
if address > END

address = address - (SIZEM1 + 1)
BASE = address
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The new BASE value is available to the MAC unit, ALU, and AGEN on the next instruction
cycle for use both in AGEN addressing and as a source SPR. To modulo decrement the
BASE by 1, set AOR equal to contents of SIZEM1. To decrement the BASE by 2, set AOR
equal to SIZEML1 - 1, and so on. Decrementing can be performed indefinitely, the BASE
remaining within the modulus.

ASSEMBLER NOTE: If BASE updating is specified in a given instruction, a collision
could occur between the AGEN and the MAC unit trying to write to the same region BASE
SPR because the two units are operating with the same timing. This hazard should be
recognized and flagged as an error by the assembler; chip operation is
unpredictable.
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7.2. AGEN Instructions
The AGEN opcode field consists of six instruction bits. Three of the bits are used for
selecting one of eight regions. The remaining three bits are used to select from the
following operations:

NOP cycle on the external memory buss.
External memory RD.

External memory RD, then UPDATE BASE.
Plus-One addressing, external memory RD.
External memory WR.

External memory WR, then UPDATE BASE.
Plus-One addressing, external memory WR.
UPDATE BASE.

During an AGEN NOP, the external memory buss is tristated. The last operation
(UPDATE BASE) allows UPDATE of the region BASE SPR while tristating the external
memory buss.

See the ESP2 Language and Software Specification for the proper syntax of AGEN
instructions.

7.3. Accessing the Region Control Registers and AORs
The region control registers (BASE, SIZEM1, and END) are mapped as SPRs for use as
source/destination operands by the ALU and MAC unit. This can be useful for having
more than eight physical regions of external memory active at a time, since the contents
of these registers can be modified under program control.

In the assembler, the regions are called I,P,Q,R,S,T,U,V. These are respectively assigned
in microcode to: 0,1,2,3,4,5,6,7. So references to BASEP, SIZEM1U, or ENDT, for
example, denote a region control SPR in a particular region.

The AORs can also be accessed by the ALU and MAC unit for computing address offsets in
the running program. The ALU provides the ADDV and SUBYV instructions for unsigned
arithmetic operations. Because of bandwidth limitation on the AOR memory, AORs
cannot be used as the E operand of the MAC unit. (Refer to the section on Register Usage.)
When AORs are not being used to hold address offsets, they can be used for any general
purpose.

See the Pipeline section in the Software Spec. for a simple chart of latencies in the access
of the registers discussed above.

7.4. External Memory Access
The external memory interface port consists of a 24-bit address buss, a 24-bit data buss,
the pin signals Row Address Strobe (RAS\), Column Address Strobe (CAS\), Memory
Read/Write (MR/W\), and Memory Request (MEM_REQ\). The MEM_REQN\ pin is
asserted by the ESP2 to signal an upcoming external memory cycle. When the
MEM_REQN\ signal is asserted, the CAS\ and RAS\ signals of the ESP2 will assert during
the next memory cycle. The MEM_REQ\ and MR/W\ pins each require a pull-up
resistor.
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ESP2 External Memory Access Timing
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Figure 6. Timing with refresh disabled. The MUX_ADDR bit selects the multiplexed or
static addressing modes on-the-fly.

The timing diagram in Figure 6 illustrates activity on the memory buss over five
instruction cycles for several operations. One instruction cycle corresponds to four
Tstates which corresponds to one memory cycle. Since addressing can be either
multiplexed (DRAM) or linear (SRAM), the diagram shows both forms. The signals RAS\
and CAS\ are asserted regardless of whether multiplexed or linear addressing is
performed. This is because the RAS\ signal is sometimes used for chip-enable while CAS\
is sometimes used for output-enable of static RAM chips. In the event that the RAS low
time provides insufficient access time for SRAMS, an upper address line with a resistor
pullup can serve as a chip select providing a 3.5 clock cycles worth of access time. Notice
how the MR/W\ and MEM_REQ\ signals are driven high by ESP2 before and after there
assertion by the ESP2. Driving high at the end of the cycle ensures good rise time
characteristics as opposed to a resistor pullup. These signals should have resistor pullups
to hold them high while they are tristate by the ESP2

The ESP2 will tristate (release) the pin signal MR/W\ and the external memory buss
(address and data) during AGEN NOP or UPDATE BASE (no access) instruction cycles,
and also during halt state and BIOZ suspension where the AGEN is designed to execute
NOPs. This feature can be used to allow exogenous hardware or other running ESP2 chips
access to the same external memory. Since the MEM_REQN\ pin tristates during unused
cycles, it can be driven by exogenous hardware to force the ESP2 to generate a
RAS\/CAS\ sequence on the very next memory cycle. The assertion of MEM_REQ\
by an exogenous source does not force the ESP2 to release the external memory
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buss, so buss contention is possible. For this reason it is recommended to allow
access by an exogenous source only during the halt and indefinite suspension
states.

When multiple ESP2s are set up to share the same external memory, however, one of the
chips can automatically drive the RAS\ and CAS\ pins by watching its MEM_REQ\ input
pin which is wire-ORed between all the running ESP2s. The memory accesses must be
scheduled in the AGEN code of each chip so as to avoid buss contention. This presumes
that the chips are running in synchronization with one another which can be accomplished
by a system reset.

7.4.1. External Address Buss
The external memory address buss is controlled by the ESP2 for the purpose of supplying
a 24-bit address to external memory and peripheral 1/0O devices. A bit-selectable mode is
available on-the-fly which provides multiplexed addressing (RAS\/CAS\) for accessing
dynamic RAM (DRAM), in sizes from 64K to 16M, when the MUX_ADDR bit in the
HARD_CONF SPR is high (set). Otherwise (reset), linear addressing for static RAM
(SRAM) or peripheral 1/O is selected. When the MUX_ADDR bit is asserted from the
MAC unit, the new AGEN addressing mode is activated immediately (i.e., in the same
instruction cycle). If asserted from the ALU, the new addressing mode is activated on the
next instruction cycle.

Multiplexing is illustrated in Table 8 for DRAMSs of various sizes. The Table shows what
actually appears at the address pins when either mode is selected. For example; when a
256K by n-bit DRAM is connected, what actually appears at the ESP2 address pin called
A8 is the address bit A0 when RAS\ (Row Address Strobe\) is asserted, and address
bit A16 when CAS\ (Column Address Strobe\) is asserted.

The wordlength, n, of the physical DRAM does not impact the address pin connections.
Further, DRAMs of various size may coexist in a system.

The address pin names, MADDR[23:0], have been shortened in the Table.

Tabl e 8. Ext ernal Address Pin Connection
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PIN SRAM DRAM DRAM DRAM DRAM DRAM DRAM

NAME mode: linear multiplexed multiplexed multiplexed multiplexed multiplexed multiplexed
A23 A23 A23 A23 A23 A23 A23 A23
A22 A22 A22 A22 A22 A22 A22 A22
A2l A21 A21 A21 A21 A21 A21 A21
A20 A20 A20 A20 A20 A20 A20 A20
Al9 A19 A19 A19 A19 A19 A19 A19
Al8 Al18 A18 A18 A18 Al18 A18 A18
Al7 Al7 AL7 A17 A7 Al7 A17 A17
Al6 Al6 Al6 Al6 Al6 Al6 Al6 A16

RASVCAS\ RASV/CAS\ RASVCAS\ RASVCAS\ RASVCAS\ RASVCAS\ RASVCAS\

size: any any 64K 256K 1Y am 16M
A15 A15 A11/A23 A11/A23
Al4 Ald A3/A22 A3/A22
Al3 A13 A10/A21 A10/A21 A10/A21
Al2 Al2 A2/A20 A2/A20 A2/A20
All ALl A9/A19 A9/A19 A9/A19 A9/A19
AlO0 Al0 AL/A18 A1/A18 A1/A18 AL/A18
A9 A9 ABIA17 ABIA17 ABIA17 ABIA17 ABIA17
A8 A8 AO/AL6 AO/A16 AO/A16 AO/A16 AO/A16
A7 A7 A7/IAL5 A7/A15 A7/A15 A7/A15 A7/A15 A7/A15
A6 A6 AB/A14 AB/A14 AB/AL4 AB/A14 A6/A14 AB/A14
A5 A5 A5/A13 A5/A13 A5/A13 A5/A13 A5/A13 A5/A13
A4 A4 A4IA12 A4IA12 A4IAL2 A4IA12 A4IAL2 A4IAL2
A3 A3 A3/A11 A3/A11 A3/A11 A3/A11 A3/A11
A2 A2 A2/A10 A2/A10 A2/A10 A2/A10
Al Al A1/A9 A1/A9 A1/A9
A0 AO AO/A8 AO/A8

The DRAM sizes shown in Table 8 are typical of the industry standards. Since DRAM
address pins are multiplexed, every pin added increases memory size by a factor of 4.
Typical DRAM chips may not be fast enough to interface to the ESP2 running at full
speed. The DRAM access time must be at most 50 nS when running the ESP2 at the
system clock rate of 40 MHz (10 MHz instruction rate). Slower DRAM demands a slower
clock rate. Very high speed SRAM is commonly available, hence the two address buss
modes.
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The external memory buss is asserted for every AGEN instruction type excepting
a NOP and an UPDATE BASE (no access) instruction. Since those two operations
do not access external memory, the address and data buss are tristated. The
external memory buss is also tristated during halt or when the chip is in
suspension due to the BIOZ instruction, for then the AGEN is performing NOPs.

7.4.2. External Menory Data-Interface
The interface from the chip's internal computation units (MAC and ALU) to external
memory is supplied through the AGEN's Data Input Latches (DILs) and Data Output
Latches (DOLs). A 4-bit field in the micro-instruction along with a read/write bit
identifies one of these registers to AGEN. The assembler can organize the use of these
registers into FIFO and cache structures.
There are 16 DILs and 16 DOLSs, all 24 bits wide and mapped as SPRs. These registers are
accessed by the computation units as sources and destinations like any other SPR.

The AGEN provides a feature called magnitude truncation (to 16 or 24 bits) of DOL out
to external memory. The 24-bit DOL is assumed to hold the MSBs of a larger word in
two's complement. Magnitude truncation to 24 bits or less is desired. This feature is
controlled by two bits in the HARD_CONF SPR: The MAG_TRUNC bit enables
magnitude truncation when it is high. When set from the MAC unit, magnitude truncation
becomes active on the same program line. When set from the ALU, magnitude truncation
is activated on the next queued program line. The TRUNC_WIDTH bit sets the
truncation width to 24-bits when it is high, or 16-bits when it is low.

In the case of 24-bit truncation width, the magnitude truncation algorithm is as follows:

if (DOL < 0) external memory = DOL + $1
else external memory = DOL

In the case of 16-bit truncation width, the algorithm is:

if (DOL < 0) external memory = (DOL + $100) & $FFFF00
else external memory = DOL & $FFFFO00

For 16-bit truncation width, the 8 LSBs of the 24-bit result are set to $00 which allow
development of algorithms for 16-bit target systems within development systems having
24-bit external memory.

The selected algorithm is performed in the AGEN as DOL is sent out to external memory;
the DOL is not permanently modified. For magnitude truncation somewhere in between
16 and 24-bits, one can employ the various shifting mechanisms in the computation units
prior to magnitude truncation.
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7.5. External DRAM Refresh
ESP2 External Memory Refresh Timing

NOP/
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Figure 7. Refresh enabled after first cycle. Refresh is associated with AGEN NOP when
there is no MEM_REQN\ on the previous cycle.

The ESP2 supports both DRAM and SRAM as external memory, and both memory
types may be coexistent in a system design. There exists an automatic external
DRAM refresh mechanism built into the ESP2. This mechanism acts in conjunction with
the address counters built into most all commercial DRAM chips. The DRAM's address
counter controls a refresher, also inside the DRAM chip, which becomes activated by the
appearance of the pin signal CAS\ before the pin signal RAS\. ESP2 supports the CAS\
before RAS\ refresh mode for total refresh. Notice in Figure 7 how the MR/W\ signal is
driven high by ESP2 during a refresh cycle. Depending upon the system design when
SRAM is present, be aware that the refresh mechanism may cause a read of SRAM,
putting data on the external memory buss.

A second mode of refresh, RAS\-only refresh, is not fully supported by ESP2 because it
requires a refresh address to appear on the external memory buss. The RAS\-only
refresh signal can be made to emanate from the ESP2 RAS\ pin, however. Do not allow
the address buss to become undefined during a RAS\-only refresh as this can corrupt
DRAM regardless of the state of the MR/W\ or CAS\ lines.

These two modes of refresh are determined by the settings of two bits in the
HARD_CONF SPR. The XMREF_CASDIS bit, when set, yields RAS\-only refresh. When
the XMREF_DIS bit is set, both modes of refresh are disabled. (XMREF_DIS overrides
XMREF_CASDIS.) Both bits low yield the default mode, CAS\ before RAS\ refresh. All
settings are independent of the MUX_ADDR bit.

When activated, the ESP2 external DRAM refresh mechanism operates transparently at
run-time, halt, or during BIOZ suspension. At run-time the refresh mechanism engages
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only when the AGEN unit is executing NOP or UPDATE BASE (no access) instructions
and the MEM_REQN\ pin signal was not asserted by any source (exogenous or ESP2
itself) on the previous memory cycle. During halt or suspension, recall that the AGEN
executes NOPs, so refresh will automatically occur on every memory cycle as long as the
MEM_REQN\ signal was not asserted on the previous cycle. Recall that the act of
reading or writing external memory at N sequential locations over a specified
time period also accomplishes total refresh, where N is the square root of the
external DRAM size.

Note that if an exogenous device takes over the external memory buss and exercises
MEM_REQ\, it will prevent ESP2 from refreshing DRAM. If the external memory buss is
usurped for extended periods, the exogenous device must be responsible for refreshing
DRAM.

7.6. Initializing or Accessing External Memory from the System Host
The ESP2 does not provide internal hardware for direct access of external memory by the
system host through the ESP2. The ESP2 tristates its external memory buss during the
states of halt and BIOZ suspension, and during NOP or UPDATE BASE (no access)
instruction execution in the AGEN. It is at these times that exogenous hardware (e.g., the
host itself) can be given direct access to external memory over that same buss.

If we allow the host to take-over the ESP2 external memory buss, then when external
DRAM is used and there is no MEM_REQ\ pin signal assertion from either the ESP2 or
the host, the DRAM will always be automatically refreshed by ESP2 on the next
memory cycle if the CAS\ before RAS\ refresh mode is activated in the HARD_CONF
SPR. To avoid buss contention with a running ESP2 program making random access, it
may be preferred to transfer external memory data to/from the host (or some DMA mechanism)
during halt or indefinite suspension. But if the transfer needs to occur at run-time,
various methods may be employed which require a very simple ESP2 program to supervise
indirect transfer through the ESP2:

One such procedure might incorporate the ALU BIOZ instruction. This instruction
indirectly monitors the 10Z input pin from the synchronization interface. The 10Z pin will
typically be hardwired to the sample rate clock (LRCLK). The implication here is that
were the 10Z pin involved in the transfer of audio data to/from external memory, then the
transfer could occur no faster than the system sample rate. Under these assumptions,
the standard host/ESP2-register interface would most likely be used. In that case, some
GPR would be designated to hold the transferred data while some AOR would be
designated to hold the external memory address offset. Of course some protocol would
need to be established between the host and the ESP2 program, but this protocol is
malleable.

A second procedure might incorporate the IFLAG and OFLAG pins from the
synchronization interface. There is no dedicated ALU instruction to monitor that input
pin, but an image of the IFLAG pin appears in the CCR. There it is called IFLG and is
updated on a per instruction basis. Therefore the IFLAG pin can be easily monitored by
the ESP2 program based on the IFLG and NIFLG Conditions. Using this scheme, data
would be transferred to/from the 8-bit HOST_ESP_FACE_B2,1,0 host interface registers.
The ESP2 would transfer data directly into or out of the concatenated 24-bit SPR image
(HOST_ESP_FACE) of these registers, bypassing the standard host/ESP2-register
interface. The ESP2 could then signal back to the host via the OFLAG pin. Of course,
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some software protocol between the host and the ESP2 program would need to be
established. This second procedure has the advantage that data transfer occurs at the
instruction rate.

It may be likely that these two procedures would find use while the chip is executing some
application program. So, some scheme must be invented to vector the running ESP2
program to this external memory host-access routine after it has been overlaid.
Vectoring by host load of the PC at run-time, using the standard host/ESP2-
register interface, is not recommended because of indeterminate results. An
alternative vectoring procedure is given in the Applications section.
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8. Serial Interface

The asynchronous serial interface consists of 16 24-bit serial data SPRs (called SEROL,
SEROR, SER1L, SERIR, ..., SER7R), each L/R pair of which can be used for input or
output to A/Ds, D/As, other DSP chips, etc. These SPRs are grouped into eight stereo
pairs, each pair multiplexed on its own serial data pin (SER[0:7]). The SER data SPRs are
double buffered so that both left then right channel data coming into the chip in one
sample period are accessible to the ESP2 at the start of the next sample period.
Likewise, data written to the left and right SER data SPRs by ESP2 during one sample
period will be sent out in the next sample period, left channel followed by right. That is to
say, there exists a latency equal to one sample period for serial data input or output. This
design allows ESP2 access to SER data SPRs at any time throughout the sample period
with no hazards.

Each of the individual serial data pins (SER[0:7]) can be programmed as input or output,
and each can be assigned to either of two sets of asynchronous serial clocks (LRCLK,
WCLK, and BCLK) via the SER_CONF SPR. This accommodation for simultaneous
communication between devices having different serial timing requirements opens the
door to applications such as sample rate conversion.

8.1. Serial Interface Control Registers
Because of the great diversity of definitions for serial clock timings amoung the
commercially available D/As and A/Ds, the best approach is to make the serial interface
fully programmable. The serial interface can be made to conform with 12S justification or
the popular 'right justified' format. Format programmability can be achieved using a
BCLK counter and the following serial interface control registers:

Table 9. Serial Interface Control Registers

WCLKL_ST Defines the start of WCLK and left serial data.
WCLKL_END Defines the end of WCLK and left serial data.
LRCLK_END Defines the end of LRCLK.

WCLKR_ST Defines the start of WCLK and right serial data.
WCLKR_END Defines the end of WCLK and right serial data.
LRCLK_MOD Defines the count modulus less 1 of the BCLK counter.

See the example for settings rules. By duplicating the BCLK counter and serial interface
control registers, two independent timing sets are created with each serial data line
assigned to either timing set. These 8-bit serial interface control registers are
concatenated into SPRs called SCLKO_REGO0 and SCLKO_REGL1 both defining timing set 0,
and SCLK1 REGO and SCLK1_REG1 defining timing set 1; see those SPRs for the exact
format.

Observing the layout of the HARD_CONF SPR (see the section on Special Purpose Registers), any of
the BCLK]0:1], and/or WCLK]O0:1], and/or LRCLK]O0:1] serial clock signals may be
selectively enabled to drive the associated pins. When any of those signals are not
enabled, the associated pin becomes a high impedance input. Any subset of the ESP2
serial clock pin signals may be selected as inputs independent of all the other clock pins.
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8.2. LRCLK
The LRCLK (left right clock) signal determines the channel, left or right. If the ESP2 is
driving the LRCLK pin, it will assert (rise) after the BCLK counter reaches the value in
LRCLK_MOD (see the example). Due to that assertion the BCLK counter resets and
begins the count again, counting the number of bit clocks since the beginning of the sample
period marked by the rising edge of LRCLK. The falling edge of LRCLK is defined by
LRCLK_END.

The BCLK counter will reset whenever the LRCLK signal transits high no matter who is
driving the associated LRCLK pin. The SER data SPRs are latched as well on the positive
transition of LRCLK.

The system sample rate can be defined by LRCLK as generated by ESP2. If this is
desired, then the exact rate can be expressed in terms of: 1)the system clock (CLK), 2)the
BCLK modulus (LRCLK_MOD+1), and 3)the BCLK divide rate set in the HARD_CONF
SPR. See Figure 8.

When some other device is driving the LRCLK pin, it is not a requirement to load the
LRCLK_END and LRCLK_MOD serial interface control registers. When some other
device is driving LRCLK and the BCLK and WCLK pins as well, it is not important how
any of the serial interface control registers are set.

8.3. WCLK
The WCLK (word clock) signal always frames the data (see the example). The
justification and duration of the WCLK pin signal output (hence SER[0:7] pin data) is
determined by comparing the unsigned contents of WCLKL_ST, WCLKL_END,
WCLKR_ST, and WCLKR_END to the BCLK counter. This scheme gives flexibility on the
separation of right and left channels, the justification of the data transfer with respect to
LRCLK transitions, and the number of bits of data transfer up to the full 24-bit width of
the SER data SPRs.

If no other chip in the system requires WCLK, the ESP2 may generate its own. As an
example in the case that some exogenous device provides LRCLK and BCLK but does not
provide WCLK, the ESP2 can generate WCLK for itself (and any other chip requiring it) while its
own LRCLK and BCLK pins are configured as inputs. This is achieved through the proper
setting of the serial interface control WCLK registers and by configuring the WCLK pin
signal as output via the HARD_CONF SPR. This extended functionality is eminently
useful while the concept is applicable to other cases.
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8.4. BCLK
The BCLK (bit clock) counter is zeroed by the positive transition of the LRCLK signal
regardless of whether the associated LRCLK pin is being driven by an exogenous source or
by the ESP2 itself. The BCLK counter is also zeroed when the chip is reset via the RES\
pin. The BCLK pin is disabled (made an input) by RES\. When the BCLK pin is enabled,
oscillations at the BCLK pin output are always observed. The BCLK divide rate, shown in
Figure 8, is set in the HARD_CONF SPR (see the SPR Descriptions).

The asynchronous BCLK pin signal controls the clocking-in of SER][] data to internal shift-
registers. Data is valid on the rising edge of the BCLK signal for input or output data.
Because the serial interface is asynchronous, the number of bit clocks per sample period
need not be an exact integer multiple of the sample period, but the prescribed number of
bit clocks must not exceed the actual sample period.

10 MHz Instruction Cycle Rate BCLK pin
B () S
CLK clock divider divide rate LRCLK
40 MHz n=1,2 4, or8 v
n <= CLK / (4 Mod Fs) R
Fs = sample rate, Mod = number bit clocks per sample period —O> BCLK
Figure 8. counter

8.5. An Example of Serial Interface Control Register Settings
It must be emphasized that the ESP2 serial interface is designed to be asynchronous. In
light of that, the example timing diagram in Figure 9 might be used to understand how
serial data is transmitted or received under any 1/O configuration of the serial clock pin
signals, LRCLK, WCLK, and BCLK.

The example in Figure 9 is also intended to provide rules for setting the serial interface
control registers. Remember that when serial clock pins are driven by an exogenous
device, the settings of the corresponding serial interface control registers become
irrelevant.
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SERIAL INTERFACE TIMING
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Figure 9. Example Serial Interface Clock Cycle.
Given: 64 (Mod) bit-clocks (BCLK) per sample period, N-bit data, LRCLK output 50% duty cycle, 12S justification.

Serial interface control register values = BCLK counter value before desired transition.
0 <= all serial interface control register values < Mod . Mod >= 2 N + 2.
Mod bit clocks are <= actual sample period.
To reverse the SER([] bit stream, use ALU's BREYV instruction.

WCLKL_ST =0, (not equal to Mod - 1)

WCLKL_END =WCLKL_ST +N <= LRCLK_END

LRCLK_END =31, (N <= LRCLK END < LRCLK_MOD)

WCLKR_ST =32, (LRCLK_END < WCLKR_ST <= LRCLK_MOD - N)
WCLKR_END =WCLKR ST+ N <= LRCLK_MOD
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LRCLK_MOD =Mod -1
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8.6. Serial Interface Rules
- It is recommended that SER data access not be programmed on the queued instruction
line following a BIOZ instruction. This is because the 10Z input pin is often connected to
the signal LRCLK which latches the SER data SPRs. The queued instruction line following
BI10OZ is executed prior to suspension; this means that a SER access there might get old
data.

- It is further recommended that all SER data access occur near the top of the program.
The synchronization instruction, BIOZ, allows program main loops to occasionally exceed
the sample period. SER data access at the end of a main loop might miss the launch
window under that circumstance.

- Serial data is always left-justified within 24-bit SER data SPRs.

- The WCLK signal always frames the SER[] data. The ESP2 always requires the WCLK
signal, either from an exogenous source or self-generated.

- In general, the transitions of LRCLK, WCLK, the BCLK counter, and SER[] data all
occur on the negative transition of BCLK. Each SER][] data bit is latched on the positive
transition of BCLK.

- If the serial interface control registers are set up for an N-bit transmission or reception
frame, then

24-N LSBs of the SER data SPRs will be transmitted or received as logical zero
regardless of their actual value.

8.7. Serial Reset and Synchronization

In revision three of the chip, two bits are added to the hard_conf register. These bits are
the SERIAL_RESET, and SERIAL_SYNC bits. The bits are added to facilitate the
initialization and synchronization of the two independent timing generators when either
one or both are driven by the ESP2.

The SERIAL_RESET bit can be set to put the serial timing generator into a known state in
the event when the serial timing control registers are modified. When this pin is set, the
bit clock counters are reset to 0 and the clocks signals are driven in the corresponding
state, LRCLK]0:1] = 1, WCLK][0:1] = 0. The BCLK][0:1] pins are also held low. Once the bit
is cleared, normal functionality is resumed. This bit can be very useful for production
testing of the chip.

The SERIAL_SYNC bit can be used to synchronize serial timing generator 1 to the low to
high transition of serial timing generator 0. This is very useful in the event that timing
generator 1 is running at a multiple of timing generator 0's rate, especially if timing
generator 0 is driven from an external source. Whenever it is desired that one timing
generator run at a multiple of the base sample rate, timing generator 0 should be set to
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the base sample rate, timing generator 1 should be set to the multiple rate, and the
SERIAL_SYNC bit should be set to synchronize the two generators.
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9. Halt and Suspension States

9.1. Halting the Chip
The chip can be halted unconditionally by writing the HOST_HALT bit of the HOST_CNTL
interface register. The HOST_CNTL interface register is accessible directly from the
system host, and is also accessible (in a limited way) to the ALU and MAC unit as an SPR
(HOST_CNTL_SPR).

A mechanism for host-supervised halting under ESP2 program control exists through the
HALT pseudo instruction of the ALU. That instruction is used to set the ESP_HALT bit
in HOST_CNTL_SPR. If the ESP_HALT_EN bit (located in the HOST_CNTL interface
register) is set by the system host, the chip will enter into a halt state when a HALT
pseudo is encountered. If the ESP_HALT_EN bit is low, then the ESP_HALT bit is
ignored. Program debugging is facilitated by placing HALT pseudo instructions
throughout a program as breakpoints. The breakpoints can be activated by the host
setting the ESP_HALT_EN bit, or they can be deactivated to allow continuous execution of
the program. Recall from the ALU's HALT pseudo instruction description that there is a
1 instruction cycle latency in the execution of the HALT. This results in the execution of
the queued instruction line following HALT before the chip enters into the halt state.

The chip can be taken out of the halt state by having the host clear the ESP_HALT and
HOST_HALT bits of the HOST_CNTL interface register.

At run-time, when the 10Z_EN bit of the HOST_CNTL interface register is high, the BIOZ
instruction typically causes some amount of time spent in suspension depending upon the
program's length with respect to the presumably longer sample period. A less obvious
method for 'halting' the chip, then, is to bring the 10Z_EN bit low. By doing so, the host
disables ESP2's observation of 10Z input pin activity subsequent to this 10Z_EN event,
hence suspending program execution indefinitely after a BIOZ instruction is encountered.
This indefinite suspension occurs after a BIOZ instruction because the 10Z status bit
in the CCR will never transit high, when the enable bit 10Z_EN is low, to allow the
program to resume. (The actual suspension takes place after either the first or second BIOZ instruction
following the event, depending upon whether the 10Z status bit was already set at the time of the event.)

The chip can be taken out of an indefinite suspension by having the host set the I0Z_EN
bit of the HOST_CNTL interface register.

9.2. Chip State during Halt and Suspension
To preserve the state of the chip during a halt or BIOZ suspension, the MAC unit, ALU,
and AGEN must perform operations which are nondestructive to the state of GPRs, SPRs,
and AORs. As long as the INST_REF_DIS bit of the HARD_CONF SPR is not asserted,
micro-instructions will always be refreshed regardless of whether the chip isin a
halt/suspension state. The SPRs are fabricated using static memory, so refresh is not an
issue there. The GPRs and AORs, however, are fabricated using dynamic memory, so
refresh of those registers must be considered.

While halted or suspended the PC is frozen, therefore execution will resume at the next
unexecuted instruction line in the queue. The HALT_JUMP bit, in the HOST_CNTL
interface register and in HOST_CNTL_SPR, monitors the enforcement of normal run-time
latency when the ALU instruction queued for execution following halt/suspension (HALT
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(ESP_HALT), HOST_HALT, or BIOZ) is from the JMP class (Jcc, JScc, RScc). In these
cases this HALT_JUMP monitor bit will go high. When the program resumes,
HALT_JUMP will automatically clear. While the chip is halted or indefinitely suspended,
the PC may be loaded via the standard host/ESP2-register interface for the purpose of
vectoring the program coming out of halt/suspension. If the PC is loaded via the interface
at this time, the HALT_JUMP bit is automatically cleared.
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System host loading of the PC does not take the chip out of the halt nor the suspension
states. Itis not recommended to load the PC from the host interface at run-time
because the results are indeterminate. It is neither recommended to load the PC from
the host interface during suspension unless the suspension is indefinite.

The MAC unit executes its NOP or RFSH pseudo instruction based on the
HALT_MAC_REF bit of the HARD_CONF SPR (0 or 1 respectively). Only when the MAC
unit executes NOPs is the state of MACRL (the low 24 bits of the 48-bit MAC unit result)
preserved; when the MAC unit executes RFSH, MACRL is destroyed. Itis not critical
during halt or suspension for the MAC unit to be involved with internal register refresh.

The ALU executes either a HOST instruction or a HOSTNORFSH pseudo instruction
based on the state of the HALT_REF_DIS bit in the HARD_CONF SPR (0 or 1
respectively). Both of these instructions allow host access to internal registers during halt
or suspension. HOST provides internal register refresh when no access is pending. The
assertion of HALT_ REF_DIS disables internal register refresh and always overrides
HALT_MAC_REF. (This is not desirable.)

The AGEN executes its NOP instruction which tristates the external memory buss and the

pin signal, MR/W\ . Refresh of external DRAM occurs if the XMREF_DIS bit in the
HARD_CONF SPR is low.
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9.3. Single Step Mode
A program debugging tool exists which allows Single Stepping of programs. When the
SINGLE_STEP bit of the HOST_CNTL interface register is set, the ESP2 will execute the
next queued single instruction line and then enter a halt state by setting the HOST _HALT
bit of the HOST_CNTL register. The host must then clear the HOST_HALT bit in order
to have the chip execute the next queued instruction line.

Single Stepping can yield erroneous results since the normal inter-unit latencies
will disappear.

The disappearance of latency warrants consideration of the impact upon all latent
instructions:

Normal run-time instruction cycle execution latency of the JMP class (Jcc, JScc, RScc)
instructions allows the next queued instruction line to be executed prior to the actual
branch. The HALT_JUMP bit of HOST _CNTL_SPR and the HOST_CNTL interface
register comes into play here monitoring the enforcement of normal run-time execution
latency during Single Step. So, there is no difference in the behavior of JMP class
instructions during Single Step.

Recall that normal run-time execution latency of BIOZ (or BIOZNORFSH) and HALT
dictates that the following queued instruction line execute prior to suspension or halt.
During Single Step, the instruction cycle execution latency of BIOZ will disappear. This
means that the instruction line queued for execution following BIOZ will not execute
prior to suspension. In other words, if suspension occurs, the PC will stay frozen for
subsequent Steps at the location of the first instruction line queued following BIOZ. When
suspension terminates, the program proceeds from that location. This is in opposition to
the normal run-time execution latency of BIOZ where the PC becomes frozen at the
second queued line during suspension.

The same considerations apply to the HALT pseudo.

There will be a problem if the Single Step encounters a REPT instruction of the second
form having a one-line loop. See the section on Latent Instructions for more.

9.4. Single Pass Operation
An extremely useful tool for ESP2 program debugging is Single Pass execution. 'Single
Pass' refers to all those instructions that would normally execute during one sample
period. This method of debug is recommended in preference to the Single Step mode.
Single Pass can be accomplished quite easily using the 10Z status and 10Z_EN bits of the
HOST_CNTL interface register.

Assuming that the program has a BIOZ instruction for maintaining sample rate
synchronization, the chip can be made to perform a Single Pass by holding the 10Z_EN bit
low. When this bit is cleared, the ESP2 will ignore subsequent activity on the 10Z input
pin. Therefore, after the BIOZ instruction is executed, ESP2 will remain in a suspension
state indefinitely. The host can then set the 10Z status bit of the HOST_CNTL interface
register, which has the same effect as a low to high transition at the 10Z input pin, which
will cause the program to resume execution. The 10Z status bit will then be automatically
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cleared by the ESP2 so that the chip will again enter and remain in suspension the next
time the BIOZ instruction is reached.

The chip is taken out of suspension by a high 10Z status bit in the HOST_CNTL interface
register.
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10. Chip Reset, Initialization, and Synchronization

10.1. Reset
The chip has a reset pin (RES\) used for power-up initialization of the chip. Reset will
have the following effects on the chip state:

1. The HOST_CNTL interface register and HOST_CNTL_SPR are set to $04 (chip
halted).
This action clears the 10Z status bit, the BIOZ bit, and the 10Z_EN bit.

2. HARD_CONF SPR is reset to zero to:
1) make all serial interface clock pins (LRCLK]0:1], BCLK[0:1], and WCLK][O0:1]) go
into high
impedance input mode, set BCLK divide rates to /2,

2) enable instruction refresh, and enable GPR/AOR refresh from the ALU only,

3) select linear (SRAM) addressing mode, and disable magnitude truncation to

external memory,

4) CAS\ before RAS\ external memory refresh enabled.

5) The OFLAG pin is tristated to be compatible with pre revision 3 chips.

6) SERIAL_RESET and SERIAL_SYNC are off (low) to be compatible with pre-

revision 3 chips.

3. External memory buss (address and data) and pin signal, MR/W\, enter tristate.

4, SER_CONF SPR, all bits set to logical 1. This places all SER[0:7] lines in the high
impedance (input) state, and selects timing-set number 1 for all.

5. Serial interface control's BCLK counters reset.

6. The HOST_GPR_PEND bit of the HOST_GPR_CNTL interface register, and the
HOST _INST_PEND bit of the HOST_INST_CNTL interface register are cleared.

7. The PC is cleared.
8. The internal clock divider (/4 in Figure 8) circuit is initialized on the low to high
transition of RES\. This allows synchronization to tester hardware for manufacturer

chip debug.

9. TheREPT_CNT SPRiscleared.
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10.2. Initialization
Some SPRs may require initialization, while others power-up in unknown states. All
SPR/GPR/AOR initialization can be done in the ESP2 program declarations; this is
the recommended way although the system host could also initialize the same
registers. SPRs associated with the internal memory refresh mechanism (REFPT,
REF, or REFINST) need not be initialized, except for manufacturer test purposes.

1)SEROL, SEROR, SERLL, ..., SER7R
Clear the serial data registers being used.
2)SCLKO_REGO0,1, SCLK1_REGO0,1
Settings of various serial interface clock timings. These registers require
initialization only if any of the serial clock pins will be activated.
3)SER_CONF
Configures serial interface data lines, direction and timing set association.
4)HARD_CONF
Configures serial interface clock pins (activation and BCLK divide rate), external
memory type and truncation, and internal/external refresh modes.

When changing serial pins from input to output at initialization (SER_CONF SPR), it
is recommended that LRCLK and BCLK first be activated with WCLK held low. This
ensures that the cleared data in the SEROL, SEROR, ..., SER7R SPRs is transferred
into the output buffers at the low to high transition of LRCLK before the contents of
the buffers is output onto the serial pins during WCLK high time. WCLK can be held
low by setting the WCLK_ST and WCLK_END values greater than the LRCLK_MOD
value (SCLKO_REGO0,1 SCLK1 _REGO0,1 SPRs) and enabling the word clock output
pins (HARD_CONF SPR). Once a couple of sample periods have passed, WCLK can
be programmed for normal operation.

SERIAL_RESET, and SERIAL_SYNC can be used to synchronize the start of serial
timing generators.

5)REPT_CNT
This SPR must forever be initialized to zero or bad stuff will happen (JonD).
Whenever a program is overlaid, started, restarted, etc., the REPT_CNT SPR
should be cleared. This is easily accomplished sometimes simply by declaration.
REPT_CNT controls the automatic looping mechanism for the REPT instruction, and
can become activated even if that instruction is never utilized.

6)PC
The Program Counter should be initialized to the desired value by the programmer
in the declarations as any other SPR. The PC is in the zero state at reset (RES\).
The PC can be initialized by the system host during halt or indefinite suspension.
The PC should not be initialized at run-time by the host because the results are
indeterminate. To vector a running program at run-time, see the Applications
section.

7)GPR/AOR
The programmer must zero all application-critical registers in the declarations.

8)HOST_CNTL host interface register.
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This control register is customarily initialized from the host side. 10Z_EN is usually
set, to activate observation of the 10Z input pin by the ALU BIOZ instruction.
Typically, ESP_HALT_EN is set to allow the ESP2 to exercise the HALT pseudo
instruction. ESP_HALT and HOST_HALT are customarily cleared to start the

processor.

10.3. Synchronization.

In systems using multiple ESP2s it may be necessary to ensure that their internal clock
dividers which divide the input clock into the 4 clock instruction cycle are synchronized to
one another. This is absolutely necessary if multiple ESP2s are communicating on a
common external memory bus. For this reason, the IFLAG and OFLAG pins have dual
functionality which can be activated via the SYNC_MODE[1:0] bits of the HARD_CONF
register. The following truth table indicates the various configurations of the IFLAG and

OFLAG pins.
Table 10. SYNC MODE bit functionality
sync_mode[1:0] OFLAG pin function IFLAG pin function Description
0 Tristate output IFLAG input Rev 2 compatibility
mode
OFLG hit IFLAG input Semaphore mode
2 Sync pulse IFLAG input Sync master mode
3 Sync pulse Sync input Sync save mode

The OFLG bit is bit 23 of the HARD_CONF SPR. Therefore, the state of the OFLAG pin
can be altered by write to the HARD_CONF SPR. As discussed in the previous section on
reset, the HARD_CONF is cleared by the RESB pin. This places the IFLAG into standard
input mode, and tristates the OFLAG for backward compatibility with earlier versions of
the chip. Once the chip has been reset, the functions of these pins can be changed in
order to synchronize multiple ESP2s. For this to be accomplished, one ESP2 will serve as
the sync master and the remainder will serve as sync slaves. The SYNC_MODE bits of
HARD_CONTF register of the master are set to 2. This will cause a sync pulse to be output
on the OFLAG pin. The SYNC_MODE bits of the slaves are set to 3 which will cause them
to synchronize their internal divider to transitions on their IFLAG pin. By wiring the
OFLAG pin of the master to the IFLAG pin of the slave, and programming the registers as
mentioned, synchronization can be accomplished. The registers should be held in the
above states for a minimum of 2 to 3 instructions cycles after which, the SYNC_MODE
pins can be changed to other modes. When taking the chips out of synchronization mode,
it is suggested that all slaves be switched from mode 3 to either modes 0 or 1, before the
master is switched out of mode 2.

Since mode 3 synchronizes to transitions on the IFLAG and also outputs a sync pulse
matching the state of its internal divider, daisy chaining of ESP2s together is also
possible. The intent is to accomodate synchronization in whatever wiring configuration is
deemed to be most useful for semaphore communication using IFLAG and OFLAG under
normal operating conditions. In daisy chaining configurations where one slave will sync to
the master and then pass a corrected sync pulse to the next slave, more than 2 to 3
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instruction cycles may be necessary to ensure that the whole chain has locked to the
master. As a general rule, 2 to 3 cycles per link in the chain are probably sufficient.
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11. Special Purpose Registers

All SPRs are read-writable unless specified otherwise. All registers less than 24 bits in
width are right justified having the unused bits read as zero. Reading a 'reserved' register
returns unspecified data. Following is a map of all the SPRs:

Address SPR Name Width Register Purpose
$3ff ZERO 24 Zero Constant. Read-only.
$3fe REFINST 10 Instruction Refresh counter
$3fd REFPT 10 GPR and AOR Refresh Pointer.
$3f1 REF n/a Indirect refresh address via refresh counter
REFPT
$3fc INDIRA 10 Indirect address pointer, A source operand
$3fb INDIRB 10 Indirect address pointer, B source operand
$3fa INDIRC 10 Indirect address pointer, C destination operand
$3c7 INDIRD 10 Indirect address pointer, D source operand
$3c6 INDIRE 10 Indirect address pointer, E source operand
$3c5 INDIRF 10 Indirect address pointer, F destination operand
$3c4 INDIRG 10 Indirect offset pointer, AGEN G-operand
$3f9 INDIRECT n/a Indirect address mode
$3f8 INDIRINC n/a Indirect address mode with post-increment
$3f0 INDIRDEC n/a Indirect address mode with post-decrement
$3f7 SCLKO_REGO 24 Serial interface control registers combined to
define
set 0 left channel timing and LRCLKO end.
bits:

23:16 LRCLK_ENDO
15:8 WCLKL_ENDO
7.0 WCLKL_STO
$3f6 SCLKO_REG1 24 Serial interface control registers combined to
define
set 0 right channel timing and BCLKO modulus-1.
bits:
23:16 LRCLK_MODO
15:8 WCLKR_ENDO
7.0 WCLKR_STO
$3f5 SCLK1_REGO 24 Serial interface control registers combined to
define
set 1 left channel timing and LRCLK1 end.
bits:
23:16 LRCLK_END1
15:8 WCLKL_END1
7.0 WCLKL_ST1
$3f4 SCLK1_REG1 24 Serial interface control registers combined to
define
set 1 right channel timing and BCLK1 modulus-1.
bits:
23:16 LRCLK_MOD1
15:8 WCLKR_END1
7.0 WCLKR_ST1
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$3f3 HARD_CONF 24 Hardware Configuration
bit:
1.0 BCLKO divide rate
2 BCLKO enable (1/0, 0/1)
3 WCLKO enable (1/0, 0/1)
4 LRCLKO enable (1/0, 0/1)
6:5 BCLKZ1 divide rate
7 BCLKZ1 enable (1/0, 0/1)
8 WCLKZ1 enable (1/0, 0/1)
9 LRCLK1 enable (1/0, 0/1)

10 MUX_ADDR (high active)
11 MAG_TRUNC (high active)
12 TRUNC_WIDTH (high = 24-bit, low=16-bit)

13 HALT_REF_DIS (high active)
14 INST_REF_DIS (high active)
15 HALT_MAC_REF (high active)

16 XMREF_DIS (high active)
17 XMREF_CASDIS (high active)

18 SERIAL_RESET (high active)
19 SERIAL_SYNC (high active)

20 reserved
21 SYNC_MODE]0]

22  SYNC_MODE[1]
23 OFLG bit
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$3f2 SER_CONF 16 Serial Data Line Configuration

bit:
(logical 0 = timing set number zero)

0 data line 0 timing select

1 data line 1 timing select

2 data line 2 timing select

3 data line 3 timing select

4 data line 4 timing select

5 data line 5 timing select

6 data line 6 timing select

7 data line 7 timing select

8 data line O direction (0 = output)

9 data line 1 direction

10 data line 2 direction

11 data line 3 direction

12 data line 4 direction

13 data line 5 direction

14 data line 6 direction

15 data line 7 direction
$3ef SEROL 24 Serial data line zero left channel (SER data SPR)
$3ee SEROR 24 Serial data line zero right channel
$3ed SER1L 24 Serial data line one left channel
$3ec SERI1R 24 Serial data line one right channel
$3eb SER2L 24 Serial data line two left channel
$3ea SERZ2R 24 Serial data line two right channel
$3e9 SER3L 24 Serial data line three left channel
$3e8 SER3R 24 Serial data line three right channel
$3e7 SERA4L 24 Serial data line four left channel
$3e6 SER4R 24 Serial data line four right channel
$3e5 SERS5L 24 Serial data line five left channel
$3e4 SER5R 24 Serial data line five right channel
$3e3 SER6L 24 Serial data line six left channel
$3e2 SERG6R 24 Serial data line six right channel
$3el SER7L 24 Serial data line seven left channel
$3e0 SER7R 24 Serial data line seven right channel
$3df BASEI 24 Region | base
$3de SIZEM1I 24 Region | size less 1
$3dd ENDI 24 Region I end
$3dc BASEP 24 Region P base
$3db SIZEM1P 24 Region P size less 1
$3da ENDP 24 Region P end
$3d9 BASEQ 24 Region Q base
$3d8 SIZEM1Q 24 Region Q size less 1
$3d7 ENDQ 24 Region Q end
$3d6 BASER 24 Region R base
$3d5 SIZEM1R 24 Region R size less 1
$3d4 ENDR 24 Region R end
$3d3 BASES 24 Region S base
$3d2 SIZEM1S 24 Region S size less 1
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$3d1
$3d0
$3cf
$3ce
$3cd
$3cc
$3cb
$3ca
$3c9
$3c8

$1ff

$1fe
$1fd
$1fc

$1fb
$1fa
$1f9
$1f8
$1f7
$1f6
$1f5
$1f4
$1f3
$1f2
$1f1
$1f0
$lef
$lee
$1led
$lec
$1eb
$lea
$1e9
$1e8
$1e7
$1e6
$1e5
$led
$1e3
$1e2
$1el
$1e0

ENDS
BASET
SIZEMI1T
ENDT
BASEU
SIZEM1U
ENDU
BASEV
SIZEM1V
ENDV

DILO
DIL1
DIL2
DIL3
DIL4
DIL5
DIL6
DIL7
DIL8
DIL9
DILA
DILB
DILC
DILD
DILE
DILF
DOLO
DOL1
DOL2
DOL3
DOL4
DOL5
DOL6
DOL7
DOL8
DOL9
DOLA
DOLB
DOLC
DOLD
DOLE
DOLF

24
24
24
24
24
24
24
24
24
24

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

Region S end
Region T base
Region T size less 1
Region T end
Region U base
Region U size less 1
Region U end
Region V base
Region V size less 1
Region V end

Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Input Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
Data Output Latch SPR
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$1df

$1de

$1dd
$1dc
$1db
$1da
$1d9
$1d8
$1d7
$1d6
$1d5

CCR

CMR

PC
PCSTACKO
PCSTACK1
PCSTACK?2
PCSTACK3
REPT ST
REPT_END
REPT_CNT
ALU_SHIFT

10

10
10
10
10
10
10
10
24
24

Condition Code Register

bit:

0 Zero flag

Less Than flag

oVerflow flag

Carry flag

Negative flag

A operand Negative flag
B operand Negative flag
IFLG (read-only)

10Z status bit (read-only)

O~NOOUILA WN P

Condition Mask Register

bit:

0 Zero mask

Less Than mask

oVerflow mask

Carry mask

Negative mask

A operand Negative mask
B operand Negative mask
IFLG mask

10Z mask

NOT bit

©CoO~NOOOTA~,WNPE

Program Counter (writable with caveat)

PC stack, top

PC stack, 1 below top

PC stack, 2 below top

PC stack, 3 below top (bottom).

Holds PC value for start of repeat block

Holds PC value for end of repeat block.

Repeat counter for REPT instruction.

ALU shift amount (only the five LSBs are used to
control double precision shifts in the ALU).
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$1d4
$1d3
$1d3
$1d2
$1d1
$1d1
$1d0

$1cf
$1ce

$1cd

$ilcc
$1ch

$1ca
$1c9

$1c8

MACRL 24
MACP_H 24
MACH 24
MACP_HC 24
MACP_L 24
MACL 24
MACP_LS 24

HOST_GPR_DATA 24
HOST_CNTL_SPR 8

HALF 24

ONE 24

MINUS1 24
n/a
n/a

HOST_ESP_FACE 24

MAC Result Low latch (read-only)

MACP latch high word (write-only)

MAC latch high word (read-only)

MACP latch high word - clear low word
(write-only)

MACP latch low word (write-only)

MAC latch low word (read-only)

MACP latch low word - sign extend into high word
(write-only)

GPR/SPR/AOR data access by host

Image of the HOST_CNTL host interface register
for internal access to status and control bits. All

high active.

bit:

0 ESP_HALT_EN (read-only)
1 ESP_HALT

2 HOST_HALT (read-only)

3 10Z status bit

4 10Z_EN (read-only)

5 BI10OZ bit (read-only)

6 SINGLE_STEP (read-only)
7 HALT_JUMP (read-only)

Read-only constant register containing the hex
value $400000. This value is necessary for some
MAC unit pseudo instructions.

Read-only constant register containing the hex
value $000001.

Read-only constant register containing the hex
value $800000.

reserved address available for future use
reserved (tied in with $1c8 since
HOST_ESP_FACE is accessed over the GPR
busses which accesses two registers at a time and
column multiplexes the busses).

SPR mapping of the HOST_ESP_FACE_B2,1,0
host interface registers. This register is
uncommitted.
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11.1 SPR Descriptions
ALU_SHIFT is an SPR which supplies a shift amount (an extra source operand) to the
ALU during the execution of the ASDH, ASDL, LSDH, and LSDL instructions. Regarding
its availability to the ALU for its prescribed purpose, loading ALU_SHIFT follows the
same inter-unit latency rules as any other GPR/AOR destination.
ALU_SHIFT is read/writable and could be used like a GPR in programs where the double
precision shift instructions are not required.

BASE, END, and SIZEML1 registers are used by the Address Generator for accessing up to
eight regions in external memory. Each of the regions has a programmable size and
location in physical memory. See the AGEN description for further information.

CCR and CMR are the Condition Code and Condition Mask Register and are concerned
with conditional execution of instructions. The CCR is set automatically only in the ALU.
These two SPRs are readable and writable with the exception of the 10Z status bit and
IFLG which are read-only in the CCR. For further information see the description of the
Conditional Execution Mechanism in the section on the Condition Code Register.

The DIL and DOL registers are the data interface to external memory. Data coming into
the chip is latched in the designated DIL register. Data to be written by the chip must be
placed in one of the DOL registers. These SPRs are readable and writable like GPRs. See
the sections on the External Memory Interface for more information on the use of these
registers.

The HALF register is a read-only constant containing the value $400000. This value is
necessary for some MAC unit pseudo instructions and has therefore been hardwired into
an SPR.

The HARD_CONF register is an 18-bit SPR used to configure multifarious aspects of the
chip hardware. Upon reset, this register will initialize to O.

The LSBs of HARD_CONF determine whether each serial clock pin acts as input or
output, and determine the divide-down rates of BCLKO and BCLKZ1 (00 corresponds to /2,
01 <=>/4, 10 <=>/8, 11 <=>/1). When the individual serial clock pins are not enabled,
they are in the high impedance input mode.

The MUX_ADDR, MAG_TRUNC, and TRUNC_WIDTH bits are readable and writable in
this register. When the MUX_ADDR bit is low, this yields the linear external addressing
mode suitable for SRAM or peripheral 1/0. When MUX_ADDR is high, multiplexed
addressing suitable for DRAM is activated. Assertion of MAG_TRUNC invokes the
magnitude truncation mode of WR to external memory. TRUNC_WIDTH low selects
magnitude truncation to 16 bits, high selects to 24 bits.

The INST_REF_DIS (instruction refresh disable), HALT_REF_DIS (halt refresh disable),
and HALT_MAC_REF (halt MAC unit refresh) bits are useful for controlling the automatic
refresh of instructions and internal registers. See the section on Internal Memory
Refresh for details.

The XMREF_DIS (external memory refresh disable) and XMREF_CASDIS (external
memory refresh CAS\ disable) bits control the refresh mode of external memory. The
default mode provides CAS\ before RAS\ refresh. Setting XMREF_CASDIS provides
RAS\-only refresh. Setting XMREF_DIS disables external memory refresh altogether
regardless of the setting of XMREF_CASDIS.

Setting the SERIAL_RESET bit will keep the serial clocks in a reset state in which both
WCLK pins are low, both LRCLK pins are high, and both BCLK pins are low. This can be
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useful for resetting the clocks after changing registers that control the period and duty
cycle of the WCLK and LRCLK pins. Setting SERIAL_SYNC causes serial timing
generator 1 to reset on the low to high transition of LRCLK][0] as well as LRCLK[1]. This
can be useful for synchronizing the two timing generators when timing generator 1 is
running at an integer multiple of the sample rate set by timing generator 0.
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SYNC_MODE]J1:0] and OFLG are used in conjunction with the OFLAG and IFLAG pins to
provide instuctions synchronization between multiple ESP2s. (See the section on
synchronization for a description of the function of these bits).

HOST_CNTL_SPR is an SPR image of the HOST_CNTL host interface register. All of the
bits of this register can be read by the ESP2 program to allow access to these hardware
status and control bits. For a description of this register refer to the section on Halting
the Chip; also the description of the HOST_CNTL interface register.

The ESP_HALT bit can be written. This is necessary for the proper execution of

the HALT pseudo instruction in the ALU.

The 10Z status bit appears in the CCR and can easily be polled. Detecting and
clearing a set 10Z status bit can be accomplished automatically by executing the BIOZ
instruction.  Alternately, the 10Z status bit can be written via this SPR to allow manual
program control.

The HOST_ESP_FACE register is a concatenation of three 8-bit host interface registers
which are made accessible as an SPR to ESP2 instructions. Like HOST_GPR_DATA, this
SPR is unusual in the respect that it is directly accessible from both the host interface and
the ESP2 without the need to execute HOST or BIOZ instructions. What differentiates
HOST_ESP_FACE from HOST_GPR_DATA is that it is uncommitted; meaning, the
programmer is free to utilize this resource in any opportune manner. Since one of the
purposes of the host interface is host access of GPRs/AORSs/SPRs, this register could be
accessed like any other SPR using the mechanism described in the Host/ESP2 Interface
description. But this is an idiosyncrasy of the design which is not the intended use of this
register.

One possible use of HOST_ESP_FACE would be in a DMA (direct memory access) scheme
where the ESP2's external memory were being quickly loaded (or read). This SPR would be
written by some exogenous mechanism, then a tight ESP2 loop would write that data out.
The IFLAG and OFLAG pins might act as the semaphores in this scheme.

The HOST_GPR_DATA register is mapped as an SPR to provide the link from the outside
world (the system host) to all the internal ESP2 registers (GPR/SPR/AOR). This register
is the 24-bit SPR mapping of the concatenated 8-bit HOST_GPR_DATA _B2,1,0 host
interface registers. The ESP2 automatically moves pending host data to and from this
SPR during ALU HOST instruction execution.

The INDIRA,B,C,D,E,F,G SPRs hold indirect addresses. Writing these SPRs allows
modification of the indirect address. See the section on Indirect Register Addressing.

The INDIRDEC address is used in the same manner as INDIRECT, but it causes a
post-decrement of the corresponding (INDIR) pointer register. The decremented value is
ready for the next instruction cycle. If INDIRDEC is used in a skipped instruction, the
address will not be decremented.

The INDIRECT address is used to initiate indirect addressing. When this address is used
as the A operand address, for example, the contents of the INDIRA pointer register is
substituted for the address of that operand. The same happens for the remaining
operands substituting the INDIRB, INDIRC, INDIRD, INDIRE, INDIRF and INDIRG
SPRs, respectively.
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The INDIRINC address is used in the same manner as INDIRECT, but it causes a
post-increment of the corresponding (INDIR) pointer register. The incremented value is
ready for the next instruction cycle. If INDIRINC is used in a skipped instruction, the
address will not be incremented.

MACH and MACL are the most significant and least significant halves of the MAC unit's
unsaturated MAC read-only latch.

MACP_H and MACP_L are the most significant and least significant halves of the MAC
unit's write-only Preload latch. Since these two registers are write-only and the MACH
and MACL registers are read-only, they have been mapped to the same addresses.

MACP_HC is a secondary method of writing the high word of the MAC Preload latch
(MACP) which simultaneously clears the MACP_L register.

MACP_LS is a secondary method of writing the low word of the MAC Preload latch
(MACP) which simultaneously sign-extends the MSB of the data entering the MACP_L
register into the 24-bit MACP_H register.

MACRL is the low 24 bits of the MAC unit result after shifting and saturation.

The MINUSLI register is a read-only constant containing the value $800000. This value is
required by some MAC unit pseudo instructions.

The ONE register is a read-only constant containing the value $000001. This value is
required by the MAC unit NOP pseudo instruction and has, therefore, been hardwired
into an SPR.

PC is the Program Counter. This SPR is readable and writable. At run-time there are
severe hazards associated with writing to the PC from the host or as destination of the
MAC unit or ALU. But the PC can be written by the host with no caveat while the chip is
halted or indefinitely suspended, to initialize the start point of a program. The PC is
cleared on chip reset.

PCSTACKAO,1,2,3 compose a four deep stack for keeping track of the PC during
subroutine calls. JScc pushes the PC value + 2 onto the top of the stack (PCSTACKO), and
RScc pops the new PC value from the top of the stack.

REF is a reserved address used during internal register refresh. Specifying this address
as a source or destination operand address causes indirect use of the REFPT contents as
the operand address. When REF is used as the source and destination operand so as to
accomplish refresh, the same contents of REFPT is used for both source and destination.
Specifying REF as the source operand of an instruction, REFPT is incremented in
preparation for use as a source operand for another refresh operation. The newly
incremented value is not available as the destination address until the time at which the
current destination address is decoded for the function unit that caused the increment.
See section on GPR and AOR Refresh for additional information on the use of these
addresses.

REFINST is the 10-bit refresh counter for refreshing instructions. See the section on
Internal Memory Refresh for more information.
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REFPT is the 10-bit refresh counter for refreshing internal registers, GPR/AOR. See the
section on GPR and AOR Refresh for more information.
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REPT_ST, REPT_END, and REPT_CNT are used as extra sources by the REPT
instruction. When REPT is executed, REPT_ST always gets loaded with the value of the
PC for the next instruction line queued for execution. REPT_END always gets loaded with
the value from the A operand field of the instruction. REPT_CNT gets loaded with the
value from the B operand field or the B operand depending upon the form of the
instruction.

SCLKO_REGO, SCLKO_REG1, SCLK1_REGO0, and SCLK1_REGL1 are concatenated
registers each containing three 8-bit serial interface control registers used for setting
serial clock timings. The SPR map lists the control registers contained within each SPR,
while the Serial Interface section describes how those control registers are used.

SEROL, SEROR, SERLL, ... Repositories for serial data transmission to and from other
ESP2 chips, A/D and D/A converters, and other serial devices. There are 8 serial stereo
data lines (physical pins) having a left and right channel-data SPR associated with each.
See the section on the Serial Interface.

The serial data line configuration register, SER_CONF, is a 16-bit register whose upper
byte has one bit for each serial data line, which designates that data line as input or
output. A logical 1 in the associated bit indicates that the data line is an input. In the
lower byte there is a bit per data line which associates one of two timing sets with that
data line: 0 = timing set number 0, 1 = timing set 1. See the SPR map in this section on
Special Purpose Registers for the exact definition of bits.

ZERO is the constant value $000000 hardwired into the chip. Since this value is required
by many of the pseudo instructions, it has been included as an SPR. It is also used as the
null destination in cases where the result of an instruction is either undefined or not of
interest.
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12. Host/ESP2 Interface

The purpose of the host interface is to access all the ESP2 internal registers and
instruction memory. There are separate mechanisms for accessing each which are
described herewith.

The host interface consists of five address pins HA[4:0], eight data pins HD[7:0], a
read/write pin HR/W\, and a chip select pin CS\. HA[4:0] and HR/W\ are latched on the
falling edge of CS\. In a read cycle, the ESP2 will assert the HD[7:0] pins with the read-
data while CS\ is low. In a write cycle, the HD[7:0] pins will propagate into the addressed
register and be latched on the rise of CS\.

Write Cycle Timing

Tas Tah Tds i Tdh
|

CS i\

e
X ORI
HoI70 =
wi N JTTTTTTTTT

Read Cycle Timing

Ny Vamm
HA[4:0] >i< >

. 7777, L
HD[7.0] ST >

Tws T

- /aan \AARARNNNNY

Figure 11.
Tas = Address Setup to CS\ falling edge
Tah = Address Hold from CS\ falling edge
Tws = HR/W\ Setup to CS\ falling edge
Twh = HR/W\ Hold from CS\ falling edge
Tds = Data Setup to CS\ rising edge (write cycle)
Tdh = Data Hold from CS\ rising edge (write cycle)
Toe = CSN\ falling edge to Data Active delay (read cycle, output enable)

—
=0
N
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Tacc = CS\ falling edge to Data Valid (read cycle, access time)
Thz = CS\ rising edge to Data Tristate (read cycle)
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12.1. Host/ESP2-Register Interface
The HOST_GPR_PEND bit of the HOST_GPR_CNTL host interface register is at once the
semaphore and the command to read or write an internal register (GPR/AOR/SPR). When
there is no internal register access pending, internal register refresh typically occurs.

When the chip is not halted and if an access is pending, data will be automatically moved
from/to HOST_GPR_DATA (the SPR image of the HOST_GPR_DATA B2,1,0 interface
registers) to/from an internal register during the first available HOST or BIOZ
instruction. In this manner the ALU grants host access along normal ALU data paths.
The direction of transfer is specified by the HOST_GPR_RW\ bit of the
HOST_GPR_CNTL interface register. Depending on the location and frequency of HOST
or BIOZ instructions in the executing program, there is typically some delay before the
write to or read of the GPR/AOR/SPR actually takes place. The worst case delay under
typical operating conditions is one sample period. When the access has been completed,
the HOST_GPR_PEND bit will be cleared. The host will not be forced to hang waiting for
the semaphore because the host can poll it.

When the chip is halted or indefinitely suspended and an access is pending, the ALU is
continuously executing HOST instructions by design. Therefore there is minimum delay
for the transfer from/to the HOST_GPR_DATA SPR. Since the system host presumably
runs asynchronous to the internal instruction cycle, the HOST_GPR_PEND bit must still
be polled.

12.1.1. Writing GPR/AOR/SPR
A write of a GPR/AOR/SPR via the host interface involves the following steps:

1. Check the HOST_GPR_PEND bit of the HOST_GPR_CNTL interface register to see
that it is low meaning that there is no register transfer pending.

2. Write three bytes of data to the HOST_GPR_DATA_B2,1,0 interface registers. (If
these registers already hold the desired data because of a previous GPR/AOR/SPR-
write, this step can be ignored).

3. Write the GPR/AOR/SPR address to the HOST_GPR_ADDRZ1,0 interface registers.

4. Write $80 into the HOST_GPR_CNTL interface register initiating the write. The
HOST_GPR_PEND bit when set constitutes the command to write when the

HOST_GPR_RWN\ bit is low. By observing this bit, the write event can be monitored
because the bit goes low when the write occurs.

12.1.2. Reading GPR/ AOR/ SPR
A read of a GPR/AOR/SPR via the host interface involves the following steps:

1. Check the HOST_GPR_PEND bit of the HOST_GPR_CNTL interface register to see
that it is low meaning that there is no register transfer pending.

2. Write the GPR/AOR/SPR address to the HOST_GPR_ADDRL1,0 interface registers.
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Write $81 to the HOST_GPR_CNTL interface register, setting the
HOST_GPR_PEND bit. The HOST_GPR_PEND bit when set constitutes the
command to read when the HOST_GPR_RW\ bit is high.

Once the HOST_GPR_PEND bit of the HOST_GPR_CNTL interface register has
been automatically cleared, read three bytes of data from the
HOST_GPR_DATA B2,1,0 interface registers.
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12.2. Host/ESP2-Instruction Interface
The HOST_INST_PEND bit of the HOST_INST_CNTL host interface register is at once
the semaphore and the command to read or write one 96-bit instruction. When there is no
instruction access pending, instruction refresh typically occurs.

Host access to instruction memory is always allowed on every instruction cycle whether or
not the chip is halted; there are no hazards. When an access is pending, one instruction
will be automatically moved from/to the HOST_INST_DATA_B11,...,0 interface registers
along a separate 96-bit wide data path in a direction specified by the HOST_INST_RW\
bit of the HOST_INST_CNTL interface register. When the access has been completed,
the HOST_INST_PEND bit will be automatically cleared. The host will not be forced to
hang waiting for the semaphore because the host can poll it. Since the system host
presumably runs asynchronous to the internal instruction cycle, it is always necessary to
poll the HOST_INST_PEND bit.

12.2.1. Witing Instruction Menory
A write of a single instruction via the host interface involves the following steps:

1. Check the HOST_INST_PEND bit of the HOST_INSTR_CNTL interface register to
see that it is low meaning that there is no instruction memory transfer pending.

2. Write twelve bytes of data to the HOST _INST_DATA_B11,...,0 interface registers. (If
these registers already hold the desired data because of a previous instruction-write,
this step can be ignored).

3. Write the instruction address to the HOST _INST_ADDRL1,0 interface registers.

4. Write $80 to the HOST_INST_CNTL interface register initiating the write. The
HOST_INST_PEND bit when set constitutes the command to write when the
HOST _INST_RWN\ bit is low. By observing this bit, the write event can be monitored
because the bit goes low when the write occurs.

12.2.2. Reading Instruction Menory
A read of a single instruction via the host interface involves the following steps:

1. Check the HOST_INST_PEND bit of the HOST_INST_CNTL interface register to see
that it is low meaning that there is no instruction memory transfer pending.

2. Write the instruction address to the HOST _INST_ADDR1,0 interface registers.

3. Write $81 to the HOST_INST_CNTL interface register, setting the
HOST _INST_PEND bit. The HOST_INST_PEND bit when set constitutes the
command to read when the HOST_INST_RW\ bit is high.

4. Once the HOST_INST_PEND bit of the HOST_INST_CNTL interface register has

been automatically cleared, read twelve bytes of data from the
HOST_INST_DATA B11,...,0 interface registers.
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12.3. Host Interface Registers
'Reserved' registers are nonexistent; reading from them returns unspecified data.

12.3.1. Testing

For test purposes, one may be interested in writing then verifying host interface registers
to determine whether the ESP2 is alive and powered. The host interface registers are
designed to be accessed asynchronously from the system host. This design demands a
special procedure for testing some of the host interface registers. The
HOST_ESP_FACE_B2,1,0 registers can be tested in a straight-forward manner.

When testing HOST_INST_CNTL and HOST_GPR_CNTL, keep in mind that the
associated PEND bit is self-clearing. In halt state, the HOST_GPR_PEND bit clears
itself quickly.

When testing

HOST_INST_DATA B11,...,0

HOST_INST_ADDR1,0

HOST_GPR_DATA B2,1,0

HOST_GPR_ADDR1,0
one must employ the following procedure:
-Write the desired _INST_ or _GPR_ host interface registers from the list above.
-Set the _PEND bit in the HOST _INST_CNTL or the HOST_GPR_CNTL register,
respectively.
-Wait for the associated _PEND bit to clear, then verify data previously written to the
selected host interface registers.

Thorough testing of GPRs/AORs, some SPRs, and the instruction (program) memory,
themselves, involves the erasure of some hidden internal registers. The correct
procedure follows the section Host/ESP2 Interface, with the following augmentation:
After the test data is written to some GPR/AOR/SPR or instruction memory, the test data
being held in the interface registers must be wiped using different data, and then a write
to the read-only SPR called ZERO must occur (it is not sufficient to simply wipe out the
host interface register data). Then, the test data can be read back from the memory-
under-test and verified.
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The HOST_CNTL register is tricky to test.

/ test HOST_CNTL register /
errorl = error2 = error = 0;
[*test the halt bit by itself*/
for(i=0; i<LOOPS; i++) {
host_inyaface->host_cntl = 0;
temp = host_inyaface->host_inst_data_b4; /* electrical flack */
if((host_inyaface->host_cntl & HOST_HALT) !=0) error = 1;

host_inyaface->host_cntl = HOST_HALT;
temp = host_inyaface->host_inst_data_b5; /* electrical flack */
if((host_inyaface->host_cntl & HOST_HALT) != HOST_HALT) error = 1,
}
mask = Ox7f; /*mask off HALT_JUMP bit*/
logic = 0xd7;
templ = (0x55 | HOST_HALT) & mask;
temp2 = (Oxaa | HOST_HALT) & mask; /*test performed in halt mode*/
for(i=0; i<LOOPS; i++) {
host_inyaface->host_cntl = templ;
temp = host_inyaface->host_inst_data_b2; /* electrical flack */
while((temp = host_inyaface->host_cntl & mask) != temp1) {
if(errorl) break;
errorl =1,
printf("\nerror: host_cntl = %02x\n", temp);
printf("expected %02x above\n", temp1l);
printf("For this test to work in Rev 1 or higher, the 10Z pin must be jumpered either to MPU_IOZ or GND\n");
}
host_inyaface->host_cntl = temp2;
temp = host_inyaface->host_inst_data_b3; /* electrical flack */
while((temp = host_inyaface->host_cntl & mask) != (temp2 & logic)) {
if(error2) break; /*when both 10Z and BIOZ bits are high, they reset themselves. */
error2 = 1,
printf("\nerror: host_cntl = %02x\n", temp);
printf("expected %02x above\n", temp2 & logic);
}

}
if(lerrorl && lerror2 && 'error)printf("HOST_CNTL host interface register is good.\n");

else if(error)printf("\nERROR! HOST_CNTL host interface register has faulty HOST_HALT bit.\n");
else if(errorl || error2)printf("\nERROR! HOST_CNTL host interface register is faulty.\n");
/ *hkkkhk /
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Address

Host Interface Reqgister

Register Usage

$0
$1
$2
$3
$4
$5
$6
$7
$8
$9
$a
$b
$c
$d
$e
$f

Name
HOST_INST_DATA B11
HOST_INST_DATA B10
HOST_INST_DATA B9
HOST _INST_DATA B8
HOST_INST_DATA B7
HOST _INST_DATA B6
HOST_INST_DATA B5
HOST _INST_DATA B4
HOST_INST_DATA B3
HOST _INST_DATA B2
HOST_INST_DATA B1
HOST _INST_DATA BO
HOST_INST_ADDR1
HOST_INST_ADDRO
reserved

HOST _INST_CNTL

reserved

HOST _GPR_DATA B2
HOST_GPR_DATA B1
HOST_GPR_DATA BO
HOST_GPR_ADDR1
HOST_GPR_ADDRO
reserved

HOST _GPR_CNTL

reserved
HOST _CNTL

reserved
HOST _ESP_FACE_B2

Byte 11 of instruction

Byte 10 of instruction

Byte 9 of instruction

Byte 8 of instruction

Byte 7 of instruction

Byte 6 of instruction

Byte 5 of instruction

Byte 4 of instruction

Byte 3 of instruction

Byte 2 of instruction

Byte 1 of instruction

Byte 0 of instruction

2 MSBs of instruction address
8 LSBs of instruction address

bit7 -HOST_INST_PEND
bit 6:1 - Reserved for use as chip revision number.
Reads 2 in Revision 2 of the chip.

bit0 - HOST_INST_RW\

High byte of GPR/AOR/SPR register data
Mid byte of GPR/AOR/SPR register data
Low byte of GPR/AOR/SPR register data

2 MSBs of GPR/AOR/SPR register address
8 LSBs of GPR/AOR/SPR register address

bit 7 - HOST_GPR_PEND
bit 0 - HOST_GPR_RW\

Host Control register. All bits are active in the high state,
readable and writable, except for the HALT_JUMP bit
which is read-only.

bit:

0 ESP_HALT_EN

1 ESP_HALT

2 HOST_HALT

3 10Z status bit

4 I0Z_EN

5 BIOZ bit

6 SINGLE_STEP

7 HALT _JUMP (read-only)

High Byte of HOST_ESP_FACE SPR
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$1c HOST_ESP_FACE_B1 Mid Byte of HOST_ESP_FACE SPR
$1d HOST_ESP_FACE_BO Low Byte of HOST_ESP_FACE SPR
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12.3.2. Sone Host Interface Regi ster Descriptions
The host control register, HOST_CNTL, is the only register for controlling the operation
of the ESP2 that is directly accessible from the host processor. This read/write host
interface register allows the host to recall the hardware status, and provides direct
control of the ESP2 regardless of the state of its internal function units. This register is
also directly accessible by ESP2 as an SPR in a limited way (refer to the
HOST_CNTL_SPR description).

The ESP_HALT and ESP_HALT_EN bits in conjunction with the HALT pseudo
instruction provide a means of break-pointing during algorithm execution (refer to the
section on Halting the Chip).

The HOST_HALT bit provides a means of unconditionally halting the ESP2 by the
host processor regardless of the state of the internal function units.

The BIOZ bit, the 10Z status bit, and the 10Z_EN bit operate in conjunction with
the ALU BIOZ instruction and are described in detail in the description of that
instruction.

The SINGLE_STEP bit provides a mechanism for the successive execution of
single queued instruction lines.

HALT_JUMP is a read-only monitor-bit. It goes high when the chip enters the halt
or suspension state (HALT (ESP_HALT), HOST_HALT, or BIOZ) if the ALU instruction
queued for execution is from the JMP class (Jcc, JScc, RScc). When this monitor bit goes
high, normal run-time instruction cycle execution latencies are being enforced coming out
of halt/suspension. The bit automatically clears when the program resumes.

These bits are discussed further in the section on Halt and Suspension States.

HOST _ESP_FACE_B2,1,0 are uncommitted host interface registers (mapped into three
consecutive bytes from the host side) which are also directly accessible by ESP2 as one
(24-bit) SPR called HOST_ESP_FACE.

The HOST_GPR_DATA B2,1,0, HOST_ESP_FACE_B2,1,0, and HOST_CNTL host
interface registers are distinguished in so far as they are simultaneously mapped as SPRs,
so can therefore be accessed directly by ESP2. This means that there is no need for the
execution of BIOZ or HOST instructions in order that the host be able to communicate
with a running ESP2 program via these registers; and vice versa. This is advantageous for
fast intercommunication. In the host register space, these registers are mapped as
consecutive bytes, whereas in the SPR space they are concatenated into single 24-bit
registers.

See the SPR Descriptions for a bit more about HOST_GPR_DATA B2,1,0, the internal
register link to the outside world.
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13. Pin List

Pin Name

Description

External Memory Interface

MADDR[23:0]
MDATA[23:0]
MR/W\
RAS\

CAS\
MEM_REQ\
VSS_A
VSS D
VDD_A
VDD_D

Host Interface
HAJ[4:0]
HDI[7:0]

CS\

HR/W\
VSS_H
VDD_H

Serial Interface

BCLK[1:0]
WCLK[1:0]

LRCLK][1:0]
SER[7:0]
VSS_S
VDD _S

Miscellaneous
CLK

10Z

IFLAG
OFLAG
RES\
VSS[3:0]
VDD[1:0]

Address Buss
Data Buss
Write Enable

Row Address Strobe
Column Address Strobe
Memory Cycle Request

Ground to address
buffers

Ground to data buffers

Function

Output/Tristate
1/0
Output/Tristate
Output

Output

I/O Tristate
Ground

Ground

Power

Supply to address buffersPower

Supply to data buffers

Host Address
Host Data

Chip Select

(edge sensitive)
Write Enable
Ground to buffers
Supply to buffers

Bit Clocks

(edge sensitive)
Word Clocks
(edge sensitive)
Left/Right Clocks
Serial Data Lines
Ground to buffers
Supply to buffers

System Clock

(four times instruction

rate,
40 MHz nominal)
Sample Rate

Synchronization (rising
edge sensitive, refer to

BI1OZ instruction)
Input Flag
Output Flag
Chip Reset

Ground to chip internals
Supply to chip internals
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Subtotal

Input
1/0
Input

Input
Ground
Power
Subtotal

1/0
1/0

1/0

1/0
Ground
Power
Subtotal

Input

Input

Input
Output/Tristate
Input

Ground

Power

Subtotal

Number

NN
N

QRIRP PR R RRPPR

= 0 U1

N

N

R R 00N

[
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Grand total 100
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PIN

NUMBER

1

2
3
4

a1

© 0o ~NO

10
11

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34

Table 11. ESP2 Chip Pinout

Connect to VSS

Connect to VSS

NAME FUNCTION comment

resb Input

clk Input

iflag Input

VSSI[0] Ground

frame

oflag Output/Trist
ate

VDD_S Power

bclkO 1/0

wclkO 1/0

IrclkO 1/0

bclkl 1/0

welkl 1/0

Irclkl 1/0

ser7 1/0

ser6 1/0

serb 1/0

ser4d 1/0

ser3 1/0

ser2 1/0

serl 1/0

ser0 1/0

VSS_ S Ground

VSS[1] Ground

frame

VDDIO0] Power

VDD_A Power

mrwb Output/Trist
ate

maddr[23] Output/Trist
ate

maddr[22] Output/Trist
ate

maddr[21] Output/Trist
ate

maddr[20] Output/Trist
ate

maddr[19] Output/Trist
ate

maddr[18] Output/Trist
ate

maddr[17] Output/Trist
ate

maddr[16] Output/Trist
ate

maddr[15] Output/Trist

ate
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35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

maddr[14]
maddr[13]
maddr[12]
maddr[11]
maddr[10]
maddr[9]
maddr[8]
maddr([7]
maddr([6]
maddr([5]
maddr[4]
maddr([3]
maddr[2]
maddr[1]
maddr[0]

VSS_A

Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate
Output/Trist
ate

Ground
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PIN NAME FUNCTION comment

NUMBER

51 VSS D Ground

52 mdata[23] 1/0

53 mdata[22] 1/0O

54 mdata[21] /O

55 mdata[20] 1/O

56 mdata[19] /O

57 mdata[18] /O

58 mdata[l7] 1/O

59 mdata[16] 1/O

60 mdata[15] /O

61 mdata[14] 1/O

62 mdata[13] /O

63 mdata[12] /O

64 mdata[11] 1/O

65 mdata[10] I/O

66 mdata[9] 1/0

67 mdata[8] 1/0

68 mdata[7] 1/0

69 mdata[6] 1/0

70 mdata[5] 1/0

71 mdata[4] 1/0

72 mdata[3] 1/0

73 mdata[2] 1/0

74 mdata[1] 1/0

75 mdata[0] 1/0

76 VvDD_D Power

77 rasb Output

78 casb Output

79 mem_req 1/0O

b

80 ioz Input

81 csb Input

82 hrwb Input

83 VSS[3] Ground Connect to VSS
frame

84 VSS|2] Ground Connect to VSS
frame

85 VDD[1] Power

86 vDD_H Power

87 ha[4] Input

88 ha[3] Input

89 ha[2] Input

90 ha[1] Input

91 ha[0] Input

92 hd[7] 1/0

93 hd[6] 1/0

94 hd[5] 1/0

95 hd[4] 1/0
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Figure 12.

96 hd[3] 1/0
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Figure 13. ESP2 die photograph, revision 1.
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O. I ntroduction

In Part |11 we describe the syntax and assembler interpretation of the language used for
writing programs for the ESP2 digital audio signal processing computer chip. The chip
architecture and instruction set are described in Part | (often referred to asthe

Chip Sec.). Some instruction features are highlighted, elaborated, or augmented here in
Part 11, however.

1. Architectural Overview

The ESP2 chip utilizes avery long instruction word. It shares some of the properties of a
Reduced Instruction Set Computer (RISC) where all hazards are accountable in the
assembler. Every ESP2 instruction takes the same amount of time (four system clocks)
and the same amount of space (96 bits).

In the ESP2 there are three distinct function units: called MAC, ALU, and AGEN.

A short (2-deep) Pipeline design strategy is incorporated for each function unit to speed
up instruction execution. Thereis one Program Counter (PC). All three function units
operatein parallel on acommon pool of registers, and the instruction set fully supports
the parallelism. Only one of the function units, the Address Generator (AGEN), can
access data memory which is external to the chip.

1.1. Program Instruction Memory

The instruction word is 96 bitswide. All instructions are stored inside the chip in DRAM
for ultimate speed of execution. Inthefirst chip revision are planned 300 instructions,
with provisions for 1024. Each ESP2 instruction is, because of parallelism, equivalent to
3 instructions on other popular DSP chips.

The design constraint which makes all instructions execute in the same amount of time
was imposed because of itsimportance to the programmer. The programmer’s job often
consists of cramming the most functionality into a period of time dictated by the audio
samplerate. Instructions which would have had conditional execution times are excluded
from the ESP2 design as are instructions whose execution time would have deviated from
the norm. The enforced regularity eases the programmer’ s job of budgeting execution
time.



1.2. Internal Registers

The chip contains three types of registers. General Purpose Registers (GPR), Address
Offset Registers (AOR), and Specia Purpose Registers (SPR). The GPRs, AORs, and
SPRs can be utilized as sources and destinations by the MAC unit and the ALU. All
registers have a unique address in the range of [0...1023]; i.e., there are 1024 on-chip
registers. Except for afew SPRs, al registers are 24 bitswide. SPRswhich are not
24 bits in width have unused bits read as logical 0.

The AORs are usually associated with the AGEN and are utilized as sources there, but
when not being used by the AGEN they are free to double as general purpose registers.
So, the AORs can be used like GPRs in the MAC unit and ALU; the syntax supports this.

The SPRs have awide variety of purposes. Many of them are tied directly into the
operations of the three function units. As such, they often act as extra source or
destination registers. For example, one of the 16 SPRs called DIL is always the
destination of the AGEN for an external memory read. Another exampleisthe
ALU_SHIFT SPR which acts as an extra source register, holding the shift amount and
direction for the ALU’ s double precision shift instructions (ASDH, ASDL, LSDH,
LSDL).

The SPRs are implemented using Static RAM, so we may associate the words: ecial,
source/destination, and gatic with the S in SPR asamnemonic aid to understanding.

1.3. Function Units

The function units operate directly on the registers. The three function units are the
Multiplier/Accumulator/shifter (MAC unit), the Arithmetic Logic unit (ALU), and the
Address Generator (AGEN). All three units fetch their individual instruction information
(opcode) from different parts of the same long instruction word. The instruction word
also provides the source and destination register addresses for the operations.

The MAC unit and ALU routinely utilize three operands; two sources, one destination.?

AGEN code can be automatically generated for the programmer by the assembler if
desired. The AGEN routinely utilizes one source operand (an AOR) plus three or four
extra source operands.3 The AGEN utilizes one destination operand? and/or one or

no extra destination operand.>

2Many SPRs are dedicated to particular function units bringing the maximum utilization up to
five operandsin at least one case.

3; i.e., the three SPRs known as the region control registers, and one of the 16 Data Output
Latch SPRsin the case of an external memory write.

4:i.e., theregion BASEr SPR in the case of an UPDATE BASE operation,

5; i.e., one of the 16 SPRs known as Data Input Latch in the case of an external memory read.

3



1.3.1. MAC unit

The MAC unit takes two registers as sources and writes another register as destination.
It also has two internal latches, called MAC and MACP (P for Preload), which can be
involved in the computation as seed sources and are also accessible via SPRs. The
MAC latch can aso act as an extra destination holding intermediate accumul ated
products, but this destination can be selectively inhibited under program control.
Internal to the MAC unit is also aversatile Barrel Shifter which can be used to shift
(both ways) an accumulated result out to some destination, or to shift the contents of the
seed sources prior to the next accumulation. The MAC unit has 20 distinct
fundamental (primitive) instructions and 10 variants, plus about 17 pseudo
instructions.

132 ALU

The ALU usually takes two registers as sources and writes another register as
destination. One of the sources, of course, may also be specified as the destination if
desired; the same is true of the MAC unit. The ALU controls all branching and
subroutine calls. The ALU has the widest assortment of fundamental instructions
numbering 32, plus about 23 pseudo instructions.

1.3.3. AGEN

The AGEN routinely takes five registers as sources for an external memory write, or
four source registers and one destination register for an external memory read. The
AGEN unit isthe most unusual function unit; it both calcul ates addresses and uses
those addresses to read or write external memory. AGEN has several flexible modes of
address calculation. The AGEN is amodulo address calculation unit by design. It
employs amultiplicity of address offsets into one or several user-specified circular
regions of physical (absolute) address space. Thisisits fundamental mode of
calculation but it can easily be coerced into accessing fixed external table arrays or into
absolute addressing of peripheral 1/0 devices. The AGEN has 8 distinct instructions.



1.4. External Memory

24 address and 24 data lines on-chip provide access for up to 16 Mega-words of 24-bit
data memory off-chip. All external memory accesses are controlled by the AGEN. One
physical read or write can occur per instruction cycle (one program line, one instruction
line, one line of code, or four system clocks; al the same meaning).

1.4.1. AGEN Access of External Memory

The address calculator within AGEN takes as source operand, one Address Offset
Register (AOR) having an associated region specifier. The physical address
automatically calculated is a function of the selected addressing mode, the specified
AOR, and the contents of the region control registers (the extra source SPRs: BASEr,
SIZEM1r, ENDr) for the specified region. The AGEN then uses that addressto read or
write external memory.

A word of dataread from external memory istransferred to one of a set of 16 SPRs called
Data Input Latches (DIL). Likewise, aword of data written to external memory comes
from one of a set of 16 SPRs called Data Output Latches (DOL). The AGEN’s DILs and
DOL s are then accessible by the MAC unit and ALU as operands.

1.4.2. Regions

A region isaprogrammer-specified absolute range of external memory. Having atotal
of eight hardware-supported regions, each region can be used for any desired purpose.
For example, one region could hold amultiplicity of delaylines® while another holds
one or more tables, while yet another is used for peripheral 1/0. Regions can reside
anywhere in physical memory and be of any size, so long as they do not span the physical
limits. Every externa memory access is associated with one of the eight provided
regions. I,P,Q,R,S,T,U,V. Regions are defined by their associated region control
registers. BASEr, SIZEM1r, and ENDr.

1.4.3. Offset Addressing

An external memory address is automatically calculated using offset addressing into a
region, followed by modulo arithmetic to keep the address within the region boundaries.
An absolute address is automatically calculated by AGEN on every instruction cycle; the
calculation is begun by adding an Address Offset Register (AOR) to aregion BASEr
register. An absolute address which is beyond the region ENDr iswrapped around the
modulus by automatically subtracting the actual region size from it, so asto remain inside
the region. The specific AOR and region used for each AGEN operation are encoded in
theinstruction and implicitly or explicitly determined by the programmer.

The address offset held within an AOR isregarded as 24-bit unsigned by the AGEN unit.
But since AORs can also be used for general computations outside the realm of address
generation, the 24-bit contents of AORs are treated as standard two’s complement by the
ALU and MAC unit.

6A del ayline implements the DSP function, 2N and is often a constituent of acircular buffer.
(See Preface.)
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1.4.4. AGEN Utilization

Artificial reverberation requires perhaps 100 separate delaylines. In some other more
traditional processor architecture, at every sample period the read and write address of
every delayline would be decremented and individually subject to modulo arithmetic.

Using the ESP2, the individual delayline address offsets each reside in a separate Address
Offset Register. A regionisset up which contains al the delaylinesin their entirety, and
whose sizeis at least the total size of all the delaylines.” The assembler determines that
total and initializes the region control registers:

SIZEM1r isset by the assembler to the total region size, less 1.
The ENDr SPR points to the last absolute memory location in the region.

BASETr initially pointsto the start of the region in absolute memory, as determined at
assembly.

The BASEr register is decremented once per sample under program control. Each
delayline address offset, held in an individual AOR, iswith respect to the region BASEr.
A single decrement of the region BASEr, then, will decrement the absolute address of
every delayline. The modulo arithmetic required to keep BASEr within the modulus (the
region, or the circular buffer) happens automatically in the hardware.

In other words, all modulo arithmetic is performed with respect to the region as modul us,
not to theindividual delayline. All the delaylines reside within the chosen region. Asthe
region BASEr is decremented, all the delaylines effectively move at once around the
circular region following that region BASE. Thisis further discussed in the section,
UPDATE region BASE.

"The assembler first augments the declared size of each individual delayline (or table) by 1.
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2. Assembly Language

This section presents the skeletal parts of the ESP2 syntax, and introduces concepts of
truncation mathematics which are indigenous to fixed-point machines. The exposition of
the greater part of the AGEN unit syntax is postponed until the section devoted to the
AGEN unit itself; likewise for the MAC unit and the ALU.

2.1. Assembler Directives

Keywords found in asourcefile are called declarators. They determine the interpretation
of statements following, until another declarator is encountered. No commas are required
to separate multiple declarations in ablock of like declarations.

2.1.1. Declarator: PROGRAM  program_name
program _name becomes aglobal symbol in the object and header files. program _name
must appear on the same line as the declarator, and may not be a reserved keyword.

2.1.2. Declarator: PROGSIZE =n

or PROGSIZE <=n
The programmer issues one of these statements, where n is some constant expression
denoting the number of desired lines of code. The assembler issues an error or awarning
if the equality or inequality is not respectively true. This declaration isnot mandatory.

2.1.3. Constant Declaration: DEFCONST
This declarator is typically found towards the beginning of al the declarations. Use the
= sign, no commarequired. Multiple DEFCONST are allowed.

DEFCONST
Sintable Size = 256 Region_Size = 256 * $100
Costable _Size = 256 Table Size=512 tblSizel = 513
2.1.4. Register Declaration: DEFSPR, DEFGPR

SPRs and GPRs are respectively declared and optionally initialized here. GPR register
addresses may also be determined by the programmer if desired using @ . For example,
DEFGPR
some_gpr = 1024 @$3f I $ means hexadecimal

The # symbol extracts the value of all symbols following in an expression.8 The value
of anumber isthe number itself, so the following declaration of some _gpr isequivalent.
DEFGPR
some_gpr = #1024 @3$3f I'initialization and/or address optional
some _other @$40

No commaisrequired. Multiple DEFSPR, DEFGPR are allowed. All register names
must be universally unique.

In general, in aDEFSPR, it istrue that any SPR explicitly initialized should override any
assembler determination. Should the programmer wish to reserve any of the AGEN
DILsor DOLsfor any purpose, the act of declaring them within DEFSPR has the desired

8See Value (extracted by #) Summary, or section on Fixed-Point Mathematics.



effect. The assembler then relinquishes those particular resources during scheduling.
Programmer override of region BASE, SIZEM1, and END initialization is not observed
by the assembler when determining AOR assignments.

2.1.5. AOR Declaration/External Memory Allocation: DEFREGION

This declaration is used for defining tables, delaylines, and absolute 1/0 regions of
external memory. Declaration of a particular region is alowed only once, no commas
required. AORs are declared and optionally initialized here. All hames must be
universally unique. AORs become implicitly associated with the region under which they
were declared by default. Their register addresses may be optionally declared just as they
arefor GPRs. For example:

DEFREGION Q[$10000] @256
mydelay[3032]
yourdelay[999] @3033
myOffsetRegister = $a70000
somePointer =0 @$200 ! initialization and/or address optional

DEFREGION R[Sintable Size+1+Costable Size+1]
sin[Sintable_Size]
cog Costable Size]
table_pointer = & cog 0] IAOR initialized to root of cosine table

Declaration of the region sizein DEFREGION r[region size] isoptional® asisthe
physical location (@256) of the region start, but region size minimumis 1. Region
specifier, r, isrequired: I,P,Q,R,ST,U,orV (=0,1,2,3,4,5,6, or 7).

Declaration of the relative address offset of the beginning (the r oot) of an external
memory array (@3033), with respect to the physical start of the region, is aso optional.
In the declarations above it should be clear that & yourdelay[0] = 3033 (& asintheC
programming language) is the root address offset of yourdelay[999], but its absolute
(physical) addressis 256 + 3033.

Table and delayline sizes are not optional. If theregion size, or table or delayline size
(specified within [ ]) is written as a floating-point expression, it will be rounded to the
nearest integer by default. The programmer may explicitly indicate various math
functions (see Fixed-Point Mathematics) other than rounding.

9The assembler would set the SPR, SIZEM1r =regionsize- 1. If region sizeis not specified,
the assembler will automatically determineit. BASEr and ENDr would also be determined
automatically, whether or not region sizeis specified. BASEr isusualy initialized to the region
start. All these region control register settings can be overridden in a DEFSPR.
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External Memory Initialization

An extension of the DEFREGION syntax10 facilitates initialization of external memory
by arelocating downloader .11 The assembler issues directives to a downloader by
encoding the assembly .0 and .bin object output files. For example:

DEFREGION P[Region_Size]=0
sigmoid[Table _Size] : "filename'
tbINamel[tblSizel] : 3

This DEFREGION declaration shows an assignment (=0) that causes the assembler to
issue a directive to adownloader to initialize the entirety of region P in external memory
to 0. Any constant expression could have been used in place of O for the initialization
value.

The declaration of the external memory array, sigmoid[Table_Size], has an assignment
syntax ( : ) which causes the assembler to encode the ASCII name ID filename intoits
.0 and .bin output files. This becomes a directive to a downloader to use the contents of
the quoted file as the initialization of the external memory array. The array size can be as
small as1 or aslarge as physical memory.

Likewise, the declaration of the external memory array, tbhINamel[tblSizel], has the
assignment syntax ( : ) which causes the assembler to encode an array identifier (ID=3)
intoits .0 and .bin output files. Thisbecomes adirective to a downloader to use some
array (array number 3 in this case) from an established library as theinitialization contents
of the external memory array. Any constant expression could have been used in place of
3for the array identifier.

2.1.6. Declarator: CODE

This keyword must precede al instruction lines. Register, constant, and region
declarations are alowed within the body of the code. In that case, the keyword CODE
must appear again immediately following these interspersed declarations.

2.1.7. Attributes: LOCAL, GLOBAL

These two keywords may occur anywhere within the body of a DEFCONST, DEFSPR,
DEFGPR, or DEFREGION declaration, and with any frequency. GLOBAL will cause all
subsequent symbol declarationsin the respective body to appear inthe .hdr file
assembler output having the format of #define statements asin the C programming
language; LOCAL turnsthat off. Every new declaration defaultsto LOCAL.

10As always under DEFREGION, @ is optionally available syntax following any assignment

(:.=)
11See the External Memory Host Access Application.
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2.1.8. Declarators: FAMILY, MEMBER

Each declarator encodes a following constant expression into areserved field of the .0
and .bin assembler output files; the default encoded value is 255 if the declarator is not
employed. They are useful for making efficient parameter-control structuresfor the
system host and to organize multifarious ESP2 programs constituting a single commercial
product.

2.2. Instruction Syntax
Aninstruction line must contain aMAC unit operation.

MAC-operation

An ALU operation may follow a MAC unit operation on an instruction line. If noneis
specified by the programmer, then the assembler will insert an ALU NOP.

MAC-operation  ALU-operation

An AGEN operation may follow an ALU operation on an instruction line. If noneis
specified by the programmer, then the assembler may schedule an AGEN operation there.
If no AGEN operations are required, it will insert an AGEN NOP.

MAC-operation  ALU-operation  AGEN-operation
Oneline of codeistypically referred to as an instruction cycle.

Curiously, both the ALU and MAC unit NOPs are pseudo instructions, while the AGEN
has a dedicated NOP instruction. (Pseudo instructions are formulated within the
assembler as source/destination variations of the fundamental instructions.)

2.2.1. ThePredominant Destination to Source L atency

ALU results have an inter-unit latency of one when sourced from the MAC unit. This
means that the ALU results become available to the MAC unit on the second queued line
of code following the ALU instruction. But MAC unit results are available to the ALU
on the first queued line of code following the MAC unit instruction; i.e., on the next
gueued program line. (See the section called Pipeline for all cases by example.)

Whenever SPRs act as extra source/destination operands, they are accessed having the
same latency as the established source/destinations unless indicated otherwise.
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2.2.2. LineContinuation

A singletripartite instruction line (one line of code, one instruction cycle) may be made
to occupy more than one printed line by placing a continuation symbol (the back-

slash, \) asthe first character of text on aline.

parry: MACP + coef3 X delayling[333] > MAC >>3 > temp

\ ADD this, that > there
\ RD *chorusline > DILO
2.2.3. Labels

An instruction line may contain alabel. A label must be the first thing on aline and must
be followed by a colon.

mysubroutine: coefl X temp > MAC MQV temp > lasttemp
NOP MOV #mysubroutine > INDIRB

The value of the label isthe number of the program line upon which it resides; the line
number corresponds to the Program Counter value when it hitsthat line of code. (The #
symbol tells the assembler to allocate a GPR whose contents is the value of the Program
Counter denoted by mysubroutine.)

2.2.4. Comments Within a Program
There are three styles of comments available within ESP2 programs and declarations:

1) A comment may start withan ! and end with another ! or end-of-line/carriage-
return; i.e, one ! will comment out everything to the end of theline. A second ! will
delimit the comment asin the C-style /* */.

2) The C-style comments /* */ are also available. In this case theright side delimiter is
required, unlike ! style comments.

3) The ANSI-C notation, //, comments from that point to the end-of-line/carriage-
return.

11



2.3. Fixed-Point Mathematics

At assembly, the assembler evaluates expressions much like they are evaluated in the C
programming language. Specifically, there is the same dichotomy between integer and
floating-point math; viz: 1%k vs. MOD(,) . Integer expressions are promoted to
floating-point expressions also asin C. Scientific notation is supported, and a special
binary-radix (q) notation is introduced to facilitate the assignment of floating-point values
to fixed-point 24-bit registers.

In declarations involving mathematical expressions, the programmer must bear in mind
that the math is being performed (assuming two’s complement) at the full precision of the
machine within which the assembler is executing. But when ESP2 register contents are
used within expressions, they are assumed two’s complement at 24 bits. This means that
register contents will be sign-extended to machine long-word precision before being used
in subsequent expressions. For example:

DEFCONST
Big_Negative = $800000 I' (positive in 32 hits)
Negative = $ff800000 I (negative in 32 bits)
Calculusl = 0.5* Big_Negative I = $400000 (positivein 32 hits)
Calculus2 = 0.5* Negative I = $ffc00000 (negativein 32 bits)
DEFGPR
some gpr = Big_Negative @5 I register gets $800000 (negative 24 hits)
some_other = 0.5* Big_Negative I register gets $400000 (positive 24 bits)
gpr2 = 0.5* some_gpr I but this register gets $c00000 (negative 24 bits)
gpr3 =#0.5* some_gpr I register gets 3 (2.5 rounded)
gpré = COS(some_gpr) I'legal here in declarations. Contents used.
gpr

The declaration of the hexadecimal ($) constant Big_Negative is assumed positivein the
calculation of Calculusl because the assembling machine long-word sizeis 32 bits. But
notice that once the register some_gpr gets loaded, subsequent math employing the
contents of that GPR (as in the calculation of gpr2) sign-extends its contents before
performing the calculation.

We can also perform math using the value of symbols. The # symbol is used to
indicate the intent to use value rather than content.12 For example, the value of
some_gpr isitsregister address, 5.

# precedesall the elements of an expression in ESP2 syntax;

i.e., we do not allow any appearances of # within an expression. This means that any
expression preceded by # isassumed to use only symbol values in its evaluation.

12See the Value (extracted by #) Summary under thedelayspec Chart in the AGEN chapter.
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Continuing from the declarations above:

CODE
NOP MOV #0.5* some gpr > gpr4 ! gprdgets3 .
error
NOP MOV 0.5* some_gpr > gpr5 I'error here but not in declarations.

This last example shows that register contents are not allowed as operands in expressions
appearing in the code as they are allowed in the declarations. There are two reasons for
this:

1) In-line expression operators make the code unreadabl e because the functions of the
ESP2 chip itself become confused with the operators in the expression. (Inthe
expression above, one might conclude that there were a multiplier in the ALU.)

2) From the expressions, it is not clear whether the operations are being performed on the
register values (their addresses) or their contents. |f contents were assumed, only
initialization contents are known to the assembler. Y et the code seemsto call for current
contents, hence making it unreadable.

It isimperative to distinguish between in-line math expressions appearing in the code,
and ESP2 chip operations. Thein-line math is performed at assembly time and is
provided as a convenience to the programmer who may prefer in-line expressions to
constants declared in a DEFCONST.

Continuing...

NOP ADD #(1+gpr), B I'legal (gpr address used).
error

NOP ADD COS(#gpr), B I'illegal because # must be at beginning.

NOP ADD #COS(gpr), B I'legal (gpr addr. used). Cosine function.
error

NOP ADD COS(gpr), B I'illegal because implies contents used.
error

NOP ADD 1+gpr, B I'illegal because implies contents used.

This last example is ambiguous because it is not clear whether it is the contents of that
GPR whose register addressisone past gpr which isdesired, or 1 added to the contents
of gpr whichisdesired. Inarunning program, the contents of gpr arelikely to change.
If we had established the convention that contents were to be used, then the assembler
would only have knowledge of initialization contents. The ESP2 does not have the
means, in general, to change the contents of the A-operand prior to the operation with the
B-operand.13

13For treatment of gpr as the base of some internal register array, the syntax provides a register
indexing construct.
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2.3.1. Assembly-TimelIn-Line Math Functions

Excerpts from the C programs which constitute the math portions of the assembler
program itself follow. These enumerate the available functions while showing how they
areinternally defined.

GRefstruct fun_datg] ]= /* math-function mnemonics */
[*  (seealso espdata.h) */

{
{"SIN", AP_SINX},
{"Ccos", AP_COSX},
{"TAN",  AP_TANX},
{"ASIN",  AP_ASINX},
{"ACOS', AP ACOSX},
{"ATAN", AP ATANX},
{"SINH",  AP_SINHX},
{"COSH", AP _COSHX},
{"TANH", AP TANHX},
{"EXP", AP_EXPX},
{"LN", AP_LNX},
{"LOG", AP LOGX},
{"SQRT", AP_SQRTX},
{"CEIL", AP _CEILX},
{"FLOOR", AP FLOORX},
{"ABS", AP_ABSX},
{"INT", AP_INTX},
{"BTRUNC", AP_ BTRUNCX},
{"ROUND", AP_ROUNDX},
{"ATAN2", AP ATAN2YX},
{"MOD",  AP_MODXY},
{"RSH", AP_RSHXY},
{"LSH", AP_LSHXY}

b

[* integer result */

[* integer result */

[* integer result */

[* 2 arguments */

[* 2 arguments */

[* 2 integer arguments; integer result */
[* 2 integer arguments; integer result */

Exponentiation is supported viathe old ** Fortran notation. The C-language boolean
operators, suchas & , |, ~, and *, (AND, OR, one's complement (bit flip) operator,
and XOR) are also recognized in expressions at assembly. & also has meaning in the
AGEN unit syntax and iswidely used there, so context is critical for its successful use.
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2.3.2. Truncation M athematics.

Assembly-Time Math Function Definitions:

Magnitude Truncation, Rounding, and Truncation
/* double result, vall, val2; *//* (fromespeval.c) */

Integer functions. These functions return an integer-type
value. RSH and L SH require integer-type arguments.

_____________________________________________________________________ */
case AP_I NTX: /* I NT ( CeExpr ) */
case AP_ROUNDX: /* ROUND ( CExpr ) */
case AP_BTRUNCX: /* BTRUNC ( CExpr ) */

case AP_RSHXY: /* RSH ( CExpr , CExpr ) */
case AP_LSHXY: /* LSH ( CExpr , CExpr ) */

{
switch (root->CH LD >usem ival)
{
case AP_|I NTX: /* magni tude truncation */
result = floor(fabs(vall)) * SIGNUMval 1);
br eak;
case AP_ROUNDX: /* rounding */
result = floor(fabs(vall) + 0.5) * SIGNUMval 1);
br eak;
case AP_BTRUNCX: /* truncation */

result = floor(vall);

br eak;

case AP_RSHXY:

if (lint_op) error (ERR_OPNDI NT);
result = (long) vall >> (long) val 2;
br eak;

case AP_LSHXY:

if (lint_op) error (ERR_OPNDINT);
result = (long) vall << (long) val 2;

br eak;
}
rtn = new _sem (Fl XED);
rtn->usemival = (long) result;
br eak;

Shown are the C-program definitions of the three truncation functions and left/right
arithmetic shift functions recognized at ESP2 program assembly. The truncation
functions (magnitude truncation, rounding, truncation) operate on floating-point numbers
and produce integer results. Magnitude truncation and rounding are symmetrical
functions. On many machines, it is helpful to keep in mind that the (int) or (long) C-cast
of afloating-point number actually performs a magnitude truncation. The SIGNUM|()
macro returns (1., 0., -1.) for strictly positive, zero, and negative arguments, respectively.
Recall that the floor(x) function, defining truncation, returns the largest integer not
greater than x; truncation ssmply throws away or masks off the fractional part.
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Real-Time Compute Statistics

Although the defined truncation functions are only used at assembly, it would be
interesting to analyze the statistical impact of each function type when used in real-time
computation; e.g., say in an ESP2 program executing some digital filter algorithm. For
that application, the meaning of the truncation functions regards the handling of what is
considered to be the fractional part (the LSBsto the right of the radix point) of some
binary word. An example might be the conversion from a double precision (48-bit) result
to single precision (24-hits). The most notable outcome is that the use of magnitude
truncation introduces noise into the signal which is statistically 6 dB higher in power than
that produced by either rounding or truncation. Further, rounding and truncation produce
the same noise power, but truncation, having a DC offset of one-half quantum, is not a
zero mean process. These results could be explained by considering both the magnitude
and sign of the quantization errors of each truncation function. [Jackson,ch.11.2]

A223 .1

Truncation Rounding Magnitude Truncation

y 0
A

- >

Y -223
Figure MT. Direction and relative magnitude of change after
guantization of any 24-bit two’s complement number.

Alternately, in Figure MT the action of each truncation function is represented in terms of
the change to some two’s complement number. None of the truncation functions can change
a positive number to a negative number, or vice versa. The truncation function simply called
‘truncation’ has no point of symmetry; it causes the same direction of change anywhere in the
continuum. Thislack of symmetry accounts for the statistical DC offset. Of the three
truncation functions, both rounding and truncation have the propensity for returning values
which exceed the magnitude of their arguments. Thisidiosyncrasy has been shown to be one
of the causes of limit cycle tones produced in direct form and lattice digital filter topologies.
[Jackson,ch.11.5] Magnitude truncation does not share this characteristic and can sometimes
remedy limit cycle oscillation. [Smith] (See the Reverberation Application.)

In Figure MT itisindicated that truncation will increase magnitude of only negative
numbers, whereas rounding can increase the magnitude of all numbers. Further, truncation
always increases negative number magnitude, but rounding does not always increase
magnitude (explaining the bidirectional arrows). On the other hand, magnitude truncation
always decreases magnitude of both positive and negative numbers.
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Real-Time Compute | mplementation

We wish to know how the truncation functions are each implemented in the binary
domain. For the sake of illustration, let us assume that we are given 24-bit two’'s
complement binary numbersin g8 format (discussed shortly):

DEFGPR
val1 = $007FFF I g8 means $007F.FF = 127.99609375
val2 = $FF8001 I g8 means $FF80.01 = -127.99609375

binary magnitudetruncation
In the binary domain, the corresponding operation to magnitude truncation is:
Pseudo-code: if(val <0) val += $0.FFF. .. ; [* binary magnitude truncation */

val = binary truncate(val); [* discard bits to right of binary point */
For the two values, after binary magnitude truncation: vall = $007F00, val2 = $FF8100 .
Thisis how magnitude truncation might be programmed in a real-time computation
within the ESP2. In hexadecimal we are adding 0.999... to val whenitisnegative.
We conditionally add $0.FFF... to val, rather than $1.0, to avoid bumping up a perfect
negative integer. Thisimpliesthat if any of the fractional bitsof val are nonzero when it
is negative, then magnitude truncation will increase val.

But asit often happens in ESP2, the given 24-bit binary number may itself be the M SBs
(most significant bits) of a higher precision 48-bit result. Itislikely that the 24 L SBs
(least significant bits) of the higher precision result were nonzero and the situation is such
that we are not sure. Statistically, it is much better to err on the side of caution if we do
not know what those higher precision LSBswere. So in this circumstance,14 we would
amend the Pseudo-code to conditionally add $1.0 to val instead of $0.FFF... .

binary rounding
Curioudly, in the case of two’s complement binary rounding there is no conditional
addition. Inthe binary domain, the corresponding operation to rounding is:
Pseudo-code: val += $0.8; /[* binary rounding */

val = binary truncate(val); [* discard bits to right of binary point */
For the two given values, after binary rounding: val 1= $008000, val2 = $FF8000 .
Thisis how rounding might be programmed in a real-time computation within the ESP2.
In hexadecimal we are unconditionally adding 0.5to val regardless of itssign.1>

14Thisis, in fact, how the magnitude truncation mode is actually implemented in the ESP2
external memory data interface (see the Chip Spec.). Assuchit is, theoretically, more applicable
to magnitude truncation of double precision results.

15When comparing rounding resultsin the floating point domain with the corresponding results
in the binary domain, it is wise not to use test values having afractional part = 0.5 exactly,
because this case produces different results in each domain. To solve this quandary we invoke
Reagan’ s theorem; it ‘doesn’t matter’. (Appendix I1)
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binary truncation
In the binary domain, the corresponding operation to truncation is simply:
Pseudo-code: val = binary truncate(val); [* binary truncation */

[* discard bitsto right of binary point */
For the two given values, after binary truncation: vall= $007F00, val2 = $FF8000;
the 8 LSBs are masked off, or simply discarded.

One useful fact regarding truncation is that the fractional part (rather, the part that is
discarded or masked off) isalways positive in sign. Thisfact could be used to advantage
within adigital filtering circuit having truncation error feedback for the purpose of
minimizing truncation noise.16 [Dattorro]

|b23|b22|b21|bzolblglb18|b17|b16|b15|b14lb13|blzlblllblolbglbsll b7 |bs|bs |bs|bs|ba|bs|bo y[n]
= Pedbeoedpadosorefouose]osefososcfoscfoudosofb[os| [o] 0f0JoJofofo]o] - yIn]
[oJeJofofofofo]o]o]efofofo]o]o]o] [orfbebs]ba]bs]bo]ba]bs e[n]

23 15 23
15 -m+15 15 -m+15 _ -m+15
-2 byt Z 2 bgm - ('2 b3+ le b23-m) = Z 2 br3.m
m= m= m=16
Figure TruncPos. Example showing how truncation error is always positive.

Figure TruncPos shows the example of truncating any 24-bit q8 two’'s complement
number by taking the 16 MSBs and discarding the 8 LSBs. We are interested in the sign
of theerror €n] that results from subtracting the truncated number y[n] from the full-
precision number y[n]; i.e,

y[n] -¥n =¢1 20
Sincethe b can only take on the value O or 1, in two’'s complement, the stated result

follows regardless of thesign of y[n]. By induction, thisresult extendsto other g and
other truncation widths.

16This noise, due to ongoing internal signal quantization error, is also known as roundoff noise.
[Jackson] Truncation error feedback is aso known to minimize limit cycle oscillation [Laakso],
thus providing an alternative to magnitude truncation as a remedy.
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2.3.3. Scientific and Binary-Radix Notation
These notations are both of the form:
manti ssax radix* * exponent
Scientific notation has radix 10, while binary-radix notation has radix 2.

The assembler supports scientific notation of floating-point constants asin, for example,
7e-3 which is mathematically equivalent to 7+10**-3. Substituting an expression for
the mantissais not allowed in our language; i.e., using the same example,

expressione-3, isnot allowed. (An expression would consist of arithmetic operations
on symbolic names and/or numbers.) Blank space is neither permitted beforethe’€'.

Binary-radix q notation issimilar; for example, 793 isdefined as mathematically
equivalentto 7«2**3 (q for quanta). This notation comesin handy when we wish to
specify the location of the binary point in afixed-point number which isto be assigned as
the contents of some register; i.e., to specify the register format. Figure Twos shows the
two most commonly used formats for digital filtering coefficients. In Figure Twos (a),
the range of coefficient is[-1., 1.), whereasl’ for (b) itis[-2., 2.).

_|b22|b21|b20|b19|b18|b17|b16|b15|b14|b13|b12|b11|b10|b9|b8|b7IbelbsleIbslbzIbllbol

M-1
fixed-point q23 register content = -2 by *+ > 2" byt
m=1

8 5 () ) 0 W [ [ () Y [ (0 4 1 3

M-1
fixed-point q22 register content = 2 b1 + Z o bv-1.m

m=1

Figure Twos. Two’s complement fixed-point examples: M=24 bits.

Unlike scientific notation, binary-radix notation can substitute a complete mathematical
expression for the mantissa, and blank space is permitted before the q. (The complete
expression can even include floating-point numbers in scientific notation.)

17This notation means that the positive extreme cannot be exactly reached.
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When the assembler encounters a floating-point expression by itself (no g notation)
whose magnitude is less than 1.0, it assumes that the expression will be represented
within some assigned 24-bit register as q23. This means that the floating-point value
will be multiplied by 2**23, by default, before the register isinitialized.18 That result is
rounded (also by default) to the nearest integer and then assigned as the contents of the
register. This placesthe binary point one bit away from the MSB in the 24-bit register,
rather, 23 bits away from the LSB.

If afloating-point expression isfound by itself whose magnitude is greater than or equal
to 1.0, then the assembler assumes g0 (=1) as default in that case. This places the binary
point, in the 24-bit register, 24 bits away from the MSB (or 0 bits away from the L SB).

One way to look at binary-radix (q) notation, then, is as conversion from a floating-point
representation, floating.expr, to fixed-point representation. In the conversion process, we
can change the default scalar viathe q notation; e.g.,

some register = floating.expr 22

This declares the binary point in the 24-bit register to be fixed at two bits away from the
MSB (or 22 bits away from the L SB).

Generally speaking, any complete expression followed with binary-radix g notation will
be multiplied by 2 raised to the indicated power. But we should instead think of q
notation as a mnemonic tool which provides the location of the binary point within some
fixed-point register, asin Figure Twos.

18423 is the maximum binary radix locator in 24-bit two’'s complement fixed-point.
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2.3.4. Fixed-Point Arithmetic within the ESP2
Now we turn to the subject of numerical computation within the executing ESP2 function
units. Therules of fixed-point arithmetic are easy when the q notation is employed.

Addition and Subtraction
Rule 1) For ESP2to add or subtract two fixed-point numbers, they must have the same
binary point; i.e., the sameq.

If they do not have the same q then the various shiftersin the ESP2 can be used to bring
them into alignment.

Multiplication

Rule 2) Using ESP2, when multiplying a 24-bit (two’ s complement) number having gN
with another 24-bit number having gM, the product is a 48-bit number 19 having
g(N+M+1). The 24 MSBs of the product is g(N+M+1 - 24).

The extralin Rule 2 comes from the ESP2 signed multiplier having a built-in permanent
shift-left-1 of the product to remove the extrasign bit. Most often, only the MSBs of an
accumulation of products constitute some desired result. So, for example, suppose we
multiply a qO signal at 24-bits (typically 16 bits of signal left-justified into a 24-bit word) by a
g23 coefficient at 24 bits. The ESP2 result is a 48-bit product at q24. Now, if we
truncate the least significant 24 bits storing only the MSBs, we end up with a 24-bit result
at 0. Inthiscase, the g of the result is the same as that of the signal.

2.3.5. Numerical Precision

If the programmer is scrupulous, it is not too difficult to implement block floating-point
arithmetic. Block floating-point arithmetic is a numerical implementation of an
algorithm using afixed-point processor where the binary-radix point of a block (some
collection or group) of operands isfixed, but only over some intermediate portion of alonger
computation. A different block (or the same block computed at a different phase of the program)
may then have a different binary point location. The block floating-point technique finds
use as applied to FFT (Fast Fourier Transform) [Analog Devices] [Kim/Sung] or amplitude
compression algorithms implemented on fixed-point processors having barrel shifters.
When the fundamental word-size of a fixed-point processor is large enough (24 bits asin
ESP2), the need for block floating-point diminishes and fixed-point computations may

suffice.20 An alternative to block floating-point is double precision arithmetic which
ESP2 supports.21

19having 4 bits of sign extension,
20See the FFT Radix-4 Application.
21See the FFT Radix-2 Application.
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2.4. GPR/AOR Array Declaration
The syntax provides a construct useful for manipulating internal register data organized
as aregister array or vector:

DEFGPR

some gprs = 1 @$2...$80 /* initializes entire array to same value */
Alternatively,
DEFGPR

some_gprs =1 @%$2 /* (some_gprs, 0) not allowed here but OK in code. */

(some gprs,1) =7

: : /* use this method to initialize to different values */
(some_gprs, $7€) = 40

The same rules apply to AORs.

DEFREGION R
some_aors = $100 @$200...$233

Asshown, an array of GPRs is declared (allocated) and (optionally) initialized. The same
isdone for agroup of AORs. Note the allowable addresses for the respective register
arrays in the Chip Spec. (see the section on Chip Architecture). The programmer should
be cognizant of the current register allocation through examination the listing (.Ist) file.

2.4.1. Internal Register Array Reference

CODE

MOV (some_gprs, n) > destin
MOV (some_aors, 1) > destin2
MOV (some_aors, 0) > destin3

Reference to a GPR and two AORs within their respective array are shown. The GPR
whose contents are moved to destin has an address which isthat of some _gprs plus n,
for n aconstant expression. Similarly, destin2 gets the contents of the AOR at address
$201.

This (register array name, index) referenceto an AOR may be substituted anyplace
where an AOR referenceislegal. Double parentheses may be required to reference an
AOR having an explicit region specifier; for example:

((some_aors, -7))R
Note that the assembler recognizes negative indices for thisinternal register array
construct.

24.2. Array/Register Clear

It is up to the programmer to zero all critical registers, specific to an application program,
in the declarations.
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2.5. #include filename

The ESP2 assembler has afeature which allows #include statementsasinthe C
programming language. The ESP2 assembler just expects a filename, however; no
guotes or triangle brackets are required. The included fileistypically used for the
declarations of constants, but can be used for any declarations.

A possible usage would be to alias SPR names as follows:

DEFCONST
BASEI = #BASEI Il # symbol extracts value which is SPR address this case.
BASEu = #BASEU
YI = #DILD
Y2 = #DILC

Nested #include is allowed.

2.6. Conditional Execution

Curly braces{} may be placed around any individual instruction in the MAC unit, and/or
the ALU, and/or the AGEN unit field to independently specify conditional execution.
Further, all individual unit instructions can be conditionally executed. The curly braces
enclosing a particular instruction field indicates that the corresponding skip bit is set for
that function unit. When the skip bit is set, if the Condition Mask Register (the SPR
called CMR) satisfiesthe Condition Code Register (the SPR called CCR)22 at the time
the conditional instruction is about to be executed, that instruction will be executed;
otherwise that instruction will be skipped. A skipped instruction still consumes program
time equal to one instruction cycle, however.

The CCRis set automatically only by the ALU on every instruction cycle, and the
outcomeis discernibleto all three function units for the purpose of conditional execution
on the next queued line of code. Since the CCR is aso mapped as an SPR, it can be
manually written to restore its state if necessary. The safest way to do so is by use of the
ALU MOV instruction (or MOV cc, or RScc). Manually loading the CCR any other way
offers some interesting, but not necessarily useful results. (Seethe Chip Spec. for more
details.)

22This concept is found in conventional microprocessor design for decision making based upon
arithmetic and chip status. In ESP2, individual bits of the CCR correspond to various states of the
chip. Logical combinations of these bits often yields more precise information. The CMR is

used to mask the desired combinations.
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The proper interpretation of a curly-braced field is that the corresponding unit’s
instruction becomes conditionally executed depending on the status of its skip bit and
the CMR’srelation to the CCR; i.e., if the associated skip bit is asserted and the
Condition specified by the CMR is satisfied. The list of CMR masks can be found in the
Chip Spec. and includes the Conditions: NEV (never), ALW (always), |OZ (masks the read-
only 10Z status bit in the CCR which is afunction of the IOZ input pin of the synchronization interface),
IFLG (masks the read-only IFLG bit in the CCR which is an image of the IFLAG input pin hardware
semaphore of the synchronization interface),23 GT, LT, GTE, etc...

For example:
NOP MOV #NEG > CMR Isee IF pseudo using MOVcc
NOP SUB non_negative _constant, ZERO > somewhere

{this X that > MAC, there} ADD mine, yours > ours

In this example, only the MAC unit instruction field is conditionally executed based upon
the CCR outcome determined in the ALU operation on the previous line of code. The
Condition being checked for is negativity, as shown in thefirst line of code having the
load of the CMR from a GPR. That GPR is holding the value of the negativity Condition
denoted by the keyword NEG. We discuss a more efficient load of the CMR, shortly.

2.6.1. cc-classlnstructions

Some of the ALU’ s 32 fundamental instructions have a feature which allow the CMR to
be unconditionally preloaded and then immediately used to determine whether the
instruction on the very same program line will be conditionally executed. Notably, the
Jec, JSce, RSce, and MOV cc instructions?4 have this feature. For example:

NOP SUB non_negative _constant, ZERO > somewhere
NOP {MQV gprl > gpr7, NEG > CMR} I use MOVce instr.

In this example, gprl is conditionally moved to gpr7 if the outcome of the previous ALU
operation was negative. This feature of the MOV cc instruction saves us one line of code
and one GPR, avoiding an explicit MOV to CMR asin the previous example.

The mask we have designated to represent the negativity Condition isitself stored in the
A operand (address) field of the 96-bit microinstruction; It is not stored in the A operand.
In contrast, the B and C operands are gprl and gpr7 (i.e., two GPRS). Thus, the
assembler must determine what the NEG mask is and then assembl e that into the MOV cc
instruction’s A operand field. The A operand field aways gets moved into the CMR by
the instruction, prior to the decision to conditionally execute {}. Also, the skip bit
corresponding to the ALU instruction field must be asserted by the assembler for that
ALU MOV instruction, as requested.

23An image of the OFLAG output pin of the synchronization interface is not incorporated into
the CCR.
24There exist two ALU MOV classinstructions: MOV and MOV cc (conditional MOV). See

the section called MOV Pseudo Instruction.
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This leads to another use of the MOV cc, RScc, JScc, and Jec instruction types:
NOP MOV gprl > gpr7, NEG>CMR I use MOVcc instr.

In this example, the lack of curly bracesindicates that the ALU’s skip bit isnot set. The
MOV of gprltogpr7 will, therefore, always take place regardless of the CCR outcome
on the previously executed program linein the ALU. The CMR till gets preloaded with
the mask we have designated to represent the negativity Condition. Thisisagreat
convenience for subsequent conditional queued lines of code as it may save one
instruction.

Hereis an esoteric example:
NOP MOV gprl > gpr7 use MOV instr.
NOP {MOV gprl > gpr7, ALW>CMR} !use MOVcc instr.

Each of these two lines of code aways loads gpr7 with the contents of gprl. Regarding
the second program line, since the CMR is unconditionally preloaded with a Condition
Mask designated to represent the always Condition, the MOV (of gprl to gpr7) will
unconditionally take place, even though the instruction is made conditionally executable
by the curly braces.2> Asthereisno ALU operation that could put the CCR in a state
that represents the ALW Condition, it isthe mask which is designed to satisfy any state of
the CCR that determines the ALW Condition.26

2.6.2. Conditional Execution Latencies of the CMR
The ALU’s IF pseudo instruction is defined by the assembler utilizing the MOV cc
instruction; viz,
IF Condition
isthe same as writing
MOV ZERO > ZERO, Condition>CMR

The IF pseudo accomplishes an unconditional preload of the CMR while using read-only
SPR ZERO asthe standard destination. The programmer is freeto explicitly MOV to
CMR, but the use of MOV cc (hence IF) suffersless latency aswill be shown by example.
For thisreason thereisno IF pseudo in the MAC unit. (Also recal that the CCR s
automatically set only by the ALU.)

In the following examples, Condition connotes some arbitrary Condition that might be
desired by the programmer, while we choose POS (specifically, the positivity Condition)
as another Condition to play against. We also choose the MOV cc instruction from the
cc-class instructions, to preload the CMR in some examples. Substituting another cc-
classinstruction should yield the same conditional execution latency.

25The assembler should respect the programmer’s wish to set the skip bit for this instruction.
26|_jkewise, there existsa NEV (never) Condition.
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MAC unit AL comment

NOP IF POS I pseudo uses MOVcc instr.

NOP ADD A, B I CCR set by ALU

{result X gpr3 > gprd4}  {some_instruction} ! MAC and ALU conditional

NOP ADD A, B I CCR set by ALU

NOP IF POS I arithmetic CCR remains valid

{result X gpr3 > gprd}  {some_instruction} I MAC and ALU conditional
NOP ADD A, B I CCR set by ALU

{result X gpr3 > gpra} IF POS I MAC executes if previous ALU POS
NOP ADD A, B I CCR set by ALU

{result X gpr3 > gpr4} MOV gprl > gpr7, POS > CMR ! MAC executes if previous ALU POS

NOP ADD A, B ! CCR set by ALU
{result X gpr3 > gpr4} {MOV gprl > gpr7, POS > CMR} ! MAC and ALU conditional

NOP ADD A, B | CCR set by ALU

NOP {IF Condition} ! leave IFLG and 10Z flags alone
{some_instruction} MOV #POS > CMR ! MAC conditional on Condition
{result X gpr3 > gpr4} {MOV gprl > gpr7} I MAC and ALU conditional on POS
NOP ADD A, B ! CCR set by ALU.

{some_instruction} IF POS | alatent!

{result X gpr3 > gpr4} {MOV gprl > gpr7} ! 2 MACs and ALU conditional on POS

In all cases above, the AGEN fulfills the same latency rules as the MAC unit.

AGEN
NOP ADD A, B NOP I CCR set by ALU
NOP IF Condition I IFLG and 10Z flags possibly altered

MOV #POS > CMR {some_instruction} {some_instruction} ! ALU and AGEN conditional on Condition
{result X gpr3 > gpr4} {MOV gprl > gpr7} {some_instruction} ! MAC,ALU,and AGEN conditional on POS

error
MOV #Condition > CMR cc-class ALU instruction !illegal; NOT ALLOWED BY HARDWARE
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2.6.3. Exceptionsto Conditional Execution

There are four cc-class instructions which incorporate a simultaneous preload of CMR as
part of their designed function: these include Jcc, JScc, RScc, and MOV cc. The move to
CMR in these cases always takes place and cannot be inhibited. This must be considered
in any conditional execution of these instructions.

One immediate consequence regards the IF pseudo as previously defined. Writing
{IF Condition}
accomplishes the same unconditional preload of the CMR as does
IF Condition
But {IF Condition} isuseful when it isdesired to update none of the bitsin the CCR;
without {}, the IFLG and 10Z flags will be updated. Thisisthe second reason to use the
IF pseudo in preference to an explicit unconditional MOV to CMR.

If itistruly desired that an IF Condition statement be conditional with regard to the
loading of the CMR, then the programmer can always resort to the explicit,

{MQV #Condition > CMR}
keeping in mind the increased latency asillustrated in the examples above. Asaways,
any conditionally executed instruction leaves all the CCR bits unchanged.

Instructions which cannot be used reliably within a conditional block of code are the
LIM, SUBB, ASDL, and ADDC instructions. Thisis so because these ALU instructions
incorporate the CCR flag states in the execution of their prescribed function. Since any
previously queued conditionally executed instruction {} does not alter the CCR by
design, then these four instructions would not be given their proper requirements. The
conditional execution of these instructionsis not prohibited by the assembler although
warnings are issued when they are found conditional. These warnings are reminders that
it is the previous queued instructions to ook out for.

Conditionally executed AGEN coding in the MAC unit or ALU instruction field (see the
section ahead on the AGEN) isdangerous. Thisis because the scheduled AGEN
instruction-field { code} produced by the assembler (found in the AGEN listing) is most
often not on the same instruction line as the MAC unit or ALU field source code which
requested the external memory access. In that case, the CCR is not necessarily in the
same state on both the requesting instruction line and the scheduled line. For this reason,
conditionally executed AGEN coding in the MAC unit or ALU instruction field should be
written carefully, also making sure the CMR isin the desired state in both locations. The
assembler does not disallow thistype of coding, although appropriate warnings are
issued.
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2.6.4. Conditional Execution, in Summary:

- Regarding one line of code, any function unit’s operation (the MAC unit’s, and/or the
ALU'’s, and/or the AGEN'’s) can be conditionally executed {} independently of any other
but based on the same CMR and CCR.

- The CCR isautomatically set only by the ALU.

- All ALU instructions automatically update the IFLG and 10Z flags in the CCR.

- Conditionally executable instructions {} never alter the CCR, regardless of whether they
are executed.

- The ALU’s CCR result is discernible by all function units on the next queued line of
code for the purpose of conditional execution.

- All cc-class instructions unconditionally preload the CMR. The new CMR appliesto al
conditionally executable operations for al function units appearing on the same program
line and on all subsequent queued lines until another Condition is loaded.

- When the programmer does not specify a preload to CMR, the assembler will prefer to
utilize the MOV instruction instead of MOV cc.2?

- If the programmer does not specify a preload of the CMR for IMP class instructions, the

assembler will choose the ALW (always) Condition.28

- Conditionally executable instructions {} always consume program time equal to one
instruction cycle.

27Discussed under Branching, Moving, and Pseudo Instructions.
28ditto
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2.7. Shift Pseudosin the MAC unit and ALU / Constant Expressions

The ALU has the fundamental AS and L S instructions which store the shift amount in the
A operand. That is, a GPR/AOR can be used to hold the shift amount. Thisis useful for
computed shifts. Within the normal MAC unit syntax we havethe >> or << operator
which specifies that a shift amount follows in a constant-expression. This constant is
stored in the MAC unit field of the microinstruction 96-bit word.

Both the MAC unit and ALU have shift pseudo instructions as an augmentation to the
normal syntax. The ALU has two shift pseudo instructions which allow the specification
of constant shift amounts. If acomputed amount is desired, then the ALU shift
instructions (AS, LS) should be used instead. The syntax for the ALU shift pseudo
instructionsis:

ASH B >>const.expr > C or ASH B <<const.expr > C !arithmetic
LSH B >>const.expr > C or LSH B <<const.expr > C ! logica

The value of the constant expression, const.expr, is actually stored in the A operand of the
AS and LSinstructions respectively. The constant expression in the pseudo can be
positive or negative.

A constant expression is a mathematical statement of constants and/or symbolic constants
such as:
INT(LOG(N)/LOG(Radix)) - 7

Register names are not generally allowed in such expressions because of ambiguities
which arise in the syntax. Although the # symbol is often used (always placed at the
beginning of an expression) to extract the value of all following symbols such as register
names, it is not alowed where a constant expression is expected by the assembler.

The MAC unit has a shift pseudo instruction which has the same syntax as the ASH
pseudo of the ALU. Thishomogeneity is desirable.

ASH D >>const.expr > F or ASH D <<const.expr > F larithmetic

The shift amount is, as for the primitive MAC unit syntax, stored within the MAC unit
microinstruction field. For both the ALU and MAC unit,

ASH dest >>const.expr
is an acceptable pseudo instruction syntax implying dest as the destination.

Now we give some examples of constant expressions appearing in the code which are
allowed or not:

ASH dest >>3 I ok
ASH dest <<1+16/4 I ok
ASH dest <<-1 I ok
but,
error
ASH dest <<gpr l'illegal
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Thisisan error because it might imply that the contents of gpr is used as the shift
amount; some GPR name, gpr, was erroneously used in a place where a constant
expression is expected. (The fundamental AS and LS instruction use the contents of the
A operand (the programmer’ s first operand) as the shift amount.)

error
ASH dest >>#(1+gpr) l'illegal because # disallowed where constant expression expected

The # symbol in this expression implies that some GPR would be allocated and
initialized to the value of (1+gpr) at that point. (The value of the name, gpr, extracted by
#, 1sitsregister address.) But the # isnot expected by the assembler in front of this
constant expression, so it isan error.

error
ASH dest <<#1 I'illegal because # disallowed for same reason as before.

Wherever constant expressions are expected, the same rules apply asin the previous
examples; external memory array indices, for example:

error
MOV delay[#(3+gpr)] > dest lillegal
but,
MOV delay[3 + 7/3] > dest l'is legal

The # symbol generated an error because it is a directive to allocate some GPR, when
encountered in the code, initialized to the value of the succeeding expression. Thisis
certainly not what is expected from a constant expression.

error
MOV delay[3+gpr] > dest I illegal

The expression within [ ] is generating an error because the meaning of the gpr register
isambiguous. This usage might imply that its contents are being used as some index. As
thisis not within the capabilities of the ESP2, this construct is disallowed by the
assembler.
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3. MAC unit

The MAC unit has 20 distinct fundamental instructions and 10 variants which provide
many combinations of shifting, multiplying, and accumulating(zx). The specific MAC
unit operation is specified by the placement of mathematical symbols between the
operands (unlike the ALU).

3.1. Sources
The first source operand, D, can be nearly any register on chip. The second source, the E
operand, is restricted however; it may not access AORs. The reserved upper case X
symbol represents the operation multiplication, and must always be present between the
twO sources,; viz,

DXE>MAC,F

A third source operand (the seed source) may be either the double precison MAC latch,
MACP (the MAC Preload latch), or MACZ (the MAC unit’sinternal zero seed source,
MACZERO), followed by a + or - . For example,

MAC + DXE >MAC,F

MACP - DXE > F

MAC - coefl X lastx >MAC

MACZ - DXE >MAC, F same as -DX E>MAC, F
When no third source operand is specified, MACZ is assumed.

3.2. Destinations
The MAC unit destinations must be specified; there is no default destination asthereisin
the syntax of the ALU. The MAC unit accumulator result can be written to either or both
the double precision MAC latch and the single precision destination register specified by
the F operand (24 M SBs).

D X E> MAUC, lastx means MACZ+ D X E> MAC, lastx

When only the MAC latch is specified as a destination, the F destination operand is
assembled to be the ZERO SPR (which isread-only, and different from MACZERO).

D X E>MAC means MACZ + D X E>MAC, ZERO
In many constructionsit is possible to write the result to F and not to the MAC latch!
D X E > coefl means MACZ + D X E > coefl

The previous MAC latch contents are preserved.
No matter what destinations are selected by the programmer, the low-order conditionally

saturated MAC unit results (24 LSBs) are sent to the MACRL (MAC Result Low) latch
on every instruction cycle.
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3.3. TheMAC unit Registers

The MACP latch is a Preload register which seeds the accumulator under program
control. (Review, at this point, the MAC unit architecture diagram in the Chip Spec.)
The accumulator can take as seed-source either the MAC latch, MACP, or MACZ
(MACZERO).

Both MAC and MACP are latches internal to the MAC function unit. When directly
reading the MAC unit, oneis accessing the unsaturated MAC latch. When directly
writing to the MAC unit, one accesses the MACP latch. These two latches are accessible
via SPRs. One nice consequence of thisis that the SPRs associated with the MAC
function unit are allowed as sources and destinations to the MAC unit itself, as would be
any other SPR, but with two restrictions:

3.3.1. Writingto MACP

When writing to the MAC unit, one accesses the MACP latch. The high-order 24 bits
can beinitialized vialoads of the MACP_HC or MACP_H SPRs. When the
programmer types the pseudonym, MACP, as a destination, thisis defined as equivalent
to the SPR, MACP_HC, by the assembler. (A load of MACP_HC clearsthe low

24 bits of the MACP latch while loading the high-order bits. A load of MACP_Hisa
simple load to the high-order MACP bits.) Fromthe ALU, specifying MAC asa
destination is disallowed by the assembler. Thisis because one might be led to believe
that the MAC latch itself may be preloaded; thisisnot the case. Only the MACP latch
can beinitialized. The low-order MACP bits can be initialized vialoads of either the
MACP_LSor MACP_L registers. The former sign-extends into the upper 24 bits. The
four MACP_ SPRs are defined as write-only by the assembler. The MACP
pseudonym is similarly defined as write-only except when used as the accumul ator
seed.

3.3.2. Reading from MAC

When reading from the MAC unit, one accesses the unsaturated MAC latch. Here
the programmer refersto the SPR, MACH, to access the high 24-bit word, and to the
SPR, MACL, to access the low word. Both MACH and MACL are defined by the
assembler to be read-only. It does not make sense to use MACP asasource sinceitis
the MAC latch, not the MACP latch, which would be read. The assembler will
disallow any referenceto MACP as a source operand which is not the seed sourcein
the MAC unit. The pseudonym, MAC, when used as a source operand is defined as
equivaent to the SPR, MACH, by the assembler. Since when sourcing MAC one refers
to the unsaturated MAC latch, most of the time the programmer will prefer to access
intermediate MAC unit results from the Z destination buss (see the Chip Spec.), taking
advantage of the three-operand architecture.

32



3.3.3. Readingfrom MACRL

Low-order MAC unit results can also be obtained from another place which isright
outside the MAC unit called the MACRL latch. If the programmer does not specify a
destination other than MAC, the assembler substitutes the ZERO SPR. So, this read-
only SPR, MACRL, isloaded on every instruction cycle with conditionally saturated
low-order 24-bit results from the MAC unit output.2® The MAC unit NOP has been
designed to preserve the contents of MACRL; this SPR is not writable.

Alternatively, unsaturated low-order MAC unit results can be read directly from the
MACL register, which is part of the MAC latch.

3.4. Saturation

When an accumulator result goesto the MAC latch, it is aways unsaturated. When the
MAC unit writes aresult to a destination other than the MAC latch (to some GPR or
AOR, for example), then and only then will conditional saturation occur. Saturation
decisions are based upon the thirteen M SBs of the 60-bit Barrel Shifter output. (Seethe
Chip Spec. for more details.) There also exists aregister for the special purpose of
reading conditionally saturated low-order MAC unit results: it iscalled MACRL.

3.5. Barrel Shifter

The MAC unit multiplies two signed 24-bit operands and produces a signed 48-bit
product and four more overflow bits. Analytically, in fixed-point (non-integer)
arithmetic, multiplying two g23 24-bit numberswould result ina g46 48-bit format;

i.e., anumber having the binary point after the 46th bit counting from the LSB, and
having aredundant sign bit. But, the product in the ESP2 is always shifted left once, to
produce a q47 48-bit result in the present case. Usually, the high 24-bit word (not
including the 4 overflow (guard) bits) which isthenin g23, is taken out to the destination
along the Z buss.

Beyond this permanent product shift |eft, a programmable 60-bit Barrel Shifter is
available in the MAC unit at every instruction cycle operating on 52 bits (which includes
the four guard bits) of either a seed source or an accumulated result. This feature allows
us to be more selective about the alignment of inputs to the accumulator or about the
accumulator bits appearing at the MAC unit output. In other words, the Barrel Shifter
facilitates fixed-point arithmetic at various binary points. Note that the binary point in
the MAC latch (as output) and the destination register can be in different locations when
the Barrel Shifter is used to shift the accumulator output to adestination. Thisis because
of the position of the Barrel Shifter in the MAC unit output path.

A shift may be specified to theright or left using >>n or <<n, respectively. n must
be a constant expression from 1 through 7 for right shifts, or 1 through 8 for left shifts. n
can be 0 inwhich case the shift operation need not be specified. We will indicate just
one direction in the remainder of the text for smplicity (n may be negative). The
placement of the shift operator determines precisely what will get shifted. Three legal
placement options are:

29This stands in contrast with the 52-bit MAC latch to which the storing of results can be
selectively inhibited.
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1) MAC>>n + DXE > MAC,F Ishifting the accumulator seed source

2) MAC + DXE > MAC>>n >F I'shifting into the destination
Programmers take note that this particular instruction says that the result left in the MAC
latch isnot shifted.

3) MACP + DXE >>n >F Imeans (MACP + DXE) >>n >F
This shiftsinto the destination but deposits nothing to the MAC latch!

Right shifts are sign extended while | eft shifts are zero filled and saturated if required;
these are double precision arithmetic shifts. Double precision logical shifts may be
performed in the ALU if need be.

3.6. MAC unit MOV Pseudo I nstruction / Homogeneity

The MAC unit can easily be made to MOV data without alteration; thus thereis avery
useful MOV pseudo instruction in the MAC unit having the same syntax asthe MOV in
the ALU. Thereader isreferred to the Chip Spec.

In our discussion of Shift Pseudos, we encountered the ASH pseudo which is
homogenous in the MAC unit and the ALU. Perusal of the MAC unit pseudo instructions
in Part | will reveal ahigh degree of similarity with the instructions and pseudo
instructionsinthe ALU. Thisisapurposeful design feature of this assembly language
whose justification requires an understanding of the programming processin a parallel
architecture such as ESP2. Very often the programmer finds it necessary to cram the
maximum amount of functionality into a small program space. The available spaceis
dictated by outside constraints such as the given sample period. The optimal efficiency
of an ESP2 program comes about when the MAC unit, ALU, and AGEN unit are roughly
equalized in the number of instructions executed per sample period.30 Thisis more
easily accomplished when the language is homogenous among the parallel function units.

3.6.1. MAC unit XCH Macro Pseudo I nstruction

Utilizing the MOV pseudo instruction in the MAC unit, and coding areverse MOV on
the same program line in the ALU, then taking advantage of the destination latencies, one
can invent amacro pseudo instruction which exchanges the contents of two sources. Due
to inter-unit latency, the complete result of that exchange is available to the ALU on the
next queued line of code, but is available to the MAC unit on the second queued line
following the macro. (This coding is 33% more efficient, regarding number of
instructions, than having either MAC unit or ALU alone do the exchange. Thereader is
referred to the Chip Spec.)

30To attain that ideal, the programmer will often play the chiclets game; popular around 1960.
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3.7. Listing of MAC unit Instructions

Notice that every MAC unit instruction has a destination operand, F. The assembler’s
default destination F operand is the read-only ZERO SPR. Thisimpliesthat for those
instructions having both MAC and F as allowabl e destinations, the programmer can
effectively indicate only the MAC latch as the desired destination. Thisyields 10
variants of the existing instructions.

Remember that when MACP is specified as the destination (F) operand, it gets single
precision results, whereas the MAC latch destination, as fed from the accumulator,
always receives double precision results. Both MAC and MACP as seed source are
double precision, however.

Also notice that the MAC latch destination and the destination register do not always
receive the same shifted results.

TABLE MACLIST. Fundamental MAC unit I nstructions.

instruction comment
DXE>MAC>>n>F

-DXE>MAC>>n>F variant: -D X E >MAC
DXE >n>F

-DXE >n>F

MAC+D X E>MAC>>n>F
MAC-DXE>MAC>n>F

MAC+D X E >>n>F (MAC+DXE) >>n>F
MAC-D X E >n>F ditto -

MAC>>n +D X E>MAC, F
MAC>>n -DXE >MAC, F
MAC>>n +DXE>F
MAC>>n-DXE >F

MACP+D X E>MAC>>n>F
MACP-DXE>MAC>>n>F

MACP+D X E >n>F (MACP+DXE) >>n>F
MACP-D X E >n>F ditto -

MACP>>n +D X E>MAC, F
MACP>>n -D X E >MAC, F
MACP>>n +DXE>F
MACP>>n -DXE >F
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4. ALU

The ALU isthe most conventional and general-purpose of the three function units. It
can conditionally affect the Program Counter resulting in branching and callsto
subroutines. It can execute 32 different opcodes, but the programmer’ s assembly
language will contain many more instructions. Since the ALU is athree-operand device
(asisthe MAC unit), flexibility in the choice of these operands admits many variants of
the fundamental ALU instructions. These variants are called pseudo instructions and
account for the excess of instructions beyond 32. The ESP2 Chip Spec. explains al the
instructions and how the pseudo instructions are constructed from the 32 fundamental
instructions.

4.1. Three Operand Instructions
Most ALU instruction have three operands, two sources, A and B, and one destination, C.
The sources are separated by commas, the destination by a > (right chevron).

OPERATION A,B>C

Examples of instructions having three operands are:
ADD, ADDV, ADDC, SUB, SUBV, SUBB, SUBREV, MAX, MIN, AND, OR, XOR,
RECT, AVG, AMDF, LIM, AS, LS

When the destination is not supplied, the C operand will be assumed to be the same as B.
ADD this, that is short for ADD this, that > that
This particular convention is germane only to the ALU.

4.1.1. Compare
The CMP (compare) pseudo instruction is derived from the instruction SUBREV by
utilizing the read-only SPR called ZERO as the destination:

CMP this, that
The ALU will perform the following operation:

ZERO = this - that
The programmer can think of it as’ comparethistothat’. Later in the code where a
conditionally executable instruction { } isencountered, if GT were active in the CMR, for
example, then the instruction would be read: ’if this is greater than that, then do this
conditionally executable instruction’.
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Three SUB-class instructions (SUB, SUBB, SUBV) are reversed in operand order with
regard to the SUBREYV instruction. For example,

SUB this, that > there
should be thought of as’subtract this from that and put the result in there. The ALU
performs the following operation:

there = that - this

4.2. Two Operands: One Source, One Destination
Some instructions use only one source operand. The destination is separated by aright
chevron. The most commoniis:

MOV B>C

Theinstructions, MOV, BREV, and DREV, are examples of instructions having only one
source, one destination.

For one-source instructions, when the destination is not supplied, the source will also be
interpreted as the destination.

BREV gpr is short for BREV gpr > gpr
where gpr isassigned to both the B and C operands.

Again, this convention is germane to the ALU.

4.3. Fundamental ALU Instructions Having No Operands

BIOZ instruction

The operands of the BIOZ and HOST instructions (and the ALU NOP pseudo) are usurped
because of the need to refresh internal registers transparently. BIOZ always performs at
least one refresh, while HOST performs refresh only if no host access is pending.

The purpose of the ALU’s BIOZ instruction isto conditionally suspend program
execution, but it has an execution latency of one instruction cycle. This means that two
lines of code will be executed once whenever thisinstruction is encountered; the
instruction line queued for execution following the BIOZ, is executed prior to suspension.
When suspension occurs, the Program Counter (PC) becomes frozen at the second
instruction line queued for execution following the BIOZ. When the PC freezes due to
B10OZ, we say that the chip isin suspension, as opposed to a halt. Thisis because the
suspension only lasts until a positive transition occurs (at the sample rate) at the |OZ
input pin, which is part of the synchronization interface. When the program resumes, it
begins at the second queued instruction line following BIOZ.
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The Principle of Average Excess

Suspension is, therefore, ameans of synchronizing program execution to the sample rate.
If the positive transition at the |OZ pin has already occurred by the time BIOZ is reached,
then there will be no suspension. We can use this fact to squeeze alot more performance
out of the programs that we write.

The ESP2 synchronization interface allows the run-time of a cyclic programto
momentarily exceed the sample period so long as the average run-timeis less than the
sample period.

Stated differently; The average excess time spent by the main program cycle (the main
loop) beyond the sample period must be < 0 in a sample synchronous ESP2 system.31
The caveat hereis that the cumulative excess beyond the sample period can never exceed
one more sample period; not even momentarily. Otherwise the SER data SPR transfers,
latched by the transit high of the serial interface pin signal called LRCLK, will misstheir
launch window. Because LRCLK is often tied to the IOZ pin, thisis why we recommend
SER access towards the beginning of a program.32

The Programmer’s Scope L oop
The parallel programming paradigm

MAC-operation  ALU-operation = AGEN-operation

allows the programmer to place adummy external data-memory (AGEN unit) access on any
available program line; say, alongside some chosen MAC unit or ALU instruction deemed a
landmark to the program’s cyclic operation. By placing such an access on the same program
lineas BIOZ, for example, the programmer can observe excess run-time with respect to the
sample period, as discussed above. The programmer might schedule a dummy read to
physically non-existent external memory;33 say, at $800000. Address bit 23 on pin
maddr[23] would then be asserted every time the dummy read were executed.34 That pin
would be monitored on a dual-trace oscilloscope, the second trace monitoring the signal at
pin LRCLK for the sample period. By visual comparison, the programmer would then be
ableto easily discern whether the average main loop duration were less than the sample
period.3> Ordinarily, the programmer would have foreknowledge of this by design. Only
the most intricate programs might require such monitoring.

31we guise the Principle in terms of excess time to emphasize that many contemporary chip
designs do not allow such excursions beyond the sample period. Negative excesstime spent is
interpreted as amain loop of average duration shorter than the sample period.

32put not on the next queued program line following BIOZ.

33The ESP2 is designed for 24-bit addressing to 16 Mega-word (24-hit) external data-memory.
34Recal| that BIOZ executes once and then suspends the ESP2 if necessary; i.e., the chip is not
designed to ‘loop’ on the BIOZ instruction.

35This method of observation was invaluable during the development of a product based upon
this Principle. [Dattorro2400] The Lexicon Model 2400 was indeed designed to execute a cyclic
program whose run-time often exceeded the sample period.
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We elaborate on this debugging technique a little;36

DEFREG ON | @800000
dummyAor = 0
DEFSPR
DI LO | reserve a DIL for personal use

CCDE

NOP Bl Oz RD *durmmyAor > DI LO

The partial program above shows one way to accomplish the proposed objective which is
to assert a synchronous pulse on external data-memory address line 23. This method is
independent of the type of external memory; i.e.,, DRAM/SRAM. The upper address
pins, maddr[16] through maddr[23], do not multiplex (row/column) when in DRAM
mode. Therefore the observed state of an individual pin will be the same regardless of
the setting of the MUX_ADDR bit in the HARD_CONF SPR.

If all legitimate accesses to external data-memory are to regions where the maddr[23]
pinislogical 0, then the dummy access will place alogical 1 (+5V) on the pin for one
instruction cycle. If any AGEN NOP cyclesimmediately follow in the program, the pin
will remain high until the next scheduled external memory cycle, because the external
memory address pins tristate on NOP cycles. It is prudent, then, to attach a pull-down
resistor to that pin so that the lineis pulled low at tristate. The pull-down resistor will
typically cause slower (more rounded) transitions, thereby allowing one to distinguish
pin-driven transitions from pin tristate transitions.

If this feature is desired within a development environment, the system designer has the
option of placing pull-down or pull-up resistors on the busses that tristate.

Since BIOZ isan ALU instruction, scheduling an external memory operation on the same
program line will cause the external memory buss cycle to straddle the second half of the
B1OZ and thefirst half of the instruction cycle following BIOZ.

HOST instruction

The BIOZ instruction includes within it another ALU instruction called HOST. HOST is
itself an independent fundamental ESP2 instruction synchronizing run-time host access,
to/from any one internal 24-bit register, using the standard host/ESP2-register interface.
(Instruction memory is always accessible at the instruction rate, and internal register
memory is accessible at the instruction rate during halt.) If multiple HOST instructions
are executed (as in the BIOZ instruction during suspension), then it becomes possible, for
example, to update all the coefficients of an I IR (infinite impulse response) filter at
once, at the instruction rate, at run-time.

36The reader may first want to review the section covering AGEN unit programming before delving
further into this scheme. Familiarity with the hardware configuration register (HARD_CONF from
the Chip Spec.) and its control over the external data-memory interface would be helpful.
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In the event that an ESP2 program is written without the use of the BIOZ instruction, the
programmer must remember to include at least one HOST instruction somewhere in the
program for internal register access at run-time from the system host. Since BIOZ executes
the HOST instruction only during suspension, if the number of instructionsin every program
main loop equals or exceeds the sample period, then BIOZ will not allow host interaction.

4.4. Branching, Moving, and Pseudo | nstructions

It is very important to distinguish fundamental ESP2 instructions from pseudo instructions
which are formulated within the assembler as source/destination variations of the
fundamental instructions. There are 32 ALU and 20 MAC unit fundamental instructions
while the number of useful variations and pseudo instructions number much more.

4.4.1. MOV Pseudo Instruction

There exist two MOV instructionsin the ALU: MOV and MOVcc. MOV does not alter
the CMR, while MOVcc aways preloadsit. In either MOV, the B operand always goes
to the destination register specified by the C operand, asin

MOV B>C

All the cc-class instructions utilize the A operand field and a specia reduced-latency data
path to make the unconditional preload of the CMR. So, strictly speaking, the following
cc-class MOV instructions are pseudo instructions because the arrangement of operands
does not correspond to the instruction primitive:

unconditional move with unconditional preload of CMR:
MOV B>C, cc>CMR
conditional move (based on new CMR) with unconditional preload of CMR:
{MOV B>C, cc>CMR}

where cc canbe: EQ, NEQ, GT, LT, GTE, LTE, HI, LO, HS, LS, POS, APOS, BPOS,
NEG, ANEG, BNEG, OV, NV, CC, CS, ALW, NEV, |0Z, NIOZ, IFLG, NIFLG, Z, NZ
(note: CS =LO, CC =HS, Z (the zero Condition) = EQ, NZ = NEQ).

When the programmer does not specify aload to CMR, the assembler will utilize the
MOV instruction instead of MOVcc. Thisis necessary so as to avoid modifying the
CMR unintentionally with this ubiquitous instruction.

It isinteresting to note at this point that none of the fundamental cc-class instructions
(Jec, Isce, RSce, MOV cc) are themselves recognized by the assembler; only the pseudos
presented herein are recognized.37

37The MAC unit hasaMOV pseudo instruction having the same syntax as MOV in the ALU.
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4.4.2. JMP class Pseudo Instruction
In the ESP2, the branching instructions are three operand ALU cc-class instructions. The
JMP class (Jec, JScc, RSce) instruction operands are arranged as follows:

Jcc Condition, label > ZERO I = JcA,B>C ;syntax not used

The destination register, the read-only SPR ZERO, is supplied by the assembler in the
cases of Jcc and JScc. In actuality, the destination could be any register. Were the
assembler to assign some other register as the destination, then the contents of aregister,
whose address is the same as the value of 1abel, would be written to the assigned
destination. Sinceit would be of little utility to load some other destination register, the
destination ZERO isthe most logical choice. The reason that this move to ZERO
happens is because the new PC location denoted by label is assembled into the B
operand field of the microinstruction 96-bit word. Although the B field is not a GPR
address, aMOV of the B operand to the C operand occurs along the normal ALU data
path by design. Most ESP2 instructions act this way.

The B operand field, holding the value label, isforced into the PC along a special
reduced-latency data path if the branch istaken. This special path provides a quicker
update of the PC. There are, so far, two destinations: the ZERO register and the PC.

The Condition is hard-coded into the A operand field of the microinstruction by the
assembler, and always gets moved into the CMR prior to any decision to branch; this, in
fact, makes athird destination! The CMR is unconditionally preloaded by a cc-class
instruction whether or not conditionally executed.

The skip bit is discussed in the section on Conditional Execution. Any instruction field
can be conditionally executed if the current Condition Code, the CCR set only by the
ALU, satisfiesthe CMR, and if the skip bit associated with that instruction field is
asserted by the programmer. Branch instructions constitute special movesto the SPR
called PC. Since any instruction can be conditionally executed, then in this manner we
accomplish conditional branching.

The programmer does not usethe syntax above because the IMP classinstructions
aredifficult tointerpret. The syntaxes shown below are more explicit, indicating first
where the branch isto, and then indicating that there is a preload of the SPR called CMR
(Condition Mask Register) on the same program line. The CMR isthen used
immediately in adecision {} to branch.

Since there is no primitive instruction corresponding to the arrangement of operands as
shown below, these branch instructions, strictly speaking, are pseudo instructions because
their operands must be rearranged by the assembler into the format specified above

(in Jee):
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JMP Pseudo I nstructions:
unconditional branch:

JMP label
JMP label, cc>CMR IJcc having skip bit not asserted.
{IMP label, ALW > CMR} Iskip bit asserted
conditional branch (based on unconditionally preloaded new CMR):
{IMP label, cc> CMR} I meaning: branch if Condition (cc) istrue
unconditional branch to subroutine:
JS label
JS label, cc>CMR I JScc having skip bit not asserted
conditional branch to subroutine:
{JS label, cc > CMR} I'unconditional preload of CMR
unconditional return from subroutine:
RS
RS, cc>CMR I Note use of commafor preload to CMR.
conditional return from subroutine:
{RS, cc>CMR} I'unconditional preload of CMR

If the skip bit isnot set by the programmer, then all IMP class instructions will be
unconditional regardless of the particular Condition sent to the CMR.

Whether or not the skip bit isset in the ALU, there will always be a preload of the
CMR by the IMP classinstructions. If the programmer does not specify a preload
of the CMR, the assembler will choose the ALW (always) Condition.

The line of code queued for execution following Jcc, JScc, and RScc will always be
executed; i.e., these instructions have an execution latency of one instruction cycle.

All IMP class instructions (Jcc, JScc, RScc) and REPT aways leap al three function unit
parallel instructions. The programmer must be cognizant of any AGEN instructions
scheduled by the assembler appearing on any instruction lines surrounding the
branch (seethe .agn listing), because they may be unintentionally missed or
erroneously executed.

In general, MOV to the PC aong the normal ALU data path isill-advised.
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4.5. Low-Overhead L ooping

The ALU REPT instruction is athree operand instruction, having extra destinations,
designed to provide an efficient looping mechanism. The label whose value isthe PC
location of the last instruction in the block, always gets coded into the A operand field; it
is not the address of a GPR, so no GPR must be allocated to hold that value. The second
operand or operand field is the repeat count, the number of times ablock of code will be
repeated. This meansthat the number of loopsis always 1 more than the repeat count,
and the block of code following REPT will always be executed at |east once.

first_form: NOP REPT last_instruction, NUM_REPEATS
loop_start: somegpr X result > somewhere
last_instruction: somegpr X someother > someother

The destination operand, if not specified, is supplied by the assembler as ZERO. When
specified as in this example, the constant expression, NUM_REPEATS, gets coded into
the B operand field of the instruction and determines the number of repeats. Therefore no
GPR must be allocated by the assembler to hold that value.

When the B operand field holds the number of repeats, the expected constant value has a
maximum of 1023 since it isa 10-bit field. This means that |ooping more than 1024
times must use a second form of the instruction. When the destination (the SPR called)
REPT_CNT is specified, then the contents of the GPR named in the B operand
determines the number of repeats;

second_form: NOP REPT last_instruction, repeat_count > REPT_CNT

The user-named GPR called repeat_count holds the number of repeats, which has a
maximum of 224 - 1, and ismoved to REPT_CNT aong the normal ALU data path. No
other destinations are allowed by the assembler.

This interpretation of the operands is dictated by the elegant REPT microinstruction
which first loads the B operand field into the SPR REPT_CNT, and then loads the
register contents pointed to by the B operand field (the B operand) into the destination
denoted by the C operand. If the destination operand is specified as REPT_CNT, then it
gets loaded twice in succession!

There are some specia rules that must be observed by both the programmer and the
assembler regarding successful implementation of one-line loops. For a more thorough
description of the REPT instruction, see the Chip Spec.

The repeated block of code covers all three function units. The programmer must be
awar e of any AGEN instructions scheduled by the assembler appearing on any
program linein the block (seethe .agn listing), because they will berepeated too. If
a delayspec appearsin the block but it is scheduled outside the block, the block may
need to be extended.
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5. AGEN

The purpose of the AGEN isto read and write external data-memory. The AGEN utilizes
the G operand, which is always of type AOR, to calculate a new external memory address
on every instruction cycle. The fundamental AGEN address cal cul ations are subject to
modulo arithmetic by design, but AGEN easily adapts to addressing in absolute or
relative fashion.

While the AGEN has several powerful modes of address cal culation, the programmer is
free to employ GPRs or AORs to perform more intensive address computations in either
the MAC unit or the ALU. Both the instruction set and the language syntax support
programmed address computations. The final result of an address computation must
ultimately residein an AOR.

An external memory array (delayline, peripheral /O, table) must reside in some region.
A regionistypically acircular buffer in absolute address space having associated with it
BASEr, SIZEM1r, and ENDr region control registers. The region control registers,
mapped as SPRs, serve to bound the region for automatic modulo addressing with respect
to the region modulus.38 That external memory array must be associated with one of the
eight hardware-supported regionsin the chip (whicharenamed I, P, Q, R, S, T, U, and V)
by declaring it so in a DEFREGION statement.

The address generator (AGEN) operations can be specified by the programmer in two
ways:

1)by writing AGEN code directly on a program line in the AGEN instruction field, or
2)by the use of external memory references as sources or destinations of the ALU or
MAC unit.

In the first case, the programmer is assisting in the automatic scheduling functions built
into the assembler. In the latter case, (called ' AGEN coding in the MAC unit or ALU
instruction field’) the assembler will automatically generate and schedule the appropriate
AGEN code for the programmer which will appear inthe AGEN listing (.agn).

Whenever AGEN code is generated, either by the programmer or the assembler, thisis
called scheduling.

38The size of theregion is arbitrary.
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5.1. AGEN Scheduling

Let delayspec represent any external address offset expression, yet to be defined. The
assembler must resolve al the delayspecs appearing in the MAC unit and ALU
instructions fields by scheduling the requested AGEN operations on external memory, if
required.3® More accurately, each delayspec specifies an address offset into external
memory. These offsets must be held in AORs which either the assembler or the
programmer can allocate and initialize. The process called scheduling determines the
access sequence of each delayspec requesting access to external memory; both the
assembler and programmer may take part in the generation of the required AGEN code.
More than one access may be requested on each line of code. Only one access per line of
code can be scheduled, however, indirecting the assigned AOR to RD external memory
contents into an SPR called DIL, or to WR the contents of an SPR called DOL out to
external memory. The DIL or DOL then replaces the programmer’ s reference to the
requesting delayspec in the MAC unit or ALU instruction field after assembly. This
action isseen in the AGEN listing.

The assembler will not wrap schedulesit generates beyond user-defined program
boundaries. Scheduling isalways performed on program lines contiguous with the
requesting delayspec. The assembler will complain if insufficient program space at the
top or bottom prevents scheduling. The program boundaries are determined primarily
from the existing lines of source code.

5.1.1. Meaning of delayspec

A chart of delayspec syntax is given later, and we will see that delayspec has many forms.
The purpose of using a delayspec as an operand might be to access data residing off-chip
in alarge external memory. In other uses of delayspec, an external address offset may be
in the process of being computed by the program, requiring no external access for the
time being; i.e., just an AOR reference. The most common delayspec |ooks like an array
reference in the C programming language. For example:

DEFREGION Q[$10000] @256
mydelay[3032]
mypointer = & mydelay[1]
CODE
NOP NOP RD mydelay[123] > DILn

In our example, mydelay isthe name of adelayline (type of external memory array)
declared to reside in a specific region (Q) of an optionally specified size ($10000), which
isin turn declared or determined by the assembler to start at a specific absolute location
in external physical memory (256). This particular delayspec

mydelay[123] = *(&mydelay[123])
is requesting an external memory access to a certain element of the delaylinein region Q.
The delayline must have been previoudly declared while the delayspec need not have
been. The nameitself, mydelay (defined equivalent to the delayspec & mydelay[0] as
in the C programming language), connotes the relative address offset of the beginning

39Not all delayspecs demand external memory access. A delayspec can be an AOR reference,
for example, hence no schedule is required. The delayspec Quote Scheme conserves external
memory bandwidth by eliminating redundant accesses.
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(the root) of that delayline with respect to the physical start of the associated region. The
index in the square brackets is expected to be a constant-expression and is usually meant
to be the time delay in units of number-of-samples.

In the coding example given above, when mydelay[123] is encountered, the quantity,
address offset = root address offset of mydelay[3032], + 123
= &mydelay[0] + 123
=123
is evaluated by the assembler.40 The assembler must then allocate an Address Offset
Register (AOR) implicitly associated with region Q by default, and initialize it to hold
that quantity.

The delayspec in our example above, then, causes an AOR to be initialized and used by
the AGEN unit to fetch the desired word of external memory data. The AGEN deposits
that datainto some DIL. The contents of that DIL will, most likely, later be used by the
program. These are the actions and meaning of the delayspec.

Another useful form of delayspec utilizes an explicit reference to an AOR. For example:
CODE
NOP NOP RD *mypointer > DILn

This delayspec requests an external memory access (* asin C programming). From the
declarations above we see that * mypointer = *&mydelay[1] which we will find to be the
same as mydelay[1]. So, in this second manner we can make reference to an element of
apreviously declared delayline. Unlike the case for the array form of delayspec,
mydelay[123], the AOR mypointer must have been declared. The region with which it
becomes associated by default is determined by the region in which it is declared.

40The value of the delayline name itself, mydelay, (i.e., the value extracted using #mydelay or
#& mydelay[Q]) is actually the register address of the AOR holding &mydelay[0] (the root
address offset) in the same region as the delayline. How such an AOR comesinto existence isthe
topic of more discussion. Inany case, #mydelay[0] also yieldstheroot.
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5.1.2. Root Address Offset of an External Memory Array

Our earlier definition of root rightly expressesit as the relative delayline beginning,
with respect to the start of the region. Thisis because the assembler determinesit. When
the assembler performs the initialization of the region control registers, BASEr begins
life pointing to the start of the region in physical memory. At that time, when all the
delayline (or table, or peripheral 1/0) roots are being determined, the root has two identical
derivations: as with respect to the physical region start, or with respect to the region
BASE.

If the programmer overrides the region BASE initialization in a DEFSPR, the assembler
will still determine roots with respect to the physical region start. More generally,
programmer override of region BASE, SIZEM 1, and END initialization is not observed
by the assembler in its determination of AOR assignments.

It will become desirable to move BASEr around the region as discussed in the section
called UPDATE region BASE. AsBASE moves under program control, we consider it
the new start of the region modulus (a circular buffer). Under this circumstanceitis
preferable to refine our definition of root to mean with respect to the region BASE. We
can do this because all AGEN address calculations add offsets held in AORs to region
BASE register contents to derive an absolute address. In any case, the value of theroot is
the same using either interpretation.
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5.2 AGEN Instruction Field Coding

The AGEN field is optional for the programmer, and must be placed after the ALU
operation on aprogram line. This codeistypicaly generated (and scheduled) by the
assembler in response to delayspecs found in the MAC unit and ALU instruction fields.
The programmer who requires a more direct view of the scheduling for a piece of source
code having intricate branching would be found typing code into the AGEN instruction
field.41 When the programmer performs the scheduling by typing AGEN code directly,
we call this programmer assisted scheduling. The AGEN scheduler is sophisticated,
however, and the programmer will find it difficult to exceed its efficiency.

The AGEN uses 16 Data Input Latches (DILn=DILO, DIL1, ..., DILF) and 16 Data
Output Latches (DOLNn=DOLO0, DOL1], ..., DOLF) as 24-bit data buffers. These SPRs
are the repository of incoming or outgoing data from/to external memory. Each one of
these SPRs can be reused during the course of an ESP2 program, and so there is no limit
imposed by the Data L atch resource upon the number of external memory accesses per
sample period. Thereisalimit, imposed by other hardware constraints, of one external
memory access per line of ESP2 code. (This does not prevent the programmer, however,
from requesting multiple accesses in the various fields of the same program line.)

Thisishow AGEN code might appear in the AGEN instruction field:
Theread syntax in the AGEN field is

RD delayspec > DILn
whereas the write syntax is

WR DOLnN > delayspec

5.2.3. DIL/DOL Reservation

Should the programmer wish to reserve any of the DILs or DOLsfor private use, the act
of declaring them within DEFSPR has the desired effect. The assembler then
relinquishes those particular resources during scheduling.

If the programmer chooses to specify the DIL/DOL inthe AGEN instruction field
without having first reserved it in the declarations, the outcome can be unpredictable.
Thisis because the assembler will consider all unreserved DIL/DOL SPRs as an available
resource during scheduling.

41The AGEN listing shows all the AGEN code generated by the assembler and the programmer.
Keep in mind that the AGEN listing (.agn) assembler output can be modified by the programmer
and reassembl ed.
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5.3. AGEN CodingintheMAC unit or ALU Instruction Field
Thistype of AGEN coding occurs when a delayspec is used as a source or destination in
the MAC unit or ALU instruction fields of aprogram line. We are discussing AGEN
programming which does not appear in the AGEN instruction field. For example:

CODE
NOP ADD coefl, coef2 > delayspec

An Address Offset Register would be allocated if this delayspec were not as yet
encountered. If delayspec is requesting an external memory write, then thisinstruction
would also cause the assembler to allocate the next available DOLn. The result of the
ALU addition would then be placed into that DOL. On the following program line or any
line thereafter, the AGEN could be scheduled to WR from DOLn to external memory as
addressed by delayspec; this action would be seen in the AGEN listing.

In other words, delayspec, as specified by the programmer, comprises an address offset
into a particular region of absolute memory. That region is also denoted42 by delayspec
and hard-coded as part of the instruction word which would perform the actual WR to
external memory. Some AOR, typically determined by the assembler, is allocated to hold
that offset into the specified region.43 If an external memory accessis requested by
delayspec, then the AGEN uses that Offset Register operand to indirect the access. The
DOLNn SPR which then replaces delayspec asthe ALU destination, would hold the write-
data used in that access.

In the case that there is an external memory access request, if we were to examine the
.agn listing produced by the assembler, we would find some AGEN dereference of that
Address Offset Register which was allocated to delayspec in the assembly of our one-line
program above. That dereference would of course reside on some line of code following
the ADD, in the AGEN instruction field where the external memory access is scheduled.
Thislatency is, in fact, the reason for the existence of multiple DOL SPRs; a multiplicity
of writes to external memory can be queued-up if necessary, to occur at some later more
opportune time.

The situation for external memory reads is quite similar. For example,
NOP ADD coef, delayspec > destreg

If delayspec is requesting an external memory access, then aDILn isalocated. Herethe
assembler recognizes delayspec as an external memory reference and (if not already) an
Address Offset Register istypically allocated. That AOR holds an address offset44 into
theregion r in absolute memory. The particular region and AOR content become
known either through the declaration of delayspec, or through the appearance of
delayspec in the code alone.

42perhaps implicit by association with the region via declaration,

43The programmer also hasthe meansto explicitly declare, allocate, initialize, and name that
associated Address Offset Register, by the way.

44with respect to the corresponding region BASEr register,
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At sometime at |least two lines prior to this program line, the assembler needs to have
scheduled (generated AGEN instructions to perform) a RD from external memory to that
alocated DILn. That scheduled AGEN code employs the region and AOR denoted by
delayspec. Since the word of data read from external memory has been deposited into the
assigned DIL ahead of time, our line of code would be assembled substituting that DIL
SPRin place of delayspec.

5.3.1. Example: AGEN Coding in the MAC unit Instruction Field
The following program lines show AGEN coding in the MAC unit field. The particular
form of delayspec used is an explicit AOR dereference:

DEFREGION T @regionTstart

sinctable[1024]

sigmoidtable[1024]

tablejump = 2
DEFREGION S @regionSstart

sinc2table] 1024]

sigmoid2table[1024]
CODE
NOP ADDV &sigmoidtable[0], #regionTstart > BASET
NOP ADDV & sigmoid2table][Q], #regionSstart > BASES
NOP Iwait for BASET to get to AGEN, the first read should get scheduled here.
NOP
*tablgjump X coefl > MAC I'tablejump connotes region T.
*(tablggump)T X coef2 > MAC
*(tablggump)S X coef3 > MAC Iregion-S override.

The following shows another way of doing exactly the same thing, but this time by
coding directly in the AGEN instruction field:

DEFSPR DILO reserve DILO

CODE

NOP ADDV &sigmoidtable[0], #regionTstart > BASET
NOP ADDV &sigmoid2table[Q], #regionSstart > BASES
NOP NOP RD *(tablejump)T > DILO

NOP NOP RD *(tablgjump)T > DILO

DILO X coefl>MAC NOP RD *(tablgjump)S > DILO

DILO X coef2>MAC
DILO X coef3>MAC

!But the CODE isidentical to the AGEN listing (.agn) of the first way!
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5.4. AGEN Listing (.agn)

The assembler produces a special listing of the programmer’s original source code, but
having appended in the AGEN instruction field the assembl er-generated, assembl er-
scheduled AGEN instructions. This AGEN code consists of referencesto AORs as
pointers to external memory, and referencesto DIL SPRsand DOL SPRs acting as
repositories of external memory data. In place of the programmer’s delayspecs in the
MAC unit and ALU fields would appear the DILs and DOL s assigned and allocated by
the assembler.

The AGEN listing can itself be assembled! Were we to reassemble this AGEN listing, an
identical listing would be generated. See the Applications section for an example.

5.5. DIL/DOL Conservation; Thedelayspec Quote Scheme
The assembler will observe attempts by the programmer to assist in the scheduling if the
conventions outlined here are followed:
We need away to inform the assembler that programmer code is specifically written so as
to inhibit the scheduling of some delayspec which appears as an operand in the MAC unit
or ALU instruction fields. We adopt the convention that

"delayspec”
(in quotesin the code) appearing in only the MAC unit or ALU fields, specifies the same
DIL/DOL asdid thefirst previous reference to the same unquoted delayspec to the left or
above in any instruction field.

If the first previous reference in the source code residesin aMAC unit or ALU field then
we have accomplished DIL/DOL conservation. By conservation we mean that the
number of external memory accesses has been reduced by reusing the contents of a
previously loaded DIL/DOL. Since under these circumstances the assembler chooses the
particular DIL/DOL used by the AGEN, then in this caseit is up to the assembler to
preserve the contents of that DIL or DOL for all occurrences of "delayspec" following
delayspec.

Conservation can become critical during intensive external memory access whereit is
desired to reduce the required external memory bandwidth.

If the first previous reference in the source code to the same unquoted delayspec resides
in the AGEN instruction field, then we have programmer-assisted scheduling. Actually,
programmer assisted scheduling results whenever the programmer types code directly
into the AGEN instruction field. The programmer must reserve the DIL/DOL used (via
DEFSPR) in order to be absolutely sure that it is not trashed by a subsequent assembler
schedule.

In either case, when the "delayspec” isencountered, the assembler inhibits a schedule
forit. Anassembly error is generated if there is no previous unquoted reference.
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We refrain from dichotomizing between the treatment of delayspecs associated with RD
operations and delayspecs associated with WR operations within our search pattern (to
the left or above). We do this because of a Reverb-type instruction sequence whichis
often useful:

coef X signa > MAC, delay[0]
MAC + coef2 X signa2 >MAC
MAC - coef3 X "delay[O]" > delay2[100]

Since the delayspec, delay[0], connotes a specific DOL, say DOLN, then after assembly
DOLN replaces delay[0] asthe F operand inthefirst line of code and isreused in the
third line of codein place of "delay[0]". Thisinstruction sequence conserves external
memory bandwidth and also preserves an intermediate result45 in a conditionally
saturated 24-bit destination, DOLN. In this particular case the quotes also prevent an
erroneous external memory access of alocation which has not yet been written with the
desired contents.

45Recall that reference to the MAC latch as one of the multiplier operands (D or E), would call
for the unsaturated MAC latch.
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5.6. AGEN delayspec Syntax

DEFCONST
N = 256
RADIX =4
n=INT(LOG(N)/LOG(RADIX))
DEFREGION T
d[N]
dp=&d[n] @$2a3 !dpisan AOR assigned to hold address offset of d[n]

Given these prototype declarations we establish the following generally applicable chart
of delayspec, where each individual column holds equivalent syntax:

---------------------------------------- AGEN Syntax ----------=-----mmm oo
I I
I I
----------------------------------------- delayspec chart -
MAC unit scope
ALU scope
- AGEN scope
column: 1 2 3 4
External memory contents  External memory address offset AOR address
(AOR indirection) (in AOR) (in GPR) (in GPR)
din] &d[n] #d[n] #&d[n]
*&d[n] - #*&d[n] -
*dp dp - #dp
------------------------------------- eqUIVal eNCES -------==-m = m oo
d = &d[0] (Note 1)
&din] = (&d[n])
dp = (dp)
*& cancel each other (Note 2)
[1 # [O] (Note 3)
------ optional explicit region specifier and/or Plus-One addressing mode ----------
din(+)]r (Note 4)
*&d[n(+)]r
*(dp(+))r I'r requires parenthesis
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Note 1: delayspec chart simplification for case of root of external memory array.

MAC unit scope
ALU scope

----------------------- AGEN scope ----------=---------
column: 1 2 3 4
External memory contents  External memory address offset AOR address
(AOR indirection) (in AOR) (in GPR) (in GPR)

dio] &d[Q] #d[O] #&d[0]

*&d[0] - #* &d[0] -
*d d #d #d

Note 2: The delayspec *(&d[n]) findsuseinthe AGEN instructions,
RD/WR then UPDATE (discussed under UPDATE region BASE).

When * or & follow # inan operand field, the delayspec chart indicates the precise
meaning. Therefore, the following two lines of code are identical:

NOP ADDV #10173+  d[n], Ifo > dpointer

NOP ADDV #10173 + *&d[n], Ifo > dpointer

Sincethedelayspec #*&d[n] isverbose, itsequivalent form #d[n] ismost often used
instead. Since d=&d[0] , however, thedelayspec #*d ismore efficient for
determining the root of adelaylinein a DEFGPR, DEFCONST, or DEFSPR.

Note3: d[] isdistinguished from d[0] by the assembler; these two delayspecsare not
equivalent. Occurrences of each in the code connotes a separate Address Offset Register.
d[ ] would be found in computed addressing schemes, hence the associated AOR requires no
initialization. (The sameholdsfor: &d[ ], *&d[])

Note 4: delayspec may optionally have an explicit region reference,
r=1PQRSTU, orV.

The Plus-One addressing mode hardware feature is discussed later.
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delayspec Chart I nterpretation

In the declar ations:

All columns are available for use in DEFREGION, DEFSPR, DEFGPR, and
DEFCONST, subject to interpretation:

column 1)Referencing column 1 would be an error because the contents of external
memory are generally not known at time of assembly; e.g.,

DEFGPR
gprl = d[100] lerror
gpr2 =*dp lerror

column 2)Referencing column 2 presumes the existence of a previously allocated AOR.
Row 1 (in column 2) presumes existence in the same region as the delayspec, but row 1
can always be used in the assignment to an AOR under any DEFREGION; e.g.,
DEFGPR

gpr3 = &d[100] lerror, no AOR was allocated.

gprd = &d[n] lok, gets contents of AOR, dp.

gpr5=dp 1ok, ditto
DEFREGION r

aorl = &d[107] lok, gets address offset.

column 3)Referencing column 3 does not presume the existence of a previously allocated
AOR. Neither isan AOR isallocated; e.g.,

DEFGPR
gpré = #d[100] lok, gets address offset of d[100].
gpr7 = #*d lok, gets address offset of d[Q].

column 4)Referencing column 4 does indeed presume the existence of a previously
allocated AOR, whose register addressis desired. Row 1 (in column 4) presumes
existence in the same region as the delayspec; e.g.,

DEFGPR
gpr8 =#&d[99] lerror, no AOR was allocated.
gpr9 =#&d[n] lok, getsregister address of AOR, dp.
gprl0 =#dp 1ok, ditto

When & or # are employed in the declarations, their appearance alone does not cause allocation of
registers. Under DEFREGION, & haslikemeaningto # ; i.e, to extract the value of the external
memory-array symbols following. Elsewhere, & refersto existing AORs. Refer to the delayspec chart for
the specific meanings.
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delayspec Chart I nterpretation
In the code:

column 1)The first column indirects an AOR viathe AGEN unit to acquire the content of
external memory in a specified region. All rows except row 3 (in column 1) cause
allocation and initialization of an AOR if not yet allocated in the associated region.

column 2)The second column is a direct reference to an existing AOR which holds an
external memory address offset. But row 1 (in column 2) causes alocation and
initialization of an AOR if not yet allocated in the associated region.

column 3)The third column is a direct reference to a GPR which holds an external
memory address offset. All rows (in column 3) cause allocation and initialization of a
GPRif not yet allocated. No pre-existing AOR is presumed, no AOR is allocated.

column 4)The fourth column is a direct reference to a GPR which holds a pre-existing
AOR address. All rows (in column 4) cause allocation and initialization of a GPR if not
yet allocated. No AOR is allocated.

AOR Allocation

In the code, any reference to one from the delayspec set: d[n], &d[n], or *&d[n],
will cause allocation of the same AOR, allocation occurring only once. Once alocated,
reference to the set calls out an existing AOR. But if an AOR assignment of identical
initialized contents, in the same region, pre-exists in the declarations, then no new
allocation will occur.

In an assignment within DEFREGION the &, asin &d[n], indicates that an address
offset is desired, whilein the code &d[n] would require the contents of the associated
Address Offset Register. Since that AOR contains the required address offset, the
meaning to the programmer is the same in both cases.

GPR Allocation

Asbefore, # must always appear as the first character in all syntax involving its use

In general, the appearance of # indicatesthat it isthe value of the symbols following
(i.e., the argument of #) that isdesired. But inthe code, # also allocates a GPR
initialized to the extracted value. An allocation will occur if reference was not previously
made in the code to the same-valued argument. |If allocation has previously occurred,
then # will refer to that GPR. Unlike the case for pre-existing AORs, the assembler will
not substitute SPRs or declared GPRs of the same initialized value.
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Value (extracted by #) Summary:
-The value of a number is the number itself.

-The value of alabel isthe same as the Program Counter (PC) value when it hits the
corresponding line of code. In the declarations, an assignment to #label would be the
same as the assignment to label .

-The value of aregister name isitsregister address.
-The value of an external memory-array name is the register address of an AOR.

-The value of an indexed external memory-array isthe (relative) address offset of the
array at that index. For example, #d[0] isequal to the root of the externa memory array
d[N] .

5.7. Referencingan AOR by itsInitialized Contents

We will adopt the convention that in the code &myling[118] isadirect reference to that
Offset Register, in the same region as the delayline called myline, assigned to hold the
relative address offset of the delayline at index 118. If &myling[118] appearsinan
assignment to an AOR in the declarations like so,

DEFREGION S
myling[N]
some_aor = &myling[118]
relayer[ 1000]
rpointer = &relayer[335]

then the & callsout the value of the root address offset ascribed to myling[N] by the
assembler, plus 118. Sincetheroot isarelative address offset of the beginning of an
external memory array with respect to the physical start of theregion, S inthiscase, itis
independent of the absolute addressin BASES.

When &myling[118] appearsinthe code, it isadirect referenceto some aor. If there
were another delayspec appearing in our code like so: myling[127], thiswould need a
separate AOR allocated in the same region, and initialized to hold its address offset. That
alocation would normally be performed by the assembler when myling[127] (or the
delayspec &myling[127] or *&myling[127]) were first encountered in the code.

Hence, both theregister contentsand the associated region serve to uniquely specify

an AOR. These two factors thereby make it possible to reference an AOR by its contents
alone.
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5.7.1. Example: Referencing an AOR by Contents
*(rpointer) X coefl >MAC

It isimportant to note that in this code, rpointer must be an AOR because the asterisk
denotes an external memory reference. But, any legal reference to an AOR could, in
principle, be used. Another valid delayspec might be:

*(&relayer[335]) X coefl>MAC

Since &relayer[335] identifiesthe Address Offset Register called rpointer, the two lines
of code above are identical .46 It is equally important to note that the validity of this

latter line of code is not dependent upon the declaration of rpointer. Had rpointer not
been declared, a new AOR would have been allocated in the same region when
relayer[335] (or &relayer[335], or *&relayer[335]) were first encountered in the code.

The code above is, of course, also equivalent to:
relayer[335] X coefl >MAC

5.8. Individual Tableor Delaylinesize

The size of any delayline is aways one plusits declared size. This assembler convention
is adopted so that delayling[Q], acting as the delayline input buffer, can be written to at
any time during one sample period of arunning program. If we consider delayline[1] as
the first samplein adelayline for the current sample period, then we need never worry
that perhaps it was written by some previously executed line of code; since it will not
change contents mid-period we can rely on the original contents being there. In this
manner, delayling] 0] acts as a buffer to the delayline input, while the one-sample-period
latency istolerated. Of course, this convention need not be followed. The programmer
must simply be aware that the assembler is augmenting the requested delayline sizes.4’

Since the physical address increases with increasing delayline indices, it is apparent that
the programmer needs to decrement the associated region BASEr SPR once per sample
period. Thisfunction isnot automatically supplied by the hardware, nor isit desirable to
be as such. When the decrement occurs, delayling[1] becomes the previous sample
period’' sdelayling[0]. (The AGEN’s UPDATE instruction is useful for accomplishing the
decrement, discussed under UPDATE region BASE.)

Since we do not differentiate tables and delaylines in the declarations, then declared table
sizes also become augmented by 1 during assembly. This assembler convention can also
be interpreted as the simultaneous support of the two most common ranges of index:
0..N-1 and 1..N. Tablesshould be placed in adifferent region by the programmer,
because the BASEr SPR isusually fixed for table access.

46This differs from the assembler handling of GPRs, where constant GPRs allocated by first
discovery in the code are not resolved with SPRs or declared GPRs of identical content.
47This has never been a problem.
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5.9. Computed Addresses

5.9.1. AOR used in Delayline Access
The next most common delayspec is for a computed address into a delayline during
program execution.

DEFGPR Ifo coefl coef2 output input

DEFREGION S  chorug[1000]

CODE

MOV input > chorug 0] I' MAC unit MOV

The modulating address offset is computed and written to an (undeclared) AOR,
&chorug ], whose name is derived from the declared delayline (to be interpol ated),
chorug[1000], and so is associated with the same region by default.

NOP ADDV &chorug[100], Ifo > &chorug ] Ithisis address computation

In this case, the AOR (the delayspec, & chorug[100], obviously allocated by the assembler
in this circumstance) which contains the address offset of chorug100], is added to a
bipolar low frequency oscillator output and then written to the AOR called &chorug | .
The name of the latter Offset Register could then be used in a statement to interpolate the
delayline like so:

*&chorug ] X coefl>MAC I external memory requests.
MAC + *&chorug[(+)] X coef2 > output I (+) see Plus-One Addressing Mode

where coefl and coef2 are derived from the fractional portion of Ifo (not shown).

This C-like notation indicates that the delayspec, & chorug ], isacomputed external
memory address offset with respect to BASES, while the AGEN indirects two accesses *
to external memory viathe AOR, &chorug ], which are scheduled by the assembler.

In this simplified example we do not show the circular movement of the region BASE in

amodulo fashion, although thisis covered in the section, UPDATE region BASE. See
the ESP2 Applications section for real examples of interpolation.
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5.9.2. External Memory Latency

Examination of the Instruction Cycle Timing diagram in the Chip Spec. reveals that
external memory access lags the AGEN instruction requesting that access. This fact
explains the following latencies:

In the case of an external memory read, the contents of DILn first become available as
sources to the MAC unit and ALU two program lines following the AGEN code.

In the case of an external memory write, the ALU must deposit its datainto DOLn at
least one program line prior to the AGEN code which sources that DOLnN, but the MAC
unit can writeto DOLN as late as the same program line!

These latencies areillustrated in the section on Pipeline. Recognize that these latencies
are the minimum latencies; i.e., if the traffic to/from external memory is light, then the
automatic scheduling will achieve optimum performance. As soon as the number of
memory accesses exceeds one per program line, then the scheduling may bottleneck and
the minimum latencies may not be achieved. For thisreason the delayspec Quote
Scheme syntax has been provided to minimize the traffic, while the AGEN listing has
been provided for the programmer to peruse post-assembly.

5.9.3. Inter-Unit Latency

The question naturally arises at this point regarding how many lines of code must exist
between an external memory reference and its computed address, so that the reference
uses the current address. In our circumstance above where an external memory read is
requested by the MAC unit, the AOR, &chorug| ], isfirst computed then written out of
the ALU as the destination of the instruction ADDV. This Address Offset Register is
available as a source to the AGEN unit two program lines later; thisis the first time that
AGEN has accessto thisinformation. Assuming no other pending external memory
accesses, AGEN takes the offset information at that time and makes the access, |oading
the word of external memory datainto some DILn. But that DILn does not become
available as source to the MAC unit (or ALU) for another two program lines due to
pipeline latencies. DILn then replaces thedelayspec, *&chorug ], inthe program
above. This makesatotal of three intervening lines of code; rather, *&chorug | must be
referenced (desiring minimum latency in this case) no earlier than the fourth line of code
after the computation of the address; viz.:

NOP NOP WR DOLO > chorug[0]S ! input

NOP ADDV &chorug[100], Ifo > &choruq ] Ithisis address computation
NOP

NOP NOP RD chorug ]S >DIL1 laccess external memory
NOP NOP RD chorug(+)]S >DIL1

DIL1 X coefl>MAC
MAC + DIL1 X coef2 > output
IThisisapartial AGEN listing of the earlier program.
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5.9.4. Optimal AGEN Coding

If the computed AOR, & chorug| ], were written out of the MAC unit, unlike our example
above, the latency as source to the AGEN would have been one program line less. See
the section called Pipéeline for all minimum inter-unit latencies by example; other cases
can be figured from the chart there.

There is nothing preventing the programmer from performing the address computation of
&chorug ] after the external memory request. The external memory access would
employ the old addressin that case, but the coding efficiency gained is often well worth
the added latency.

5.9.5. Computed Addresses and Table L ookup

The second case of computed addressing that we will consider is for table lookup; one or
multiple tables occupying an entire region. This can be handled in nearly the same way
as for the computed delayline address offset. Here we place the table index in an AOR,
and add to that the table root in the multiple table case. But the absolute region start
address remains unmodified in the region BASEr SPR.

Tables employ region memory using the same AGEN modulo addressing mechanisms as
delaylines. Regions must therefore be dichotomized by the programmer as those which
are utilized for tables and those which are utilized for delayline accesses; i.e., tables and
delaylines should not reside in the same region. The reason for thisis that a programmer
isrequired to modulo decrement the BASEr register associated with aregion of
delaylines, once per sample period. Since atable lookup requires afixed region BASEr
reference, aregion of delaylines offers amoving target.

5.9.6. Computed Addressesand Structured Table L ookup

In yet athird case of computed addressing schemes, we have many different tablesin
memory al residing in the same region. If we now put the absolute pointers (addresses)
for the beginning of each table into AORS, the desired table index (the relative offset) for
each lookup could then be written to the region BASEr register in thisreversal of roles!
The utility of this unorthodox method comes about when multiple tables have like-
information at the same index; analogous to a structure-type in the C programming
language.

One way to compute the absol ute table pointers would be as follows:

DEFREGION R @location zero
basel = location zero I AOR declaration
first_table[lengthl]
base? = #location_zero + first_table[lengthl] + 1
second_tableflength2]
base3 = #location_zero + second_table[length2] + 1
third_table[length3]
l...and soon

The chip architecture alows other means of accomplishing the same end, but thisis, of
course, up to the programmer.
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5.10. Defeating the Modulo Addressing Hardware

By setting the region ENDr SPR to the maximum physical address, the programmer can
defeat the automatic modulo addressing, and the content of SIZEM1r becomes
irrelevant. This setting can be accomplished via either a DEFSPR directive or asan
instruction in the code. This setup of the region control registersis employed when it is
desired to unequivocally address external memory as one or several tables.

It isnot critical, however, to manually set the region ENDr register to implement tables;
i.e.,, modulo addressing need not be defeated to successfully address aregion as atable. It
is probably more important not to decrement the region BASE in aregion used for
holding tables.48

5.10.1. Peripheral 1/0

When absolute addressing is required as for 1/0 devices, the region BASEr could be set
to zero while the region ENDr is set to the maximum physical address. The desired
absolute address*® could then be placed in some AOR. Again, the region BASEr would
not be expected to undergo modification during program execution. The programmer
must reset the MUX_ADDR bit in the HARD_CONF SPR which selects the linear
addressing mode (SRAM mode); this can be done either in the declarations or
dynamically in the program. This setup of the region control registersis employed when
itisdesired to unequivocally access external memory in absolute terms.

Once again, it is not critical to manually set the region BASEr and ENDr SPRsto
implement absolute addressing. For example;

DEFREGION [[$100000] @$D00000
portlO[1] @O0
parallel_ADC[1] @$40000
parallel_DAC[1] @$50000

These declarations establish aregion of size $100000 starting at $D00000. Whenever
portlO[Q] isreferenced in the code, the external memory address buss asserts absolute
$D00000. Whenever parallel ADC[0] isreferenced, the address buss asserts $D40000 .
paralel_ADC[1] asserts $D40001, and so on. This brings us back to the recommended
usage of AORs as relative address offsetsinto aregion. The advantage of this schemeis
that we need not concern ourselves with the assignments of the region control registers.

48as one would for delaylines, discussed shortly in UPDATE region BASE.
49This would be a departure from the standard practice of using AORs to hold address offsets.

62



5.10.2. Region Configuration Summary

As it stands, neither delaylines, nor tables, nor peripheral 1/0 space have distinct
declarators; only regions are declared. The subtle differences between table, delayline,
and 1/0 references lay in how the associated regions are utilized by the programmer. Itis
important that however the region control registers (BASEr, SIZEM1r, ENDr) get set,
the programmer always has the final say regarding their contents. So, in generd, it istrue
that any SPR explicitly declared and initialized in a DEFSPR should override any
assembler determination of itsinitialization contents. But, programmer override of
region BASE, SIZEM1, and END initialization is not observed by the assembler when it
ismaking AOR assignments.

5.11. PlusOneAddressing Mode

The AGEN supports a special addressing modein which 1 isadded to the address offset,
obtained from a specified AOR, beforeit is used in an external memory access. This
addressing mode is useful for interpolation. (See the ESP2 Applications section.)

*choruspointer X coefl > MAC
MAC - *choruspointer(+) X coef2 > output

The second program line uses the syntax (+) to mean:

address offset, in the AOR choruspointer, plus1 .
This syntax is not a C-style operator because neither the region BASEr nor the AOR are
permanently modified using this addressing mode.

Plus-One addressing may also be used with an array-type delayspec asin:
myling[118(+)]

5.12. Forced WR

Normally, the assembler schedules all the external memory-reads first. Once thisis done,
the closest following available AGEN instruction slots are used to schedule whatever
external memory-writes were requested by the program. Under some circumstances,
however, it is desirable for the programmer to insure that particular writes take place with
minimum holdoff. For this purpose the destination syntax

=> delayspec

isusedinplaceof >delayspec for AGEN coding inthe MAC unit or ALU
instruction fields.
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5.13. UPDATE region BASE

The AGEN has one last feature which enables the programmer to optionally write an
address offset plus region BASEr back into the BASEr register after an external
memory access (RD or WR). Thisallows for modulo incrementing or decrementing the
region BASEr by specified amounts. Using the pointer-type expression, *dp, inthe
AGEN instruction source operand field, we have the new delayspec:

RD *(BASE += tablggump) > DILE IUPDATE region BASE after read

This AGEN instruction says that the external memory to which the AOR, tablejump,
points, is read and placed in the Eth DIL. The absolute external memory addressis, as
always, the modulo sum of the region BASEr and the specified AOR contents.®0 In this
addressing mode, however, the modulo sum is deposited back into BASEr after the
external memory access, i.e., the region BASEr register is post-incremented by the
contents of tablejump, thus the contents of BASEr is updated.

The increment may be chosen effectively negative. For example, to decrement the region
BASEr by 1 inamodulo fashion, the contents of the AOR tablejump must be set to the
contents of the region SIZEM1r SPR. To decrement by 2, the contents of tablejump
should be set to (SIZEM1r - 1), and so on.

For example:

DEFSPR DILO ! reserve DILO
DEFREGION S @0

diffusion_ling[477]

wait_line[412000]

tablggump = SIZEM 1S I' declaration must be at end of DEFREGION
CODE
NOP
NOP
NOP NOP UPDATE BASE += tablejump I pure form
/INOP NOP RD *(BASE +=tablejump) > DILO
/INOP MOV *(BASE += tablejump) > DILO
/INOP NOP RD *(BASE += &wait_line[412000]) > DILO

The UPDATE of BASES isidentical using any one of these lines of code, but the
commented lines (//) would each perform aread from external memory too. Notice how
an UPDATE isworked into the AGEN coding in the ALU instruction field. That
delayspec syntax is available in the MAC unit instruction field too. The pure form of the
AGEN UPDATE instruction, having no external memory access, is shown in the
example program. Thispure UPDATE formisallowed only in the AGEN instruction
field.

50the modulus automatically determined by the size of the region, the particular region connoted
by the specific AOR.
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The delayspec from the example,

*(BASE += &wait_ling[412000])
isinteresting because the * operates on the entire contents of the parenthesis. This
makes sense because it comes from the established syntax, *&d[n] = d[n] . Inour
example, &wait_lineg[412000] calls out an AOR which when added to BASE yields an
absolute external memory address. The * operator then requests the contents at that
address. Access of external memory is always accomplished by modulo summing an
AOR with aregion BASE register. Inthis syntax, we explicitly show the sum to engage
the AGEN post-UPDATE mode.

5.13.1. Useof UPDATE

Initial BASES
f\ /\ diffusion_line[0]

0

wait_line[0]

&S

direction of
increasing
delayline
indices

Region S

Figure O. Region S at initialization. (Delaylines not drawn to scale.)

At download time, BASES identifies the start of the region. The two declared delaylines
are of fixed size. We need to feed the delayline inputs ([0]) with a new sample while we
discard the oldest sample. The discard is primarily achieved by decrementing the region
BASE under program control. The discard is the last thing done in a sample synchronous
loop, so an UPDATE instruction will typically be found at the end of the program main
loop. To decrement the region BASE by 1 we add the size of theregion less 1. Referring
to Figure O, it is easy to see that adding the contents of SIZEM 1 (as explained above) to
theinitial region BASE, moves it one place to the left in the modulus, the modulus being
theregion size. The automatic modulo arithmetic in the AGEN keeps all subsequent
decrements of BASES within the modul us.

Somewhere in the body of the program should be found writes to the delayline inputs.
Because the start (input, root) of each delayline can be interpreted as a relative address
offset with respect to the region BASE, al the delaylines will have shifted one place | ft
in the modulo memory, each following the movement of the region BASE. All delayline
address arithmetic in the AGEN is subject to the same modulo math. When each
delayline input iswritten, it will write over the contents of the oldest sample of the
preceding delayline in this modulo queue.
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5.13.2. Explicit Region

The particular region BASEr is connoted through the declaration of the AOR called
tablggump in the earlier example, but the region can be explicitly indicated if desired.
Should you want to use the same offset into a different region, then that new region may
be specifiedusing I, P, Q,R, S, T, U, or V inplaceof r:

UPDATE BASEr += tablejump IUPDATE region BASEr
UPDATE BASE += (tablgump)r I ditto
UPDATE (BASE +=tablgump)r I ditto

BASEr meansone from: BASEI, BASEP, BASEQ, BASER, BASES, BASET, BASEU,
BASEV.

The hardware does not support the simultaneous increment of BASE in one region while
an external memory access is made from another. So for the sake of clarity, one should
write only one explicit region specifier.

5.14. Region Override

In general, any delayspec may include an optional region specifier. In some
circumstances, it may be advantageous to override the default region which isimplicit to
each delayspec. For example, the identical code statements,

DEFGPR coefl

CODE
*&wait_ling[ ]S X coefl >MAC
or
wait_ling[ ]S X coefl>MAC

are each redundant in the specification of theregion S inlight of the declarationsin the
example above. But if another region were specified instead of region S they would
remain valid delayspecs because this would then be a directive to use the same offset into
adifferent region of externa memory. That *different region’ need not have been
declared.
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5.14.1. List of AGEN Instructionsand AGEN Syntax
delayoffset isadeclared Address Offset Register (AOR). &delayling[n] refersto the
same Offset Register. Several variations of the same instruction are shown.

TABLE AGENLIST. AGEN unit Instructions.

| nstruction Operation

NOP the only fundamental nop
RD  delayling[n]r > DILi read

RD *&delayling[n]r > DILi read

RD *(delayoffset)r > DILi read

RD  delayling[n(+)]r > DILi read Plus-One

RD *&delayling[n(+)]r > DILi read Plus-One

RD *(delayoffset(+))r > DILI read Plus-One

RD *(BASE += &delayling[n])r > DILi read then UPDATE
RD *(BASE += delayoffset)r > DILi read then UPDATE
WR DOLi > delayline[n]r write

WR DOLi > *&delayling[n]r write

WR DOLi > *(delayoffset)r write

WR DOLi >  delayling[n(+)]r write Plus-One

WR DOLIi > *&delayling[n(+)]r write Plus-One

WR DOLi > *(delayoffset(+))r write Plus-One

WR DOLi > *(BASE += &delayling[n])r write then UPDATE
WR DOLi > *(BASE += delayoffset)r write then UPDATE
UPDATE BASE += &deaylingn]r UPDATE, N0 memory access
UPDATE BASE += (delayoffset)r UPDATE, N0 memory access
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6. Pipeline

1,23 Serial 2 Pipeline

Figure Pipe. Serial vs. Pipeline architecture.

We have not yet touted the benefits of a pipeline architecture, which isESP2. We claim
that the pipeline affords an internal computational efficiency; the disadvantage is that the
programmer is required to be cognizant of various types of small latencies which are
listed and explained thoroughly in the Chip Spec.

We give an example of the same computation within two fictitious architectures requiring
M=3 different operations to complete, shown diagrammatically in Figure Pipe. We wish
to perform this computation on each of a sequence of, say, N=1024 numbers. We assume
that the operation cycle timeisthe same for every functional block in Figure Pipe. Inthe
serial architecture the computation timeis M*N = 3072 cycles, but in the pipeline
architecture the computation timeisonly N + (M-1) = 1026 having an execution
latency=(M-1)=2.51 That is, the pipeline architecture is nearly 3 times faster than the
equivalent serial architecture. This achievement comes at a cost of 3 times the hardware
in this example, however.

This pipeline idea has been exploited in a number of commercial DSP architectures.
[Dattorro2400] One notable exampleisthe WE DSP32 from AT&T. There the pipeline
is quite deep and non-orthogonal across the various categories of latency, making the
programmer’ s job quite difficult. Thisproblem is alleviated for the programmer
somewhat by adding alayer of abstraction in the form of a C-language compiler whose
output is translated into DSP32 code. The compiler output is often full of inefficiency in
the form of DSP32 NOPs to satisfy the various latencies.

Clearly, there is some tradeoff which balances computational efficiency with
programmability. We feel that we have found a good middie ground in the

parallel/pipeline architecture of ESP2.

51The latency in the pipeline causes us to refine our thinking of the ' next operation’ to the
"next queued operation’.
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6.1. Minimum Inter-Unit Destination-to-Sour ce Register Latency (through example)
REGISTER to REGISTER
MAC unitto ALU

gprl X gpr2 > result NOP

NOP ADD result, gpr3 > gprd

ALU to MAC unit

NOP ADD gprl, gpr2 > result
NOP NOP
result X gpr3 > gpré | result first becomes available as MAC source.

MAC unit to AGEN (address offset or region control registers)
gprl X gpr2 > my_offset NOP NOP

NOP NOP RD *my_offset > DIL3

ALU to AGEN (address offset or region control registers)

NOP ADDV gprl, gpr2 > my_offset NOP
NOP NOP NOP
NOP NOP RD *my_offset > DIL3

AGEN (UPDATE region BASEr) to MAC unit
NOP NOP RD *(BASE += my_offset)r > DIL3

-BASEr X #$800000 > MACP NOP

AGEN (UPDATE region BASEr) to ALU
NOP NOP RD *(BASE += my_offset)r > DIL3

NOP ADDV SIZEM1r, BASEr

EXTERNAL MEMORY to/from DATA LATCH
MAC unit to DOL

regl X reg2 > DOL4 NOP WR DOL4 > *&delayline[200]
ALU to DOL

NOP ADD regl, reg2 > DOL4 NOP

NOP NOP WR DOL4 > *&delayline[200]

MAC unit from DIL

NOP NOP RD *&delayline[200] > DIL3
NOP NOP NOP
DIL3 X reg4 > reg4d NOP

ALU from DIL
NOP NOP RD *&delayline[200] > DIL3
NOP NOP NOP
NOP ADD DIL3, reg4 > reg4

69



7. Indirection

The chip hardware provides an indirection mechanism for accessing internal registers.
Recall that the ALU employs the operands named A, B, and C, while the MAC unit
employs D, E, and F, and the AGEN unit has the G operand (whichisan AOR). The
ALU MOV instruction, for example, moves the source operand B to the destination
operand C, while the MAC unit movesD to F.

NOP MOV B>C
MOV D>F

Asisawaysthe case for indirection in the ALU, the INDIRA and INDIRB pointer SPRs
hold the register address of the A and B source operands, respectively, while the INDIRC
pointer SPR holds the register address of the C destination operand. If we want to
indirect on the C operand, for example, we must first place the desired destination address
into the pointer register, INDIRC. We might accomplish this as follows:

DEFGPR gpr source=17 dest

DEFREGION R aor

CODE

MOV #gpr > INDIRC I'move register address
NOP MQV source> INDIRECT

When the ALU seesthe INDIRECT SPR in the C operand field, it substitutes the

contents of INDIRC for the C operand address. So in this example, the contents of
source (=17) are moved to the GPR called gpr, because INDIRC holds the register
address of gpr.

We point out a potential pitfall here which arisesin the coding of abbreviated instructions
employing implied destinations. This occurs, for example, when the ALU construct,
OPERATION A, INDIRECT I not recommended
isused in place of the verbose construct,
OPERATION A, INDIRECT > INDIRECT
The first construct implies that the destination register address, inside INDIRC, isthe
same as the second source register address, inside INDIRB. Since INDIRB cannot hold
the destination address of any instruction, then the first construct can only work as
implied if the programmer has preloaded both INDIRB and INDIRC with the same
address.

So, for indirection to work properly with no caveat, only the following constructs should be used in the
ALU:

OPERATION INDIRECT, B

OPERATION INDIRECT,B>C

OPERATION A, INDIRECT > INDIRECT

OPERATION INDIRECT, INDIRECT > INDIRECT
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It is much easier to remember that for indirection to work as intended, use the verbose
ALU construct:

OPERATION A,B>C

substituting INDIRECT where desired. An exception occurs for the use of indirection in
conjunction with the ALU’s ASDH, ASDL, LSDH, and LSDL double precision shift
instructions. Consult the Chip Spec.

Of course, the INDIRINC and INDIRDEC SPRs may be substituted for any INDIRECT
SPR. The use of these two SPRs as operand automatically post-increment/decrements the
corresponding pointer register.

The MAC unit hasits own pointer registers corresponding to its D, E, and F operands:
INDIRD, INDIRE, and INDIRF. The AGEN unit has INDIRG. In generdl, thereisless
abbreviation allowed by the assembler in the MAC unit than in the ALU, and thereis no
abbreviation in the AGEN. So, the programmer is less likely to run into trouble coding
indirection in the MAC unit or AGEN.52

Pseudo instructions are plentiful in both the ALU and MAC unit, so the programmer must
consult the Chip Spec. to determine how operands get mapped for each individual

pseudo. In some cases, the programmer may need to resort to the instruction primitives
to get the desired resullt.

To reiterate the general rule: always use verbose constructs when coding indirection.

52Recall that the E operand in the MAC unit cannot be an AOR,; likewise INDIRE cannot point
toan AOR.
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7.1. Indirection, Minimum L atencies (through example)

MAC unit to MAC unit source

MQV #gpr > INDIRD I same latency for INDIRE
NOP

MOV INDIRECT > dest

MAC unit to MAC unit destination
MOV #gpr > INDIRF

NOP

MOV source> INDIRECT

ALUto ALU source

NOP MOV #gpr > INDIRB I same latency for INDIRA
NOP

NOP MOV INDIRECT > dest

ALU to ALU destination

NOP MOV #gpr > INDIRC
NOP

NOP MOV source> INDIRECT

MAC unit to ALU sourceor destination
MOV #gpr > INDIRB I same latency for INDIRA or INDIRC
NOP MOV INDIRECT > dest

ALU to MAC unit source or destination

NOP MOV #gpr > INDIRF I same latency for INDIRD or INDIRE
NOP

MOV source> INDIRECT

MAC unit to AGEN G operand (RD or WR)
MOV #aor > INDIRG

NOP

NOP NOP RD *(INDIRECT)r >DILn

ALUto AGEN G operand (RD or WR)
NOP MOV #aor > INDIRG

NOP

NOP NOP RD *(INDIRECT)r >DILn
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1. Linear and Allpass I nterpolation
for Application to Chorus, Flanging, and Vibrato Effects

1.1. Audio Applications of Interpolation

In this section, we present the topic of delayline interpolation from the more intuitive
point of view of the required fractional sample delay; i.e., atime domain viewpoint. The
classical derivation, called samplerate conversion, [ Schafer/Rabiner] [Vaidyanathan] is
more afrequency domain formulation. In amusical context, sample rate conversion ratio
inverse (M/L in Appendix 1X) corresponds to Pitch Change or Shift ratio. We synopsize the
classical resultsin Appendix 1X where will be found a schematic trandation of the
fundamental algorithms we discuss to the more traditional DSP nomenclature. That
should serve to bridge the two viewpoints.

The technique of delayline interpolation is employed when it is desired to delay asignal by
some number of samples expressible as a whole plus some fractional part of asample. This
way, the delay is not restricted to sample boundaries hence avoiding signal discontinuities
when the delay time is swept. Delayline interpolation isindigenous to Pitch Change and
Pitch Shift>* algorithms which are themselves integral to numerous other effects; e.g.,
Doppler, and Leslie Rotating Speaker emulation. Delay modulation forms the basis of the
Chorus effect and its close relative, the Flanger.>> Delay modulation alone (with no mix)
yields Vibrato when the modulation is sinusoidal. Use of delay modulation typically entails a
nominal signal delay because the modulation spans some desired range.

The interpolation methods we seek are computationally simple and inexpensive by
necessity. The interpolation algorithm may be executed many timesin one sample-
synchronous audio processing program. Playing a subsidiary role, we typically cannot
afford interpolation routines that consume a large percentage of the allotted execution time.

1.2. I*** [inear interpolation ***
We show the kernel of the ESP2 code®6 for Linear interpolation from Appendix XI. The
principles discussed in this section are applied therein.5’

| * *k*kkkhkhkhhhhhkhkhhhrxxkx Llneal’ Intefp0|aIIOn khkkkkkhkhkkhkhkhkhkkhkhkhkhhkhkhkhkxx

MOV nominal_delay > MACP

MACP + ygn X chorus_width > & Voicel[ ] | address, integer part
frac X *&VoiceL[(+)] > MAC LSH MACRL >>1 >frac  !fractiona part (positive)

MAC +frac_ u X *&Voicel[] >vibrato  DIFF frac>frac u

| ok kkkhkhkhkhhhhhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhdhhrhhrhddhhrrhhdddhrrhrrirdx

54Pitch Change and Pitch Shift are distinguished later on.

55These two effects come about when the output signal is made to be a linear sum (mix) of the original
(dry) input and the dynamically delayed (wet) input signal. The Chorus and Flanger are distinguished
primarily by the minimum delay in their delay range. (The minimum islessfor the Flanger.)

S6ESP2 is the second-generation Digital Signal Processing chip for audio from Ensoniq Corp., Malvern,
Pennsylvania, USA. Finished in 1995, it was designed to supersede the Motorola 56000 series.

57The complete ESP2 program in Appendix X1 isfully tested and in production.
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The process called Vibrato®8 is shown diagrammatically in Figure L. Thelocal index m
is defined as the current computed relative index into our delayline with respect to its
root. Thelocal index, m, requires computation because we want it modulated by the
LFO (low frequency oscillator), ygn oscillating as a function of time, n.  The range of

m, tCHORUS WIDTH, is centered about the nominal tap point into the delayline,
NOMINAL_DELAY.

<~—— 2 XCHORUS_WIDTH ——mMm>»

( delayline, VoiceL[2048] TN T T )
0 Ao 2048
m.frac = NOMINAL_DELAY + yqn X CHORUS_WIDTH . ' - | >
= vibrato
/_\.'
m = INT(m.frac) -

-" NOMINAL_DELAY "
frac = m.frac-/m\ ﬁc_u =1 -frac

€ frac )t— frac_u —>»
m m+1
vibrato

Figure L. vibrato = frac X VoiceL[m+1] + (1 - frac) X VoiceL[m]
This is the desired analytical result, not ESP2 syntax.

Note from Figure L that because the time-varying fixed-point expression mfrac is
aways a positive index into the delayline, then the coefficient, frac, is always positive.
The time-varying positive coefficients, frac and frac_u, are 23-bit resolution because
chorus_width (assigned as CHORUS_WIDTH in the declarations) is scaled by the oscillator,
ygn (g for quadrature), which isin 23 format.>9

58| the context of audio effect design, Vibrato is most often defined to be undulating pitch
change although it can certainly be accomplished by other means.
59See Scientific and Binary-Radix Notation.
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In the program, the role of m isfulfilled by the AOR, &VoiceL[ ]. The brackets of
&Voicel[ ] areempty, inthe program, to highlight the fact that the index into the
delayline, Voicel.[2048], is being computed by the program. Unlikem, &Voicel[ ]
must be computed with respect to the region BASE; i.e., the root address offset of
Voicel [2048] must be taken into account.

&Voicel[ ] =m+root

where root = &VoiceL[0]. The (non-fractional) root is extracted for us by the
assembler in the declaration of nominal_delay, which is apparently used in the
programmed computation of &Voicel[]. That declaration of nominal_delay accounts
for the fact that VVoicel.[2048] may not be the first or only delayline existing in the region
(although in our exampleitis). Declared as such, we handle the general case.

1.3. Linear Interpolation as a Polyphase Digital Filter

We are probably not accustomed to think of Linear interpolation as afiltering process.
Thisisbecauseit is such an intuitively ssmple algorithm in the time domain performing
variable, fractional sample delay. Yet Linear interpolation is used routinely to perform
sample rate conversion in contemporary sampler-type music synthesizers,60 and we
know that there is a vast amount of literature on the subject which poses the conversion
problem in the frequency domain.

Linear interpolation as applied in the Chorus, Flanger, and Vibrato effects, makes small

undulating changesin pitch. If we listen closely to these effects, we will aso discover a
significant perceived loss of high frequency content not attributable to comb filtering.61
It is this observation that compels a frequency domain analysis.

60There, it is most often manifest as a constant Pitch Change at playback dependent upon the

key struck. (We distinguish Pitch Change from Pitch * Shift’. [Dattorro2400]) The technique
used to accomplish Pitch Change by fixed amounts is called the phase-accumulating oscillator .
[Moore,ch.3]

The Ensonig Mirage, introduced back in 1984, employed zer oth-order inter polation (choosing
the nearest samplein time) in conjunction with 8 phase-accumulating oscillators. The Mirage,
one of the earliest sampler-type music synthesizers, is still in commercial use because of its
characteristic sound quality due primarily to its digital encoding scheme. Its hybrid floating-point
design was based on an 8-bit mantissa and an 8-bit exponent. Recorded sound samples employed
only the mantissa. Subsequent envel oping applied the 8-bit exponent to the analog reference on a
D/A converter. That way, the signal to noise ratio of the original sample was not compromised
when the signal was dynamically scaled. -Robert Y annes

61\When a signal is added to a delayed replica of itself, comb filtering results.
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X[n-m] ® 5 v[n] >
1-frac
Z-l
X[n-(m +1)] X

frac

Figure PL. Linear interpolation circuit.

In Figure PL we show the actual two-input linear time-varying digital circuit (in DSP
format) which implements standard Linear interpolation. We have drawn it in astrange
way to emphasi ze the non-sequential access of the required input samples. Thetime
index, n, steps through discrete time in asequential fashion; 0 <n<oo . Theindex, n,
aways refersto the current sample.

In the circuit, the -1 (unit delay) is not terminated because the local index, m, istime-
varying (it changes at each time step, n), which isto say that it can take on any value
within bounds.62 From the declarationsin our program we have implicitly established
the parameters: 0 < m <2048 . The consequence of these considerationsis that
X[n-1-m] is not necessarily the old value of x[n-m].

Ideally what we want isfor v[n] to approximate the value of the continuous signal x(t)
at pointsin time between sample instants; i.e., we would like

v[nT] = x((n- m.frac)T) (lipdf)

where T isthe sample period. The Linear interpolation circuit makes this approximation
(lipdf), but it is atime-varying circuit63 because its coefficients are a function of mfrac
asoutlined in Figure L. Thecircuit of Figure PL is polyphase because whenever an
output sample v[n] iscomputed, a new pair of coefficientsis fetched yielding a different
phase response from one of the filtersin an ordinal set.64 [V aidyanathan,pg.166] Notice
that when frac=0, which is not unusual, the circuit performs no filtering action; i.e.,
allpass.

625trictly speaking, m isafunction of n;i.e., m(n). Its non-sequential nature demands random
access of external memory.

63t is possible for a polyphase network to be time-invariant even when the constituting circuits
aretime-varying. This happenswhen the output signal is areplica of the input signal to within a
constant and/or a delay term. [V aidyanathan]

64The number of possible coefficients is related to their resolution; there are L=223 possible pairs of
coefficients, hence that many polyphase filters. [Crochiere/Rabiner,ch.4.3.11]
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To make the connection from the circuit to our program, we make the analytical
identification:

X[n-m] =VoiceL[m] Inot ESP2 syntax5®

This identification locates the requested samplein our delayline. It is clear that x[n]
alwaysrefersto VoiceL[0] asthisisthe current sample. Thisistrue because BASEV is
decremented in the program, and positive m indexes older samplesin our delayline.

1.3.1. High-Frequency Loss of theLinear Interpolator

To facilitate the investigation, we will approximate the actual circuit used (shown in
Figure PL) with the polyphase filter circuit in Figure PL2. We can do this because the
two inputsin Figure PL are separated by one sample in the delayline. We need not
assume constant m for the analysis because we will view the instantaneous transfer

function of this non-recursive network,6 represented by Figure PL2.

X[n-m]

frac

Figure PL2. Linear interpolation analytical circuit approximation.

Because of the constant interrelationship of the time-varying coefficients, the circuit
approximation has an instantaneous frequency response that traverses a domain having an
allpass transfer function [1, z-1) at either extreme of the coefficients, to an averaging
transfer (1+2z-1) /2 inthemiddle. Thislarge set of transfers are the frequency
responses of the polyphase filters. In Figure PLS we show several of these transfers,
corresponding to different values of frac.

65Delayspecs in the form of external memory array references expect constant expressions
within the brackets.

66\We freeze time and then determine the transfer function at that moment. This analytical
deviceisjustifiableif m changessowly intime. The circuit approximation in Figure PL2 is
only used for analysis; it is hot used in the actual implementation.
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Figure PLS. Spectra of Linear interpolation polyphase filters.

It is this set of transfer functions in Figure PLS that we hear in our effedtssome
cases, flutter is clearly audible and objectionable. In other cases, a veil seems to have
been placed over the sound source.

We could eliminate this artifact if the polyphase filters were allpass. So we need to know
if it is possible to make the individual polyphase filters have allpass transfers while still
performing interpolation. The answer is in the affirmative [Vaidyanathan,pg.166]
[Renfors/Saramaki] and we explore this in the section, Allpass Interpofdtion.

67Each curve below the single allpass is duplicated since there are two sets of coefficients
corresponding to each curve in the case of Linear interpoléitioexample, (0.25 + 0.75 %)
and (0.75 + 0.253)).
68The reason that the polyphase filters can have allpass transfer is because:
The formal frequency domain formulation of interpolation derives the polyphase filters
from what is called therototype interpolation filter. The prototype filter is simply a
successively delayed sum of the L polyphase filters
Hz)=3, el W)
constituting the complete set. [Vaidyanathan,ch.4.3] The prototype filter response must
not be allpass, by definition, but no such restriction is placed upon the individual
polyphase filters! In fact, for the idealized formulation of interpolation by a rational
factor, each polyphase filter is exactly allpaSse(Appendix IX for interpretatio.
|(Ei°)) = d((0-2rm)i/L)
where | is the polyphase filter number, L is the upsampling rate, m is the prototype
replication number or the frequency-band number oftBvand(Nyquist(L))
prototype. [ibid.,pg.168,109,124] [Crochiere/Rabiner,ch.4.2.2]

When we sum all the successively delayed non-allpass polyphase filters of Linear interpolation we
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Figure PLD. Delays of Linear interpolation polyphase filters.
The extreme polyphase filter z? is not used.

Figure PLD showsthe delay transfer as a function of frequency introduced by the polyphase
filters corresponding to Figure PLS. The fractional sample delay isfigured as the negative of
the phase response divided by the radian frequency; i.e., the phase delay. Thissignal delay
iswith reference to a steady state sinusoid of infinite duration.

The delay transfers of the polyphase filters are asimportant as their frequency transfers.
When the coefficient, frac, calls for a quarter-sample delay, for example, we would like a
constant quarter-sample delay for all frequencies. The only delay transfer of Linear

interpolation that perfectly meets this criterion isthe oneinthemiddle, (1 + z1) /2; i.e, itis
the only one, aside from thetrivial case of frac=0, that we will see having linear phase,
hence a constant delay (half-sample, this case). It isobserved from Figure PLS and

Figure PLD, that when thefiltering is at its worst the delay is perfect.

Notice that the delay for each individual polyphase filter in Figure PLD isfairly constant in
the low frequency region, however. If we regard only DC, we make the further observation
that the delay perfectly tracks the polyphase filter coefficient, frac, as desired. This property
isamajor determinant in the performance of the Linear interpolator from the standpoint of
THD+N of low frequency signals.

get the transform of a sampled triangular finite impulse response, which is what we expect from the
prototype. [ Crochiere/Rabiner] [Opp/Sch,pg.109]
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Figure PLA. Average Delay of each Linear interpolation polyphase filter.

Figure PLA showsthe average delay (over frequency) of each individual polyphase filter
for the Linear interpolator. There are L=223 different polyphase filters because that is
how many different non-negative coefficients there are in 24-bit two’'s complement, g23
format. [Crochiere/Rabiner,ch.4.3.11] The straight lineis the desired average.
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1.4. Allpass Interpolation

The implementation cost vs. performance of Linear interpolation is difficult to beat,
especially as the nominal sample rate is increased. It does have significant drawbacks,
however, which motivates us to look for better methods.

Thedrawbackdo the use of Linear interpolation are:

1) it is a lowpassprocess having a dynamic zero at the Nyquist frequency creating
muffled sounds and unaccounted damping in signal paths employing this process,

2) the dynamic zero of its polyphase digital filters introduces audibteer (amplitude
modulation) which is quite objectionable near unity Pitch Change Raticdonds
having much high frequency content,

3) an exceptional amount of aliasing occurs adiorst forlargepitch change upwards,
corresponding to the case of sample rate reduatiesinfation).69

Other companies [Rossum] report alternative interpolation strat€yi€se author

recommends Lagrange interpolation [Crochiere/Rabiner] [Schafer/Rabiner] [Ramstad]
[Laakso/Valimaki] which is an analytical extension to Linear interpolatioBut non-

recursiveFIR (finite impulse respongdechniques such as these have a high computational cost.
Nonetheless, FIR filters dominate contemporary sample rate conversion practice because from
the point of view of internal truncation noise, it is difficult to mess up an FIR implementation.
[Dattorro89] [DattorroPat.] [Andreas] Also, FIR filters offer linear phéke.

69This last problem comes about because the prototype Linear interpolation filtendyaisiédl

bandwidth 7L in the Vaidyanathan sense; the same is true for Allpass interpolation. The bandwidth is
not a design parameter, but falls out as a result of the implementation. When the decimation rate M
exceeds the interpolation rate L, aliasing is traditionally tolerated for these two techniques. When our
musical applications of interpolation operate only over a microtonal conversion ratio, then aliasing is less
of an issue.

70The E-mu Proteus sampling music synthesizer (1989) and its relatives all employ 7th-order

interpolation polynomials. They aren’'t exactly ‘Lagrange’ though. They use a technique in which a

Remez Exchangeis applied to an ‘ideal’ filter response similar to that of Lagrange, but having lower

maxima in the stopband. This gives the deep notches advantageous in the Lagrange approach, but also

the superior stopband rejection of a sinc-based design. For more information, see the US patent on the
fundamental E-mu G-chip interpolator; No.5,111,727. -David Rossum

1j.e., a higher-order polynomial curve fit using more signal values, and which is maximally flat in the
frequency domain while suppressing ripple in the time domain. The two-point Lagrange interpolator is
equivalent to Linear interpolation.

"2Generally speaking, a linear phase prototype interpolation filter does not guarantee linear phase
polyphase filters, and vice versa. Linear interpolation, for example, is a classical case of an FIR prototype
that is linear phasghaving a symmetrical triangular impulse response of length 2L spanning two original samples
by designOpp/Sch,pg.109] [Crochiere/Rabinghut whose polyphase filters aret. But if a linear phase
prototype is perfectly bandlimited 1oL, for L a rate conversion factor, then all its L polyphase filters

will also be linear phase; ideally of the fornp(eﬂi‘*b = ei((wan)I/L) where m is the frequency-band

number of an th-band(Nyquist(L)) prototype. [Adams,pg.545] [Vaidyanathan,pg.168] [Opp/Sch,ch.5.7]
(See Appendix IXor interpretatior). Crochiere [Crochiere/Rabiner,ch.4.3.6-4.3.10] gives explicit general
design procedures for simultaneously linear phase FIR polyphase and prototype interpolation filters.
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Recursive polyphase filters have not been popular because theot direear phase, in
general’3 The practice of recursive digital filtering requires an understanding of fixed-
point arithmetic, truncation noise recirculation, [Dattorro] and transient phenomena.

We present heréé simple recursive technique of Allpass interpolation which is useful
primarily for microtonal changes in pitch (less tiaime semitone). Linear interpolation
will outperform it from the standpoint of the Total Harmonic Distortion plus N8ise
(THD+N). OtherwiseAllpassinterpolation eliminates the drawbacks of Linear
interpolation in this microtonal regipand makes the interpolation sound analog

x[n-m] ® 5 ainl

1 - frac -

X[n-(m +1)]

1 - frac

Figure PA. Allpass interpolation circuit. 0JonD 1994

Figure PA, a modification to Figure PL, shows the actual circuit used to implement Allpass
interpolation. [Smith/Friedlander] Our application of Figure PA employs time-varying filter
coefficients. The formal derivation of the ideal network [Vaidyanathan] [Renfors/Saramaki]
requires as many recursive memory elements as there are coeffici®3in 24-bit @23 forma)

two’s complement’® In the ideal network, the filter coefficients are fixed. That is one reason

why this simpler network in Figure PAn{ploying only one recursive element with a time-varying

coefficien) only performs wellif terms of THD+N) for small pitch changes. Making the same

analytical circuit approximation as before, we can see that connection of the noderat+ Xjh-(

instead to the unit delay would make the instantaneous transfer function of the resulting polyphase
filter, allpass. This means that the polyphase interpolation circuit in Figure PA has a frequency

response which is approximately allpaggei®)/X(elw)| = 1.

73Renfors’ IR design offers nearly linear-phaseursivepolyphase and prototype interpolation

filters. [Renfors/Saramaki]

74This is a measure of signal purity which aggregates everything that is not signal, and then

relates that to some purified reference which is usually the signal itSeID+N distortion is

inherent to either interpolation process.

7SEach recursive memory element resides in a structure like Figure PA having the feedforward delay
element connected. See Appendix IX. Our simulations have shown that as fewSasedisBive

elements work quite well to make constant or sweeping Pitch Change over a large range. For the
analogous case in Linear interpolation, also see [Crochiere/Rabiner,pg.81,ch.4.3.11] which shows that
Linear interpolation is ideally implemented because of the lack of any long term memory.
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As shown in Figure PA, the time-varying coefficients (frac_u=1-frac) are easily derived from
m.frac asin Figure L. Wefind that, subjectively, the circuit of Figure PA sounds quite
smooth in musical applications. But, analytically speaking, the desired signal-delay introduced
by the circuit approximation does not track frac aswell asit doesfor Linear interpolation.

¥ 1

samples 1
0. 8F
0.6
0.4F (0.95+z°1)
(1+0.95z°1)
0. 2¢ ‘\J
0 0.1 0.2 0.3 0.4 0.5
w/2m

Figure PAD. Delays of Allpass interpolation polyphase filters.
The extreme polyphase filter z? is not used.

Figure PAD isthe plot corresponding to Figure PLD. Notice how the delay between filtersis
spaced unevenly; especially noticeable at DC. But for each individual filter, the delay is still
fairly constant in the low frequency region.
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Figure PAA. Average delay of each Allpass interpolation polyphase filter.
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Surprisingly, the average delay (over frequency) of each polyphase filter, shown in
Figure PAA, is better than that for Linear interpolation (compare to Figure PLA).

It is reasonable to expect that we could force the delay of each polyphase filter to be
equal to any desired value at a particular frequency by appropriately altering the
polyphase filter coefficients. Thiswould be beneficial were we concerned with THD+N
performance in a particular frequency region.

Indeed, the exact equation to warp the allpass circuit coefficientsin Figure PA is
[Smithlll,pg.178]:

sn(21-1))

1-frac —» ———
Sn(R+1))

where T isthe desired fractional sample delay at w, the desired normalized radian
frequency. We can eliminate the dependency of the equation upon signal frequency w
when we are primarily concerned with THD+N performance at low frequencies
(wnear 0). For then the coefficient war p equation simplifiesto:

(1-1) _ o (-2)i*2 i
1+ 1) = 1/3 + Z e (T-1/2) (sw.eq)

0

1-frac =>

Thisis areasonable substitution for audio signals. From Figure L we can see that the
desired fractional sample delay is frac, so we maketheidentification, t = frac.

x[n-m] a,[n]
™ 3 >
1-frac -
1 1 + frac 1
Z Z
X[n-(m +1)]

1-frac
1 + frac

Figure WPA. Warped Allpass interpolation circuit. 0JonD 1994

Figure WPA shows the actual time-varying circuit used to implement warped Allpass
interpolation using the smplified warp equation (sw.eq) in place of the allpass
coefficients shown in Figure PA.
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Figure PADW. Delays of Allpass interpolation warped polyphase filters.
The extreme polyphase filter z1 is not used.

Figure PADW demonstrates the even distribution of delay across the polyphase filters at
low frequency using the ssmplified warp equation (sw.eq) as shown in Figure WPA. This
closer tracking between frac and signal delay will help improve somewhat the THD+N

performance at low frequencies.

samples 1t}

0.2 0.7 0.6 0.8 1
frac = filterno./223 = | /L

Figure PAAW. Average delay of each Allpass interpolation warped polyphase filter.
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But the improvement to delay distribution in the low frequency range causes the average
delay shown in Figure PAAW to suffer as we might expect (compare to Figure PAA).
We find, analytically, that for Allpass interpolation of low frequency sinusoids on up to a
few kHz, use of the simplified coefficient warp equation (sw.eq) is desirable from a
THD+N standpoint. But for some of our musical applications we have not found it
absolutely necessary to implement the circuit using different coefficients than those
shown in Figure PA. Within an ESP2 implementation, however, several computed terms
from the Taylor series expansion (sw.eq) of the ssmplified warp equation (or atable lookup
routine) would easily map 1-frac to the warped coefficients of Figure WPA. We
demonstrate this shortly.

Distortion Analysis

Pitch Change Ratio
0. 96 0.98 1 1.02 1.04 1. 06

_20
- 40} @)
dB -60¢f

-80¢+

-100*

Pitch Change Ratio
0. 96 0.98 1 1.02 1.04 1.06

-20¢+
- 40!
(b)
dB  -60} , |

-80+F

-100*

Figure THD. Simulated THD+N of pitch-changed sinusoid due to:
(a) Linear interpolation,
(b) Allpass interpolation.
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Figure THD estimates the Total Harmonic Distortion plus Noise of a 16-bit 401 Hz sinusoid,
sampled at 44.1 kHz, for various constant pitch changes spanning tone semitone. The C-
program simulation which produced the THD+N estimatesin Figure THD (b), employs the
simplified warp equation (sw.eq) and 16-hit polyphase filter coefficients. Without (sw.eq), the
THD+N in (b) would be about -44 dB. The polyphase filter coefficients used to make
Figure THD (@) are 8-bits in width.

The employment of Allpass interpolation now warrants consideration of transient phenomena as
well astruncation error recirculation: The predominant artifact exposed in Figure THD (a)
(Linear interpolation) is harmonic distortion due to the facts: 1) the two-tap FIR magnitude transfer
ismodulated by the time-varying coefficients, and 2) the actual delay of the two-tap FIR deviates
from the desired time-varying delay. The predominant artifact exposed in Figure THD (b)
(Allpass interpolation), however, is distortion due to transients arising from the time-varying
polyphase filter coefficients. Even though the filter coefficients are updated at the sample rate,
the nature of the Pitch Change/Shift algorithm (as outlined in Figure L) demands a disunct sequence
of desired fractional-sample delay. While truncation noise is a second-order artifact in both
cases, we mention that truncation post-accumulation, as can be seen in the ESP2 programs, is
emulated.

1.5. ESP2 Programsfor Allpass Interpolation

We show the required changes to the ESP2 Linear interpolation program to implement
Allpass interpolation by two of the methods discussed above. The following sections of code
would each replace the corresponding section labelled !*** Linear interpolation *** . This
first implementation does not employ coefficient warping.

| **x*kkk khhkhkkhkhxkx% A”pa%lntefpdatlon ******************JonD 12/30/94***********

NOP MOV #2.**-8.q24>MACP L 11/256" sample offset
MOV nomina_delay > MACP_H MOV *&VoiceL[(+)] > MACP I to second seed
MACP + ygn X chorus width > &Voicel[ ]

MACP + frac u X *&VoiceL[] > MAC LSH MACRL >>1 >frac I q23

MAC - frac_u X vibrato > vibrato DIFF frac>frac u

| *kkkkhkhkhhhhhhhkhhhhhhhhhhhhhhhhdhhhhhhhhhhhhhhhdhdhdhhhhhhddhdhhhhhhdddhrrrrdddxxx

The code above implements the digital circuit in Figure PA having time-varying coefficients
derived asin Figure L. Thetotal cost of this Allpass interpolator is one more line of ESP2
code over that for the Linear interpolator.

We require the implementation to prevent prolonged Nyquist (F,/ 2) oscillation that comes
about when frac=0. This happenswhenever chorus width is set to zero by the system host.
We minimize Nyquist oscillation by forcing the circuit to interpolate by a constant fraction of
asample at all times. (That isthe purpose of thefirst line of code above.) Thistechnique
introduces a constant fractional offset into the equation for m.frac in Figure L (not shown
there), and has little del eterious audible consequence.

Next we consider coefficient warping to improve the processing THD+N:
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DEFGPR Taylor nest
!***************** Warped A”pass Interp0|atI0ﬂ kkkkkkkkhkkkk JOﬂD 5/22/95***********

MOV nominal_delay > MACP MOV *&VoicelL[(+)] > MACP
MACP + Yo X chorus_width > &Voicel[]
MACP + frac_u X *&VoicelL[] > MAC LSH MACRL >>1 > frac

MAC - frac_u X vibrato > vibrato SUB HALF, frac > Taylor
MOV #-32./81. > MACP MOV #16./27. > MACP
MACP + #64./243. X Taylor > nest ASH #-8./9. >>1 > MACP
MACP + nest X Taylor >>1 > nest ASH #1./3. >>1 > MACP

MACP + nest X Taylor > nest
MACP + nest X Taylor <<1 > frac_u

| *kkkkkkkkkkkkhhkhhkkkhkkkkkkhhkhhkkkkkkhkkkkhkkkhkkkkkkhkkkhkkkkkkkkkkkkkkhkkkhkkk

This Allpass interpolator code employs the first five terms of the Taylor series expansion
of (sw.eq) to map frac into (1-frac)/(1+frac). It implements Figure WPA via the map:

frac_u = 1/3 + (frac-1/298/9 + (frac-1/2)16/27 + (frac-1/4}32/81 + (frac-1/264/243]]]

Since the map is only approximaiteis no longer necessary to prevent Nyquist
oscillations as beforeWe measure an improvement of 26 dBTiHD+N over that of
the previous Allpass interpolator coé@attributable to the coefficient warp. Linear
interpolation exceeds this particul@HD+N performance, but only by a few dB; viz.,

Measured Linear interpolation: -78 ->-88 dB
Measured warped Allpass interpolation: -77 ->-85 dB

These THD+N measurements are time-varying because the sinusoid frequency is slowly
modulated by the LFO, o4 in the code. That is why they are indicated as a range. All

polyphase filter coefficients are 24 bits, the sample rate is 44.1 kHz. As is apparent from
the ESP2 program, truncation is post-accumulation.

Having reached parity between the two processes in termibiBf+N, we would
preferentially choose Allpass interpolation because it eliminates the drawbacks stated at
the outset when employed in a microtonal region.

1.6. Theoretical Extensions

[Laakso/Valimaki] broadens the scope of this Allpass approach to interpolation. They provide
formulae for allpass polyphase filters of higher order that possess a more linear delay vs.
frequency, thereby providing a prototype interpolation filtes Appendix 1Y having higher

stopband rejection. The delay linearization as follows filter order is not quite as fast as we might

like, however. [Valim&ki/Laakso] deals with transient phenomena.

"6having declared the LFO Freq=0.1 Hz in a real-time ESP2 hardware development system,
frequency modulating a 24-bit, 400 Hz sinusoid into an Audio Precision, Inc., analog signal
analyzer.
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2. The White Chorus Effect

Any complete discussion of the Chorus effect must consider its relative, the Flanger. The
intended goal of Chorusing isto emulate the independence of multiple like-voices
playing in unison. But the goal of Flanging isto jolt the ear’ s time-correlation
mechanism by offering asignal replica delayed by an amount that is within the
integration time constant of the hearing system.”” We must first note that thereis avery
strong bond between the implementation of the Chorus effect and of the sonically radical
Flange effect. What has gestated into the industry standard for this species condenses
simply to asum of the original input signal with adelayed replica. In either effect, the
replica delay is modulating and never static. The consequence of summing the two
signalsisto introduce moving troughs into the input signal spectrum. In the case of
Flanging, that is the desired result; the deeper and more selective the troughs are, the
better.”® In the case of Chorusing, the troughs are undesirable and an effort is made to
[imit their depth by summing unequal amounts of original signal and delayed replica. But
the primary distinguishing design feature of the Choruser is that the minimum of the
modulated delay time is much greater than that of the Flanger. The principal reason is so
asto avoid flanging, by the Choruser, which becomes subjectively more pronounced for
small delays. Indeed, the best Flangers can sweep the delay all the way to absolute zero;
no delay.

In Figure Chorus we present a modification to the industry standard two-voice Chorus
effect, that attempts to compensate for the spectral aberration caused by the many troughs
in the feedforward sum. The modification is the introduction of afeedback path into the
delayline, whose tap point is separate from that of the feedforward path but fixed at the
center of the modulating delay in the feedforward path. Hence, the Chorus circuit
approximates an allpass filter when the changing delay in the feedforward path is
proximal with the fixed delay in the feedback path. We prefer not to feed back a
modulating signal because the modulation induces pitch change. Feeding back a pitch
changed signal produces more pitch change and becomes objectionable quickly for either
intended effect. Feedback is gainfully employed in the Flanger in an inverse senseto
make a comb filter that increases the perceived depth of the troughs; i.e., the same
circuit can be used for both effects.

7TThe familiar thunder of ajet aircraft often reaches our ears by combination in air of the direct
and reflected engine backwash. Asthe aircraft changes position, the reflection time changes and
Doppler dueto the aircraft’ s recession isintroduced into both paths. The roar is more interesting
asthereflection timeis swept; that introduces more Doppler pitch change into the reflected path.
78The Flange effect gets its name from a studio technique that sums two synchronous magnetic-
tape recorder signals playing identical material. The recording engineer places the thumb on one
tape flange to bring the two recorders slightly out of synchronization thus creating the effect. In
the 70’ s the Flange effect was emulated by analog phase shifting networks consisting of a cascade
of alpass filters having time-varying elements. Implemented in this manner, the problem of
delaying asignal by brute force was overcome. These devices were called Phasers and remain
popular because the spectral troughs are not spaced harmonicaly, in general. While second-order
allpass filter sections of the cascade offer more control [J.O.Smith] over trough frequency and
selectivity, the Phaser iswell emulated in DSP using only first-order sections [Hartmann] [Beigel]
(which may be quieter in terms of truncation noise performance). The spectral troughs are
harmonically stretched in the first-order case. In any case, globa feedback enhances the effect,
affecting perceived trough depth.
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Table Chorus

Effect blend feedforward feedback
industry standard Chorus 1.0 0.7071 0.0
White Chorus 0.7071 1.0 0.7071
Flanger 0.7071  0.7071 -0.7071

The settings in Table Chorus refer to Figure Chorus; they are given as typical values and are
not unigue, although the White Chorus settings approximate an allpass response. The
maximum magnitude of feedback is0.9999999 (q23) for stability. When the circuit performs
Flanging, the blend and feedforward coefficients must be equal for maximum trough depth.

For the White Chorus effect, introduced here, atypical value of the blend coefficient in
Figure Chorus would be 0.7071 and remains fixed, for the most part. A typical delay
center (NOMINAL_DELAY) would be 600 samples at 44.1 kHz, and atypical peak delay
excursion (CHORUS WIDTH) of the modulation about the delay center would be
approximately 550 samples. A typical rate of modulation would be about 0.15 Hz.

(X
\/
blend feedforward
modulating tap <>
tap center
Y same tap center
fixed tap
feedback
D
\ZJ

Figure Chorus. The industry standard Chorus effect circuit with feedback.

The strong flange zone is indicated; the leftmost (0* delay) portion of the delayline.

Design

Thiscircuit in Figure Chorus produces a brilliant tone quality having pleasing movement with
alittle ambience. Used singly, thiscircuit’s effect is sometimes called Doubling. Typica
Chorus design configurations see two such circuits, however, a quadrature oscillator providing

the modulation; each circuit having 90° relative phase displacement.”® Each circuit signal
would typically be output to separate channels; this configuration is successfully applied to
mono, stereo, or panned input signals. Time delay differences between two output channels
carrying coherent signals emit localization cues known as the Haas effect. While musically
interesting, it is a persistent source of irritation for recording engineers attempting to accurately
place amusical instrument into amix. For thisreason it is prudent to place a stereo field
control (or apanning circuit) at the output of any Chorus algorithm.

79T he section on Sinusoidal Oscillators discloses highly efficient quadrature designs.
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Flanger design would normally incorporate modulation of the same phase in each channel. The
strong flange zone occupies approximately the first 1 ms of the delayline. The viable regions
of delay excursion for the Chorus and Flanger effects overlap, however, and can easily be
determined by ear.

It isimportant to keep the Chorus circuit free of nonlinearity for those many professional
guitarists who want this effect as clean and simple as possible. For those particular
guitarists, smplicity of the Chorus design is a virtue as they use this effect most al of the
time. Allpass interpolation80 for delay modulation becomes critical to the transparency
of any Chorus design. Recall that Linear interpolation is atime-varying lowpass filtering
operation. Indeed, a multi-voice Chorus design employing Linear interpolation subjects
the signal to significantly audible amounts of low-pass filtering. We term the Chorus
White when both negative feedback and Allpass interpolation are employed to minimize
the spectral aberration that would be consequent in the absence of these two signal
processing techniques.

Flangers, on the other hand, can benefit from amild nonlinearity introduced into the
signal path in front of the effect, so that the induced troughs see a more rich signal source.
But Allpassinterpolation is also critical to successful Flanger design so that the
dynamically delayed signal remains unfiltered. Lowpass filtering of the delayed signal
via Linear interpolation would reduce the depth of the high frequency troughs; that is
undesirable for agood Flanger.

Caveat

For particular types of input material (e.g., percussive signals) and subjectively long
nominal delays (10 ms), the feedback path can introduce echoes which are
objectionable.81 The level of objection is somehow related to the particular form of
interpolation. The use of the Allpass interpolator with coefficient warping (sw.eq) seems
to mitigate the echoes’ aural impact.82 In any event, one can always turn down the
feedback knob in this circumstance.

80as discussed in the Application of the same name,
81The old bathroom reverberator.
82\We apologize for being unable to characterize this problem more accurately at this time.
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Vibrato

One might be interested to know the amount of pitch change when the blend and
feedback coefficients are O; i.e., when the circuit is made to produce Vibrato.83 Without
loss of generality we may consider the Vibrato applied to a sinusoid of arbitrary
amplitude, A, and radian frequency, w. Using terminology established for the
Interpolation Applications, from (lipdf) we write,

x((n-mfragT) =A sin(w(n-m.frac) T)
=A sin(w (n- (NOMINAL_DELAY + ygn CHORUS WIDTH)) T)

where, ygn = sin(w, nT), istheLFO and w; istheradian rate of modulation

(21t Freq; see the interpolation program called Linear). NOMINAL_DELAY and
CHORUS WIDTH are expressed in units of samples.

The instantaneous radian frequency is.

Q=0(w(n- (NOMINAL_DELAY + ygn CHORUS WIDTH)) T)/ (T dn)
=w(1 - CHORUS WIDTH w, T cos(w, nT))

Note that if the LFO were triangular, then the instantaneous frequency would be
piecewise constant which is unnatural, hence not desirable.

Pitch Change Ratio=Q / w
=1 - CHORUS WIDTH w, T cos(w, nT)

Thistells us that the pitch change is time-varying and proportional to the modulation
frequency and the sample period, T.

Pitch Change Ratio extrema=1 + CHORUS WIDTH w, T

83Note that thisimplementation of Vibrato maintains the signal’ s macro-temporal features.
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Detune Effect

Thereis yet another related effect which is outside the scope of the present discussion.

Y et, its sonic impact is so powerful that it deserves mention; that is the Detune effect. It
is accomplished in DSP employing the class of algorithm known as the Pitch Shifter.
[Dattorro2400] The Detune algorithm class employs a splicing mechanism84 (when
implemented in the time domain; see Appendix IX) to maintain the macro-temporal signal
features while shifting the pitch by afixed microtonal amount using some form of
interpolation. The pitch shifted signal isthen mixed with the original. The result is often
described by musicians as subjectively ‘fattening’ the sound.

This Detune effect occurs naturally and is built-in to instruments such as the pianoforte,
mandolin, and twelve-string guitar. It accounts for one salient character of each
instrument’s sound. The Chorus and Detune effects are sonically quite different, the
latter algorithm being more difficult to implement properly. The primary distinguishing
feature of the two is that the pitch is necessarily modulating in the Chorus effect because
of the means of implementation.

The reader should also be aware that contemporary sampling music synthesizersS® often
emulate Detuning through the use of Pitch Change, which in many casesis undesirable.

84unlike Pitch Change algorithms which have been the focus of our look into interpolation, and
which are actually the topic of [Rossum] despiteitstitle. The temporal features of the original
signal are maintained in a pitch shifted replica; that iswhat distinguishes Pitch Shifting from
Pitch Changing by fixed amounts. While many Pitch Shift algorithms employ delayline
interpolation, the Lexicon Model 2400 Stereo Audio Time Compressor/Expander (designed by
the author in 1986 and still in production [Dattorro2400]) sidestepped the need for interpolation
by incorporating a variable-rate A/D conversion system. In that design, the D/A circuitry is fixed
rate, the whole instrument operating in real time on pre-recorded material.

85rather sampler-type, which we distinguish from wavetable-type synthesizers,
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3. TheLow-Frequency Sinusoidal Oscillator

The low frequency sinusoidal oscillator (L FO) is ubiquitous in effect design. There are
severa implementation options:

1) direct form,

2) coupled form,

3) first modified coupled form,

4) second modified coupled form,

5) normalized waveguide.

The direct form oscillator isthe most efficient option requiring only one multiply, but it
isnoisy unless truncation error feedback isused. [Haija/l brahim] [Dattorro] The error
feedback can be implemented using only one or two adds, so it is attractive. The single
coefficient y requires high resolution for very low frequencies of oscillation, however.

yo[n]

y,[n+]]
yo[n+1]

Y yinl - yoln]
y4[nl

EL T (v4[0] sin(w+nw) - y,0] SN(nw))
y [nl = Sintm) ( v,[0] sin(nw) + y,[0] SiN(w-nw))
2
y=-2C0 W) ;0<w<m poles = -Y +/- jx/l—%
2

Figure DF1. Direct Form Sinusoidal Oscillator.
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The direct form oscillator was analyzed using State-V ariable theory,86 the results of
which are shown in Figure DF1. Thistype of analysis excels at finding the zero input
response (the ZIR). (See Appendix X.) The selected output is expressed in terms of the
initial conditions of al the memory elements, the state variables. This method of analysis
differs considerably from the technique of solving the recursive difference equation for
the selected output, in so far asthe initial conditions required by the latter are of the
output itself. Inthe case of the direct form, these two methods coincide.

Obviously, by choosing theinitial states y4[0] =0 and y,[0] = -sin(w), we get

yalnl = sin(n w)

Thereis no quadrature sinusoid at any node. But by choosing, for example, y;[0] =1,
and y,[0] = cos(w), we get

y1[n] = (Y/sin(w)) (sin(w + nw) - cos(w) sin (n w)) = cos(n w)

The direct form oscillator is hyperstable37 under coefficient quantization as proven by
the equation for the pole locations in the z-plane in Figure DF1. Regardless of the
guantization of y, the poleradii are exactly 1 as determined from the pole magnitude.
Any instability in the sinusoidal waveform can only be attributed to signal quantization
effects, primarily in the form of truncation error in this recursive topology.

One must be cognizant of the relationship between oscillation frequency and amplitude
when using the different oscillators presented in this section. The equations of

Figure DF1 predict that when frequency is changed via y after the oscillator has been
running for some time, amplitude will deviate, in general. One theoretically overcomes
this problem by simultaneously updating the memory elements (the states), but this can
be difficult in practice depending upon the particular oscillator topology.

The direct form oscillator circuit can be derived from one trigonometric identity;88 viz.,

sin((n+1)w) = cos(w) sin(n w) + sin(w) cos(n w)
sin((n-1)w) =cos(w) sin(nw) - sin(w) cos(n w)

where W isthe normalized radian frequency of oscillation (2rtf T) controlled by y
which must bein q22 binary-radix format for ESP2. Summing the two equations yields:

sin((n+1l)w) = 2 cos(w) sin(n w) - sin((n-1)w)

86following the analysis presented in [Gordon/Smith] for the coupled form and the second
modified coupled form,

87We shall define’ hyperstable’ in this context to mean stability of oscillation in the face of
coefficient quantization. The effect of signal quantization in networksis not included in this
definition.

88This was pointed out to the author by Michael Chen.
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Making the substitution, y4[n] <- sin(nw), we get

ya[nt+1] =2 cos(w) y1[n] - y4[n-1]
which is the difference equation for the circuit.89

The coupled form is an established topology known by several names including the
Rader/Gold, and normal form. The coupled form is a state-space digital filter structure
and is one of the foremost contributions of the branch of Linear System theory known as
State-Variable analysis. The coupled form has many attributes including low truncation
noise and low coefficient sensitivity, respectively due to signal and coefficient
guantization within afinite precision machine. [Jackson,ch.4.4] The latter attribute
makes tuning easier. Its primary detriment is that four multiplys are required in its
unmodified form.

The unmodified coupled form in Figure X (@) shows the four multiplys required for
oscillation, including two cos(w) coefficients. Using all four coefficients, the pole
locations are ideally on the unit circle. It can be deduced from the equations given in
Figure X (a) that for any initial states (y[0], yg[0]) the outputsat y[n] and yg[n] yield
quadrature sinusoids. But when the ideal filter coefficients become quantized to their
representation in afinite precision machine, the pole locations are perturbed in adirection
dependent upon the polarity of the coefficient quantization error.90 The impact of thisis
that the pole radii are no longer exactly 1, so the oscillator amplitude either decays to zero
or clips (assuming automatic saturation arithmetic) after some time has past. We do not
relish the four multiply requirement and we recall that the direct form does not suffer
from this particular problem. Thisis because the direct form pole radii can be fixed by
the second-order recursive coefficient [ Dattorro,(30)] which is always precisely setto 1
for our present application.

The coupled form has a simpler trigonometric derivation, but uses two identities; viz.,

cos((n+1)w) = cos(w) cos(n w) - sin(w) sin(n w)
sin((n+l)w) =sin(w) cos(n w) + cos(w) sin(h w)

Making the substitutions, y[n] <- sin(nw), yq[n] <- cos(nw), we get

yg[n+1] = cos(w) yglnl - sin(e) yIn]
yIn+l] = sin() ygln] + cos(e) yin]

89This also happens to be the generating recurrence relation of the Chebyshev polynomials;
Tre1(X) - 2X Ty(X) + Tp.1(x) = 0. [Hamming,pg.473]

90The availability of the ROUND(), INT(), or BTRUNC() in-line assembler truncation functions
now warrants appreciation.
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cos(w) = 1

{yq[n+1]= cos(w) yglnl - e yin]
yIntl] = & yglnl + cos(w) yinl

ygll = ygl0] cosinw) - y[0] sin(nw)
yinl = ygl0l sin(nw) + y[0] cos(n w)
€= SN ;w<T poles = cos(w) +/- | ¢
()

{yq[n+l]= Yol - € yIn]
y[n+l] = € ygln] + yIn]

Yol = (CO;( 5 )" (Yql0l cosnw) - y[0] sin(no) )
yinl = (Coé(w) )" ( ¥gl0l Sin(nw) + y[0] cosn o) )
= f;é((g) T W< T2 poles=1 +/- j ¢

(b)

Figure X. (a) coupled Form (Four Multiplier) Sinusoidal Oscillator.
(b) First Modified Coupled Form (Two Multiplier) Low Frequency Oscillator.
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We will make a modified coupled form digital filter behave as an oscillator by placing its
poles either dlightly beyond or precisely on the unit circle in the z-plane, evenin the
presence of coefficient quantization error. We will see that both of these choices of pole
locations can be achieved using only two multiplys, and both have useful purposes.

If the coupled form oscillator is employed as an LFO, we make the observation that the
two cos(w) coefficientsarecloseto 1. If we set them to 1 permanently, we eliminate
two multiplys and arrive at the fir st modified coupled form in Figure X (b). Using the
first modified coupled form, the quadrature sinusoids at y[n] and yq[n] will alwaysclip

somewhat (assuming saturation arithmetic) because the pole radii are in excess of unity.
When the oscillator frequency is very low, the clipping will be dlight.

The advantage of thisfirst modified coupled form implementation is that its output
amplitude is at least unity, even after frequency is abruptly changed. The oscillator never
blows up, as the equationsin Figure X (b) would predict, because of the saturation
nonlinearity built into the ESP2 computation units. The detriment to the use of this
oscillator is that the tuning frequency is practically restricted to a portion of the first
quadrant in the z-plane.91 This modified coupled form of the oscillator would be chosen
when the criteriafor selection of an LFO does not include sinusoid purity, but full
amplitude stable quadrature signals are a must.

The second modified coupled form, first presented in [Gordon/Smith], is shown in
Figure X+1. This oscillator produces a high purity sinusoid at the two outputs, y[n] and
yq[n], whose noise floor is low enough to characterize D/A converters. The two outputs

are no longer exactly in quadrature as before,92 but the oscillator is hyperstable because
the pole radii are exactly 1 even when epsilon is quantized.93 The tradeoff for this
stability isthe linking of amplitude to frequency of oscillation as seen in the equationsin
Figure X+1. By observation of the poles, the tuning frequency now spans DC to Nyquist
as epsilon goes from 0 to 2, and so the range of oscillation is not restricted to low
frequencies asin the first modified coupled form.

We have found as predicted, using the second modified coupled form, that when epsilon
(the frequency control) is abruptly changed, the oscillator amplitude will change itself to
anew value. Thisis because weignorethe new initia states, yq[O] and y[0], atthe

time of the frequency change; i.e., no attempt is made to adjust them. We observed these
consequent deviations in amplitude and empirically found them to be less than a decibel
over avery useful range of frequency for an LFO. It was never found necessary, in any
of our applications, to compensate for these small changesin amplitude. The built-in
saturation arithmetic within the ESP2 computation units eliminates any possibility of
long-term clipping, completely.

91This restriction is overcome in practice by running the oscillator twice as fast, which means
twice the code.

92From the equations in Figure X+1, it can be shown trigonometrically for any initial states that
the two sinusoids are in a near quadrature relationship; being off by exactly 1/2 sample at any
frequency of oscillation. Thiswasfirst pointed out to the author by Timothy S. Stilson.

93Like the direct form, any instability in the sinusoidal waveform can only be attributed to signal
guantization effects, primarily in the form of truncation error in this recursive topology.
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{ ygln+1] = yglnl = € yn]
y[n+l] = e yg[n+1] + y[n]

Yol = _COS(%) (yqlol cos(nu)-%)) - y[0] sin(nw) )
1 . w

yln] = Ygl0l Sin(nw) + y[0] cos(nw+ =)

€ = (5) ORI poles =1 - > j 7

Figure X+1. Gordon/Smith Sinusoidal Oscillator.
a.k.a. Second Modified Coupled Form (Two Multiplier) Oscillator.
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Theideal digital integrators, 1/(1 - z'1), have never presented a problem in practice
because thereis a zero of transmission at z=1 (DC) across each embedded integrator
from itsinput to its output. This comment applies to both modified coupled forms.

The second modified coupled form oscillator ESP2 code, shown within the Linear
Interpolation Application, is written such that if several oscillator routines were cascaded,
the interleaved code resulting would be most efficient in terms of program space. The
cascaded routines would then average about two program lines per oscillator. That code
for one oscillator is reproduced below:

I****%* hyperstable near-quadrature oscillator (second modified coupled form) ******
NOP MOV ygn> MACP

NOP MOV yn > MACP

MACP - epsilon X yn > ygn

MACP + epsilon X ygn>yn

If only one oscillator is required, the code shown may be compressed to occupy only
three program lines as demonstrated in the FFT Radix-4 Application.
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Real-Time Measure of Sinusoid Purity

We made measurements of S/(THD+N) for the direct form and the second modified
coupled form oscillator, each running at a sample rate of 69818.181 Hz in areal-time
ESP2 hardware devel opment system. The measurements were taken using an Audio
Precision, Inc., analog signal analyzer. For each oscillator, the two parameters are
frequency of oscillation and the number of bitsin the two’'s complement signal path.
Binary truncation post-accumulation is used to limit the path-width. The results are
tabulated in Table OSCTHD:

Table OSCTHD. Measurement of oscillator S/(THD+N) .

direct form second modified coupled form

no. bits freg. no. bits freg.

20Hz 100Hz 1000Hz 20Hz 100Hz 1000Hz
24 60 dB 75 86 dB 24 88 dB 86 86 dB
23 58 75 86 23 88 86 86
22 53 73 85 22 88 86 86
21 45 70 84 21 87 86 86
20 37 64 84 20 87 86 86
19 flatline 60 79 19 86 85 85
18 58 74 18 85 84 85
17 50 73 17 79 80 84
16 40 67 16 70 73 82
15 25 61 15 67 68 78
14 flatline 56 14 59 65 73
13 54 13 47 61 68
12 45 12 40 60 62
11 39 11 25 50 56
10 37 10 flatline 45 48
9 23 9 30 43
8 19 dB 8 21 42
7 flatline 7 flatline 35
6 6 34
5 5 28
4 4 24 dB
3 3 flatline
2 2
1 1

The hardware system total noise was roughly -86 dB, relative to full scale, which
prevented measurements significantly below that level. Thereadingsat -88 dB are
probably due to a system signal-transfer anomaly. Theterm flatline in Table OSCTHD
refersto a complete lack of any form of oscillation as viewed on an oscilloscope.
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purity of direct vs. coupled form

We now postul ate the reason pertaining to the foregone conclusion from the empirical
data that the direct form oscillator isinferior to the second modified coupled form: It is
that the latter has truncation error feedback built into its topology. We state thisin an
equivalent way; each noise transfer of the second modified coupled form has zeroes of
transfer, whereas that of the direct form has not. Figure X+1n shows how truncation
noise sources (e[n] and eq[n]) are conceptually inserted into acircuit in alinear fashion.

[Jackson] [Dattorro] Each deterministic noise source in a contemporary DSP chip resides
in front of amultiplier because that is the only location where truncation is demanded by

the architecture.94

Figure X+1n. Second Modified Coupled Form Sinusoidal Oscillator showing noise sources.

Each noise source can make its way to either of two outputs for this coupled topology in
Figure X+1n: yg[n] or y[n]. Ineach case, the noise transfer either picks up a zero at

DC, or ismultiplied by €2 which yields the same effect. In order for the direct form
oscillator to perform as well, truncation error feedback must be employed to introduce a
zero into its deterministic noise transfer, as stated at the outset.

94\Were we to instead place the noise sources following the accumulators, for truncation post-
accumulation, we would reach similar conclusionsin the analysis of thistopology. Again, the
ideal digital integrators would pose no practical problem.
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purity vs. frequency

The datain Table OSCTHD indicates that signal purity is afunction of oscillator
frequency for both topologies. Binary truncation noise can be modelled like quantization
noise. [Opp/Sch,pg.353] Gray demonstrates [ Gray,ch.6.3] how the quantization noise of
apure sinusoid is not characteristically white regardless of amplitude or frequency. He
explains that the deterministic noise spectrum isin fact discrete, because the signal is
sinusoidal, 95 and that the noise spectral components exist at odd harmonics of the
sinusoid frequency including the fundamental.

Gray’ sreferences indicate that these results have been known for decades. The
conclusions drawn can be generalized to the present truncation noise situation depicted in
Figure X+1n:

eln] = Z gmen p (en0)

m odd
where w isthe (fundamental) frequency of oscillation. Equation (en0O) has the form of a
continuous-time complex Fourier series, then sampled intime. The Fourier series
coefficients, b,,, form aconjugate-symmetric set, thus e[n] isrea-valued. The
expression for eq[n] issimilar. Each by, will be some function of weighted ordinary

Bessdl functions of integer order m and real argument.

Thus far, we have been presenting al the equations for oscillation in terms of the zero
input response (ZIR). But the noise model in Figure X+1n suggests that the noise
sources, €[n] and eq[n], are subject to the zero state response (ZSR) of the network. The

ZSR of the oscillator is precisely that of an integrator centered (in the frequency domain) at
the frequency of oscillation. Any noise energy in the vicinity of the oscillation frequency
should cause the oscillator to blow up. This does not happen in practice because of the
saturation nonlinearity built into most contemporary DSP chips. Theinjected noise just
causes phase jitter and amplitude perturbations which decrease signal purity.96 Signal
quantization in arecursive network, then, is a secondary form of instability. The primary
determinant of stability is pole location, which is why we have been concerned with the
guantization of filter coefficients.

95t0 be more precise; because the analog signal, from which the sampled signal is derived, has a
discrete spectrum,

96For this reason it is recommended to run all the oscillators at full-scale amplitude and to place
avolume knob at the output.
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The datain Table OSCTHD suggests that either implementation of the
oscillator/integrator has constant (noise equivalent)®7 bandwidth, independent of center
frequency. We intuit this because it appears that the quantity of noise goes up as center
frequency moves down. Perhaps when the oscillation frequency islow, the more
powerful harmonics of the noise spectrum are clustered closer together in the vicinity of
the center frequency. Hence the integrator becomes more disturbed, thusthe THD+N
will beworse. A simpler explanation might be frequency domain foldover of the
integrator transfer near DC.

chaotic behavior

The direct form oscillator at 20 Hz is fascinating to view, however, when the signal path
bit-width is 20 bits (just before flatline). The oscillation metamorphoses from sinusoidal to
nearly triangular, and back; this chaotic but stable process occurs over periods of redl
time on the order of minutes. During each epoch, the oscillation frequency can be
observed to change by as much as 1/2 the desired frequency.

It should be pointed out that although we show no data for very low frequenciesin
Table OSCTHD, the first and second modified coupled form sinusoidal oscillators are
routinely called upon to produce frequencies less than 1 Hz (0.1 Hz typical).

97defined in [Harris] [Cooper]
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Mor e Recent Developments

Smith and Cook subsequently disclosed alattice topology for sustained oscillation in
[Smith/Cook] which is claimed more suitable for VLS| implementation. The oscillator
shown in Figure SC is called the normalized waveguide oscillator because it was
derived as a spin-off from Smith’ s results in the theory and implementation of digital
waveguides.

{ yi[n+1] = cos(w,) yq[nl + (cos(w,)+1) G, Yy,[n]
yo[n+1] = (cos(wy)-1) yq[n] +  cos(w,) G, y,[nl

yq[nl = y4[0] cos(nw,) - YoglO] cot(wy/2) sin(nw,) (0565C)
Yol = y4[0] tan(@y2) sin(nwy) + yoc[O] cos(n ay)

G, = tan(@/2) 0< W, <12 les = 4= j 1-co

n= W ; w, poles = cos(wy,) j \/1-cosH(w,)

Figure SC. Smith/Cook Normalized Waveguide Sinusoidal Oscillator.
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Although this design recaptures the quadrature relationship of the sinusoids appearing at
the circuit outputs, the primary contribution of this topology to the field of oscillator
designisthat it solves the amplitude deviation problem.98 It is aremarkable distinction
that this sinusoidal oscillator possesses. This normalized waveguide oscillator is
designed for instantaneous change in frequency without concomitant change in
amplitude, 3 hence the new notation (t,,) showing frequency as a function of the time

index. The frequency change must be performed properly, however. Toward this end,
the amplitude coefficient G, isintroduced, and specified to deviate from 1 only at the

time of the occurrence of the frequency change; 190 .e,, it is an amplitude compensation
factor which is engaged for one sample period. The elegance of the Smith/Cook solution
restsin the fact that knowledge of the state time (the precise value of n) at the occurrence
is not required, neither is knowledge of the state values. All that is required is knowledge
of the previous frequency.

Whenever frequency is changed, the control G, isall that isrequired to maintain
constant amplitude in the oscillator circuit; i.e., the memory elements need never be
adjusted in the implementation. For the analytical equation (oscSC) to remain valid,
however, yo5[0] and y1[0] must bere-evaluated whenever G,, deviates,

y1l0] <- yalngl

Y26l0 <= y2lnol Gny = Yac[ng) (0scG)
where ny isthetimeindex at the change; ngz0. Itisimportant that we interpret equation

(0scSC) properly so that we may show the technique on paper. We will now demonstrate
the validity of these assertions by example:

98]t is evident from the equations in Figure SC that sinusoid amplitude is linked to the

frequency of oscillation. Thisissimilar to the situation for all the oscillators presented, except for
the Rader/Gold coupled form.

99Because we are dealing with the ZIR, frequency change can be instantaneousin all the
oscillators presented. But the Smith/Cook oscillator isthefirst oneto deal effectively with
amplitude correction at the instant of the change.

100 G, isnot at al involved with frequency tuning. The special case Gy =1. But G, canbe

greater than 1, albeit momentarily, which will necessitate at least q22 arithmetic.
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example
Suppose that at absolute time n=0, we are given wy=w.;, Y1[0]=1, and y,g[0]=O0.
Then while G, remains static we expect for n=0-> oo,
yaln] = cos(n ) (0sc0)
yo[n] = tan(wy/2) sin(n wy)
Suppose we suddenly freezetimeat n=ng+ . At thistime we desireachangein
frequency which is effectively to take place at n=np. We do this by changing the one
tuning coefficient from cos(wy) to cos(wno) attime ng, andby letting G,, deviate

from 1 but only for one sampletimeat ng ;

GnO = tan(wnOIZ) / tan(wno_ 1/2) (oscG2)
We then have the new initial states from (osc0O) and (oscG):

Why1 = Wo

yalnol = cos(ng wn,-1)

Y2alnal = tan(wn /2) sin(ng uy, 1) (oscl)

Using the new initial states (oscl), we find from (oscSC) that,
yaln] = cos(ng &, ) cos((n-ng)w, ) - sin(ng Wy, ) Sin((n-ngey, )
yaIn] = cos(ng @,_y) tan(wy, 12) sSin((n-no)er, ) + tan(wy, /2) sin(ng 1) cos((n-np)edy )
;for n=ng -> oo (osc2)

Equation (osc2) simplifies by trigonometric identity to,

yaln] = cos(ng o, 1 + (N-No)wy )

yo[n] = tan((onO/Z) sin(ng Wny1* (n-no)who) ;for n=ng-> oo (osc3)
In both outputs the phase is correct in light of the new starting time. Comparing (osc3) to

(osc0), we see that the amplitude of y4[n] remainsasit waswhich isthe desired result.

To successfully change the frequency again and again, the same procedure can be
repeated to derive similar results. But the amplitude of y,[n] has changed from its

original value of tan(wy/2). So, in this particular example we have not maintained the
amplitude of y,[n] athough we have managed to keep the amplitude of y4[n] constant
throughout the process of changing the frequency of oscillation.

It isinteresting to note that Smith and Cook originally derived the same result using
principles of energy conservation across transformer-coupled waveguides.
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stability
The Smith/Cook oscillator is hyperstable because there is only one tuning coefficient,
cos(w,). Theequation for the polesin Figure SC shows that even under coefficient

quantization, the pole magnitude is always unity.101 |ike the direct form, however, the
single tuning coefficient requires high resolution at very low frequencies of oscillation.
Inaccuracy in the representation of G, when it deviates cannot affect the tuning

frequency.

truncation noise

We will only permit speculation regarding the noise performance of the Smith/Cook
oscillator as compared to the (Gordon/Smith) second modified coupled form, as we have
no actual measurements of THD+N to bolster any analytical findings.

Recalling our discussion ‘ purity of direct vs. coupled form’, there the importance of
zeroes in the deterministic noise transfer function was revealed. We have not been able
to devise an implementation that would place a zero into the steady state truncation noise
transfer (amplitude coefficient G,, set to 1) while maintaining freedom from amplitude

deviation across a change in frequency.102

Hence we speculate that the noise performance of the Smith/Cook sinusoidal oscillator is
not as good as that of the Gordon/Smith.

miscellany
Some other articles relevant to the field of oscillator design are [Fliege/Wintermantel] and
[Thoen].

101 jke the direct form, any instability in the sinusoidal waveform can only be attributed to signal
guantization effects, primarily in the form of truncation error in this recursive topology.

102This topic is worthy of further research, however. One complicating circumstance is the
potentially large disparity in amplitude between the two outputs, as shown by (oscSC).
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4. External Memory Host Access (Paradigm and Utility)

The ESP2 does not provide direct access of externa memory data by the system host at
run-time, nor during halt, nor suspension. We present here a typical scheme for vectoring
arunning ESP2 application to a simple utility program which makes the desired access at
the sample rate.103 The ESP2 acts asintermediary.

We create a new program paradigm for a sample-synchronous application beyond which
the utility will be overlaid at run-time by arelocating downloader driven by the system
host.104 We need arelocating downloader in order to select the start of the utility
anywhere within instruction memory.

We write the utility so that it needs to know as little as possible about the running
application. But we do need to know the relative address offset within the particul ar
region of external memory to which to begin access, and we need afew registers globally
reserved for the utility program. Thisinformation can be shared by all running
applications, and we conveniently placeit in an include file.

|k *kkkkhkhkhkhhhhhkhkhhkhhrrkrkri*k ﬁndudef”eh Cm“a“s****************************

DEFCONST GLOBAL

CLK =40.e6 I ESP2 system clock.

Fs=44100. ! system sample rate.

T_LOCALE = $800000 ! fixed but arbitrary, agreed on by convention.
OVERLAY =10 I overlay-instruction budget .

AUDIO = 3*Fs I 3 seconds.

ESP HALT =$2 | see HOST_CNTL_SPR in Chip Spec.

DEFREGION T @T_LOCALE GLOBAL ! region desired for host/external memory transfer.

capture[2* AUDIQ] I A few seconds of stereo audio.
sigmoid_table[257] I Table used by alot of programs.
inverse table[512]

xmp @$2ff I external memory pointer used by utility.

DEFGPR GLOBAL
host_cntl_msk = ESP_ HALT @$ff I used to mask HOST_CNTL_SPR.
indirb @%fe I used to save INDIRB of application.

|k kkkhkhkhkhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhdhhhrhhhhdhhrhhhdddrrrrrdsk

103Note that the elimination of the BIOZ instruction from the application program paradigm,
presented shortly, would permit the host external memory access at a much higher rate.

104The download, by the system host, of new instructions into ESP2 instruction memory always
occurs at the instruction rate.
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Resour ce M anagement

We assume that any DIL or DOL required by the utility’s AGEN operations will be free
at the instant that the utility is executed. Thisis areasonable assumption and allows
sharing of that resource.

The utility can use afew instructions in any unused instruction space. Recall that at a
sample rate of 44.1 kHz, only 226 ESP2 instruction lines can be executed per sample
period. So, there will likely be some instructions free that we will not need to take away
from the application resource.

We will reserve two GPRs; one to hold a semaphore mask (host_cntl_msk) and one to save
the application’ s return address (indirb). Finaly, we will need a dedicated and reserved
AOR (xmp) which, together with the region BASEr, will point to the desired location in
external memory. The AOR, xmp, is arelative address offset into the region, T in this
case. It can beinitialized, by the host, to the root address offset of any one of the
declared external memory arrays.

These three registers will only need to be initialized once throughout the use of the utility.

4.1. ESP2 External Memory Host Access Application Program Paradigm
I JonD, ESP2, 1/1/95.

PROGRAM Transfer
#include file.h
PROGSIZE <=INT(CLK/(4.*Fs)) - OVERLAY !compensation for execute time, not size

DEFSPR LOCAL
INDIRB = application
PC =init
REPT_CNT =0
SER _CONF = $007fff I see the Chip Spec.
HARD_CONF = $008400

CODE

!********************* beg“1app“ca“on***************************************
init: NOP

application: NOP I' IMP and return here

NOP JMP INDIRECT
NOP BI1OZ

kkhkkkkkkkkkkhkkkhkkikkk*k 1 1 khkkkhkhhkhkkkhkhkhhhkhkhkhkhhkkhkkhkhkhhkkhkkhkhkhhkkkhk,kk*kx*%x
! end application program
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Procedure

We assume that this application has been running for sometime. The SPR INDIRB
holds the PC value of the |abel called application as evidenced by the declarations. The
host queries this register and saves its contents in the global GPR called indirb. The host
takesthe ESP_HALT_EN and ESP_HALT bits, of the HOST_CNTL interface register,
low.

After the host overlaysthe utility, it overwrites INDIRB with the desired PC location of
the start of the utility. When the IMP is encountered thereafter, it will be vectored to our
little utility. The host initializes the AOR, xmp, to the desired address offset into the
region T in externa memory (see the chart in the Discussion).

When a semaphore is taken high by the host, the utility will be activated for asingle
stereo access. The utility resets the semaphore. When the host is finished accessing

external memory, it will set INDIRB back to itsoriginal contents thus bypassing the
utility.

4.2. ESP2 External Memory Host Access Utility
I JonD, ESP2, 1/2/95.

PROGRAM Utility
#include file.h

PROGSIZE <= OVERLAY

CODE
!************************** beg|n WR Ut|||ty khkkkkhkhkkhhkkhhkkhkkhkkhkkhkhkhkkhkkhkkhkkk*k
utility:NOP AND host_cntl_msk, HOST_CNTL_SPR > ZERO
NOP JS push, NZ > CMR
MOV indirb > PCSTACKO {ADDV host_cntl_msk, xmp}

push:{ MOV HOST_GPR_DATA >*xmp(+)} RS, NZ>CMR
{MQOV HOST_ESP_FACE > *xmp} {XOR host_cntl_msk, HOST _CNTL_SPR}

| Rk ok ok kR Rk ik ok Sk kR ik ok ok ke end utlllty kkkkkhkkhkkhkkkhkkhkhkhkkkhkkhkhkhkhkhkhkhkhikkkhkhkhkk*x
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Discussion of Utility

The JSin conjunction with the load of PCSTACKO constitutes a push of indirb onto the
hardware stack. The GPR, indirb, holds the PC value of the label application, and was
loaded by the system host during initialization of this procedure. Thisis done so that RS
will know where to return to within the application. JS and RS each have one instruction
cycle execution latency, and they are unconditionally executed. Thislittle utility is called
at the sample rate as part of the running application which is never stalled.

The only unconventional usage within the utility isof HOST_CNTL_SPR. Thisregister
isunusual in so far asit appears simultaneoudly in the host interface register space (as
HOST_CNTL) and inthe ESP2 SPR space. This fact makes that register desirable for
fast inter-communication. We sacrifice one of the bits of that register, namely the
ESP_HALT bit, for use as the semaphore. Thisispossible if the host holds the
ESP_HALT_EN bit low and if we agree that there are no HALT pseudo instructions,
within the application, that we need activated during this time.

The HOST_GPR_DATA and HOST_ESP FACE SPRs arethe only other registers
sharing the attribute of simultaneous appearance in the SPR and host interface register
gpaces. Thisdesign yields the ultimate speed in register data transfer because the host
does not need to go through the standard host/ESP2-register interface to transfer data
somewhere that the ESP2 can see it directly; namely, from/to these two SPRs. This
means that there is no need for the execution of BIOZ or HOST instructions in order that
the host be able to communicate with a running ESP2 program viathese three registers,
and vice versa 105

The HOST_ESP_FACE SPR isuncommitted, but the HOST_GPR_DATA SPRisan
integral part of the host interface for internal register access. We employ both these
registersin our utility because we want stereo data access. Use of HOST _GPR_DATA
here does not preclude standard use of the host/ESP2-register interface, however; thisis
because of the semaphore protocol.

As shown, the utility writes stereo data out to external memory. The stereo data are
presumed stored in an interleaved fashion (Left channel, Right channel, Left...), sowe
employ to our advantage the AGEN’ s Plus-One addressing mode (+). Thetwo
conditional external memory WR are scheduled on the same respective instruction lines
in the AGEN asthe lines of requesting MAC code.106 This means that the scheduled
conditional AGEN code experiences the same CCR and CMR as the requesting MAC
code.

105Therefore, we could eliminate the synchronization of this utility to the BIOZ suspension in the
application program so that external memory data transfer would exceed the sample rate.
106\We could insure this via the assembler’s forced WR directive, =>, but that is not necessary

for these isolated five lines because there is little external memory traffic.
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The GPR, host_cntl_msk, performs double duty as a semaphore mask and as the
increment for our stereo data pointer, the AOR called xmp. Theincrement to xmp will
become effective for the second current external memory WR because of the assembler
scheduling in the AGEN.

All four last lines of codein the utility, in fact, see the same CCR and CMR. For this
reason, the utility doubles for both RD and WR access. To make the utility perform RD
access, the source and destination in each of the last two lines of MAC unit code are
interchanged. Because of the scheduling, in that case, xmp will not increment in time to
affect the two current external memory RD in the AGEN.

Given these considerations we have the following chart for the proper use of this utility:

HOST_GPR_DATA HOST_ESP_FACE Xmp initialization
WR  Left channel data Right channel data address offset - 1
RD Right channel data Left channel data address offset

Thereis apotential hazard with the host interface when using either of these two SPRs
as MAC unit destination in the RD utility. This hazard comes about because of each
SPRs' simultaneous appearance in two register spaces. Once again, the hazard is avoided
by the semaphore protocol; the conditionally executed instructions inhibit the destination
unless the semaphore bit is high. Notice the efficiency we have gained through the use of
conditionally executable code, denoted by {}. Without it, we would have the overhead of
jumping around it.
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5. FFT Radix-4

5.1. FFT Radix-4 C-Program Model

/* Thisisavalidation test of the [Burrus/Parks,pg.113] Radix-4 FFT - JonD 1/15/93 */
[* Thisisan in-place algorithm. */

/* Modified for zero-indexing. */

#include <stdio.h>
#include <math.h>

#define FREQ 4 /* power of two < 64, to get integral period */
/* and to keep epsilon g23 */

#defineN 256

#defineRADIX 4

#define TWIDDLE_SIZE 2*N

double roundint();
double pow2to23, RoundInt24(), Truncint24();

void main() {

/* FFT */

int N1, N2, M, IE, 1AL, 1A2,1A3,11,12,13,1, J, K;
long templ;

double CO1, CO2, CO3, 911, SI2, SI3, XT, YT, R1, R2, R3, R4, S1, S2, S3, $4;
double R1b, R2b, R3b, S1b, S2b, S3b;

double X[N], Y[NI;

/* TWIDDLE */

double twopi, Wreal[N], Wimag[N];

/* INPUT SIGNAL */

double epsilon, yn, ygh

double pi;

[* init*/

M = roundint(log((double)N)/log((double)RADIX));
twopi = 8.*atan(1.);

pi =4*atan(l.);

pow2to23 = pow(2.0, 23.0);
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/**************** GENERATE TWI DDLE FACTORS ***************I
[* first value is: OX7FFFFF */ /* first interleaved valueis: 0x000000 */
[* last valueis: Ox7FF622 */ [* last interleaved value is. OXFCDBD5 */
printf("Twiddle factor table sizeis: %d\n", TWIDDLE_SIZE);
[*for(K=0; K<N; K++) {
Wreal[K] = Roundlnt24(cos((K* twopi)/N));
templ = pow2to23*Wreal [K];
if(templ >= 0x00800000L ) {
Wreal[K] = TruncInt24(1.0 - pow(2., -23.));
templ = Ox7fffffL;

}
printf("%0.61x\n", templ & OxffffffL);

Wimag[K] = RoundInt24(sin((K* twopi)/N));

templ = pow2to23* Wimag[K];

if(templ >= 0x00800000L ) {
Wimag[K] = TruncInt24(1.0 - pow(2., -23.));
templ = OX7fffffL;

}

printf("%0.61x\n", templ & OxffffffL);

}*! I* 24-hit fixed-point, g23 */

for(K=0; K<N; K++) { /* floating-point */
Wreal[K] = cos((K*twopi)/N);
Wimag[K] = sin((K*twopi)/N);

}

/*************** end TWIDDLE *********************************/

/*** GENERATE INPUT SIGNAL ********************************/
epsilon = 2.*sin((pi* FREQ)/N);

ygn = 0.0;

yn = -cos((pi* FREQ)/N);

for(K=0; K<N; K++) {
X[K] = yqn/2.; [* fixed-point overflow prevention */
Y[K] =0.0/2;
ygn-= epsilon*yn;
yn += epsilon*yqn;
}

/*************** end INPLJT *********************************/
/*
for(1=0; I<N; [++)
printf("X[%d] = %lf\t Y[%d] = %If\n", I, X[I], I, Y[I]);
*/
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/********************* THE FFT *******************************/
N2 =N;
IE=1,
for(K=0; K<M; K++) {
N1=N2;
N2=N2>>2;
IA1=1A2=1A3=0;
for(3=0; J<N2; J++) {
CO1 = Wred[lA1];
CO2 = Wred[lAZ];
CO3 = Wred[lIAZ];
SI1=Wimag[lA1];
SI2 = Wimag[lAZ2];
SI3 =Wimag[IA3];
11=J + N2
12=11+ N2
13=12+ N2;
for(I=J; I<N; [+=N1) {
R1 = (X[I] + X[I2])/(RADIX/2);
R3 = (X[I] - R1);
S1=(Y[I] + Y[I2])/(RADIX/2);
S3=(Y[I] - S);
R2 = (X[I1] + X[I3])/(RADIX/2);
R4 = (X[I1] - R2);
S2 = (Y[I11] + Y[I3])/(RADIX/2);

A= (Y][I1] - S2);
R2b =R1-R2;
S2bh =S1-S2;
Rlb =R3- 34
Slb =S3+R4;
R3b =R3+ 4;
S3b =S3- R4,

X[12] = (CO2*R2b + SI2* S2b)/(RADIX/2):;
Y[12] = (CO2*S2b - SI2*R2b)/(RADIX/2);
X[13] = (CO3*R1b + SI3*S1h)/(RADIX/2);
Y[13] = (CO3*S1b - SI3*R1b)/(RADIX/2);
X[11] = (CO1*R3b + SI1* S3b)/(RADIX/2):
Y[11] = (CO1*S3b - SI1*R3b)/(RADIX/2);
X[1] = (R1 + R2)/(RADIX/2);

Y[I] = (S1 + S2)/(RADIX/2);

11+=N1;
12 +=N1;
13 +=N1;
}
IAL+=1E;
IA2=1A1+ 1AL,
IA3=1A2+ 1AL,
}
IE=IE<<2;
} /************** end F'_—I' *****************/
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[rrFxxFrxFR AT R A R RR* Digit Reversal Address/Input Scaling Compensation *******/
J=0;
N1=N-1;
for(1=0; I<NZ; 1++) {
if(I >=J) goto label 101;
XT =X[J;
X[ = X[1];
X[1] = XT;
YT =Y[J;
Y[ =Y[I];
Y[]=YT;
label101: K = N/RADIX;
label102:  if(K*3 > J) goto label 103;
J=J-K*3;
K /=RADIX;
goto label102;
label103:  J+=K;
}

for(1=0; I<N; I++) { /* compensation for earlier fixed-point overflow prevention */
X[l *=2,;
Y[I] *=2;

}

/*********************************** a«]d BlT S\NAP****************/
for(1=0; I<N; I++) {
if((fabs(X[1]) >= 1e-16) || (fabs(Y[I]) >= 1e-16))
printf(" X[%d] = %.16If\t Y[%d] = %.16If\n", I, X[I], I, Y[I]);

/******************** SUbI'OUtineS***********************************/

[x**xxxxx% replacement for rint() on NeXT O.S, v2.1 ¥****** ]
doubl e roundint(double x)

{
if(x >= 0.)return((double)((int)(x + 0.5)));
return((double)((int)(x - 0.5)));

}

double Trunclnt24(x)
double x;

{
return(floor(pow?2to23* x)/pow2t023);

}

double RoundInt24(x)
doublex;

{
return(roundint(pow2to23* x)/pow2t023);

}

118



5.2. FFT Radix-4 ESP2 Program
I FFT Radix-4, single precision. - JonD February 18,'93.

I 53 ESP2 instructions. 1024 point complex input @3.245 ms @10 MHz instruction rate.

I Execution 7 times faster than real time @Fs = 44100 Hz.
I THD+N = approx 110 dB regardless of input signal amplitude @ normalized frequency = 4/N .
I Butterflys are scaled so that FFT of full-scale sinusoid produces +/- $400000
I System host must set the ESP_ HALT_EN bit of the HOST_CNTL interface register.

PROGRAM FFT4

PROGSIZE = 64 1 -11

DEFCONST
Xl = #DILF YI3=#DIL8
X2 =#DILE CO1=#DIL7
Yl = #DILD CO2 =#DIL6
YI2=#DILC CO3 =#DIL5
XI11=#DILB SI1=#DIL4
XI13=#DILA SI2=#DIL3
YI1=#DIL9 SI3=#DIL2
RADIX =4
N = 256 I can’t be 128

M = INT(LOG(N)/LOG(RADIX))
FREQ = 4

Pi = 4.0*ATAN(1.0)

EPSILON = 2.0* SIN((Pi* FREQ)/N)
BIG_ONE = (2**24)/N
REGION_R_LOC = $800000
REGION_|_LOC = $800400

DEFSPR
PC = begin
REPT_CNT =0
SER_CONF = $007fff
HARD_CONF = $008400

DEFGPR
GLOBAL
epsilon = EPSILON
ygn = 0
yn =-COS((Pi* FREQ)/N)
LOCAL

REGION_T_LOC = $800800

DILA DILB DILC
DIL6 DIL7 DILS8
DIL2 DIL3 DIL4

DILE
DIL9
DIL5

J IE R1R2ZR3R4 S1S2S3 4 Rlb R2b R3b Slb S2b S3b

N2 count
Irev 1Al 1A2 IA3
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DEFREGION T @REGION_T_LOC ! TABLE REGION

Twiddle[2*N] I holds interleaved single precision (cos(), sin()) table;
I loaded by system host at download. O root required.

IA1 doub ! AORs

IA2_doub

IA3_doub

DEFREGION R @REGION_R_LOC ! DELAYLINE REGION

XinArray[N] ! real input, single precision, g23. 0 root required.
Xoutput[N] ! output array, g23. Loaded post digit-reversal.
XoutPointer

RevPointer I digit reverse pointer.

K @%$2f9 I default region is R; used in region |

| 11 N1 ! don’t init any AORsto O; confusion later with XinArray[Q]
12 13

Ir I11r ! to avoid wasting another 2 regions

12r 13r

DEFREGION | @REGION_I_LOC
YinArray[N] I'imaginary input, g23. 0 root required.
Y output[N] I output array, g23. Loaded post digit-reversal.
I Must be in same relative position as X output[N]

| ** kkkkkhhkkkhkkkhkkhhkxkhkx*% END deC|araIIOﬂS khkkkhkkkhkkkhkkkhkkhhkkkhhkkkhkkhhkhkkhhkkhhkkkhkkkkkdkx*%|

CODE
!******************** generﬁelnput Sgnal *****************************!
begin: CLRK CLRI

I*** initidlize input arrays ***
signal_loop: CLR *(K)I HALVE g > *(K)R loverflow prevention in first butterfly

I***%%% hyperstable near-quadrature oscillator (second modified coupled form) ******
MOV yqn>MACP MOV yn> MACP

MACP - epsilon X yn > ygn

MACP + epsilon X ygn>yn

I1*** end oscillator ***

I*** go around loop simple way ***

NOP ADDV ONE, K

NOP CMP K, #N

NOP {IMP signa_loop, NEQ > CMR}
NOP

!******************************** end |nput sgna| genermlon ************!
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| *kkkhhkkhkkhhkkhhkhkhhhhhkdhrkxk b%'n the F'_—l' khkkkhkkkhkkhhkkhhkkhkhhkhhhkhhkhkhkkhhkkhkkk*x

fft: MOV ONE > |E

MOV #REGION_R_LOC > BASER

K_loop:MOV N2 > N1
CLRJ
CLRIA2

J loop:

MOV N2 > MACP
ADD N2, MACP > 12
ADD 12, MACP >13
NEG ONE > MACP

ADD IE, MACP > count

ADD ONE, MACP
NOP

NOP

DBL IA2 > A2 _doub
DBL IA3 > A3 _doub
DBL IA1 >IA1_doub
NOP

NOP

NOP

ADD |, MACP > Ir
ADD 11, MACP > 11r
ADD 12, MACP > |2
ADD I3, MACP > I3r

NOP
|_loop:

MOV #N > N2
CLRK

CLRIAL
LSH N2>>2
CLRIA3

MOV #REGION_I_LOC > BASEI

ADDV J, BASEI
MOV N2> [1
SUBV N1, SIZEM1R > MACP
AVGXI, X12 >R1
SUBR1, XI >R3
AVGYIL YI2 >8S1
SUBSL Yl >8S3
AVG XI1, XI3>R2
SUBR2, XI1 >R4
AVGYIL YI3>S2
SUBS2,YI1 >S4
SUB R2, R1>R2b
SUB S2, S1 > S2b
SUB $4, R3>R1b
ADD S3, R4 > S1b
ADD R3, $4>R3b
SUB R4, S3 > S3b

RD *(1 )R > XI IXinArray
RD *(I12)R > XI2
RD*(1)I >YI lYinArray
RD *(12)l >YI2

RD *(I))R > XI1
RD *(I3)R > XI3
RD*(11) >YI1
RD *(I13)| >YI3
RD *(1A2_doub) > CO2
RD *(IA2_doub(+)) > SI2
RD *(IA3_doub) >CO3
RD *(1A3_doub(+)) > SI3
RD *(IA1l_doub) >CO1
RD *(IA1_doub(+)) > SI1

RD *(BASE+=N1)R >XI  lok
RD *(12)R > XI2
RD *(BASE+=N1)l >YI  lok

REPT |_loopEnd, count > REPT_CNT

R2b X CO2 >MAC
MAC+ S2b X SI2 >>1>*(12r)R
S2b X CO2 >MAC
MAC - R2b X SI2 >>1 > *(12r)l
R1b X CO3 > MAC
MAC + S1b X SI3 >>1>*(I13r)R
Slb X CO3 >MAC
MAC-R1b X SI3 >>1>*(13r)l
R3b X CO1 >MAC
MAC+S3b X SI1 >>1>*(11n)R
S3b X CO1 >MAC
MAC-R3b X SI1 >>1>*(11r)l
NOP
NOP
NOP
|_loopEnd:NOP
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AVGRL, R2>*(InNR
AVG S1, S2 > *(In)l
AVGXI, XI2 >R1
SUBRL, XI >RS3
AVGYLYI2 >S1
SUBSL Yl >S3
AVG XI1, XI3>R2
SUBR2, X11 >R4
AVGYIL YI3>S2
SUBS2,YI1 >4
SUB R2, R1> R2b
SUB S2, S1 > S2b
SUB $4, R3 >R1b
ADD S3,R4 > Slb
ADD R3, 4> R3b
SUB R4, S3 > S3b

RD *(12)l >YI2
RD *(I)R > XI1
RD *(I3)R > XI3
RD *(11)l >YI1
RD *(I3)l >YI3

RD *(BASE += N1)R > XI
RD *(12)R > XI2
RD *(BASE += N1)I >YI



MOV IA1 > MACP ADDV ONE, J

ADD IE, MACP >MAC, IA1 CMP J, N2
SHIFTMAC <<1 > A2 {IMP J loop, LT > CMR}
ADD IA2, MAC > A3 ADDV J, #REGION_R_LOC > BASER
MOV #REGION_R_LOC > BASER CMP K, #M-1
ASH IE <<2 {IMPK_loop, LT > CMR}
MOV #REGION_|_LOC > BASEI ADDV ONE, K

[rfxskxskxkxrkx* digit reversal / undo overflow prevention in first butterfly ******x %k kkkksdkskxkkr*|

MOV &XinArray[0] > RevPointer MOV & Xoutput[0] > XoutPointer

CLR Irev REPT reversa, N-1
NOP ADDV #BIG_ONE, Irev  RD *(RevPointer)R > XI
NOP DREV lIrev > RevPointer ~ RD *(RevPointer)l > XI2
DBL XI =>*(XoutPointer)R

reversal: DBL X2 =>*(XoutPointer)l ADDV ONE, XoutPointer

|x*kkkkkkhkkhhkkhhkhkkhkkhhkkkdkkkhkdhkxkx*x end dlglt rev kkkkkkhkkkhkkhkhkkhhkkkhkkhkhkkhkkkhkkhhkkdkkkkkx*x|

|x*kkkhkkhkkhhhkkhhkhkhhkkhhdkdhrkhkkx%x end F'_—I' khkkkkkhhkkhhkkkhhkhhkkhhhhhkkhhkkhhhkhkkhhkkdkxx]|

NOP HALT
NOP

|k kkkhhkhhhkkhhhhhhhhhhhdhhhhhhhhhhhhhdhhhhhhhhhhdhhhhhdhhhhhhhdhhhhhhhdhhdhdkdhhddxrdxxx]|
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5.3. FFT Radix-4
C-Program Simulation of ESP2 Program

/* reference file: fft4.c */
/* cd /jond/ esp2/ Csource */
/* This is a single precision fixed point (48-bit) rendering for ESP2 sinulation. -Jon Dattorro 1993 */
/* Each stage of butterflies is scaled by 4 to prevent overflow. A sinusoid
wi |l then have standard power |evel as output fromscaled DFT (scaled by factor N).
The conplex input signal is stored in a single precision array.

*/

#i ncl ude <stdio. h>
#i ncl ude <math. h>

doubl e pow), atan(), log(), logl0(), sin(), cos(), sqrt(), floor();

doubl e pow2t 046, sel ect_| ower24(), | ower24();

doubl e pow2t 047, Roundlnt48(), Trunclnt48(), Trunclnt48NAC();
doubl e pow2t 023, Roundl nt24(), Trunclnt24();

doubl e pow2t 015, Trunclnt16(), Roundlnt16(), roundint();

doubl e nmyfod();

#define NMAX 4096

#define FREQ 4 /* integer, enpirical value. Period is always N FREQ */
#define RADI X 4

#define TW DDLE_LOC 0x0

#defi ne TWDDLE_SI ZE 2*N

void nmain() {

I* FFT */

char buf[32];

int NI, N2, M IE J, K N

int I, 11, 12, 13, 1AL, 1A2, |A3
doubl e COL, SI1, C2, SI2, CaB, SI3;
double R1, R2, R3, R4, Sl1, S2, S3, S4;
doubl e R2b, R3b, Rlb, S2b, S3b, Slb;
doubl e X[ NMAX], Y[ NMAX], preswapX[ NMAX], preswapY[ NVAX], XT;
doubl e noi se_power;

/* TWDDLE */

long tenpl;

doubl e twopi, WR[NVAX], W[NVAX];

/* I NPUT SIGNAL */

doubl e pi, anplitude, sinanp, sinanp_dB;
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[*printf("lnput nunber of points: ");
gets(buf); sscanf(buf, "%", &N);

printf("lInput anplitude of sinusoid (0. -> -90. dB): ");
gets(buf); sscanf(buf, "%f", &sinanp_dB);
sinanp = pow(10., sinanp_dB/20.);

*/
sinanp = 1.0;
N = 256;

M = roundi nt (1 og((doubl e) N)/1 og((doubl e) RADI X)) ;
twopi = 8.*atan(1l.);

pi = 4. *atan(1l.);

pow2t 047 = pow( 2.0, 47.0);

pow2t 046 = pow(2.0, 46.0);

pow2t 023 = pow(2.0, 23.0);

pow2t 015 = pow( 2.0, 15.0);

[rrx xRk R R Ak Kk * GENERATE TW DDLE FACTORS * %% %% %k %k k ko k ok kA 4k k ok k kA 4Kk k ok
[*printf("9®.6lx\t\t", TWDDLE_LOC); */
/*printf("%l\n", TWDDLE_SIZE);*/
for(K=0; K<N;, K++)
{
WR[ K] = Roundl nt24(cos((K*twopi)/N));
templ = pow2t 023*WR[ K] ;
if(tenpl >= 0x00800000L) {
WR[K] = Trunclnt24(1.0 - powm(2., -23.));
templ = Ox7ffffflL;
}
[*printf("9%0.6lx\n", tenpl & OxffffffL);*/ /* redirect std output to get
[* ascii file */
W[ K] = Roundlnt24(sin((K*twopi)/N));
tenpl = pow2t 023*W[K];
if(tenpl >= 0x00800000L) {
W[K] = Trunclnt24(1.0 - pow(2., -23.));
templ = Ox7fffffL;
}
[*printf("%.6lx\n", tenpl & OxffffffL);*/
}

[rrxxxkxkrxkxxkx angd TW DDLE ****¥**xkk sk kkhkkhkkhkkkkkkkhkxk k%% [
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/*** ENERATE |NPLJT SI G\‘AL ~k*******************************/
anpl i tude = (pow2t 023-1.)/pow2t023;
for(K=0; K<N;, K++)

{

X[ K] = Truncl nt 24(0. 5*si nanp*anpl i t ude*si n( nyf mod( (twopi *FREQ*K)/ N, twopi)));/* scale ovf in 1st butterfly.*/

Y[K] = 0.0; /* Use of Rountlnt yields better S/N */
I* printf("%.6lx\n", (long)(pow2to23*X[K]) & OxffffffL);*/ [/* redirect std output to get */

/* ascii file */
}
Jrakrxakrxnkkrxnr o | NPUT *** %k *ddkkhdkkhdkkrdkhrdkhrskhrts |
[ KRRk Rk KRk kR ko THE T Rk Rk ko ok ok ok ok ko k ok ok kK kK kK Kk
N2 = N,
IE = 1,
for(K=0; K<M K++)
{
N1 = N2;
N2 = N2 >> 2;
IA1 = 1A2 = | A3 = 0;
for(J=0; J<N2; J++)

{

COoL = WR[IA1];
c® = WR[1A2];
C8 = WR[ I A3];
SI1 = W[IAIL];

Sl2 = W[IA2];
SI3 = W[IA3];

11 =3 + N2
12 =11+ N2;
13 =12+ N2;

for(1=J; I<N, I+=N1)

Rl = Trunclnt24((X[1] + X[12])/(RADIX/2)); /* scale by 4 for */
R3 = Trunclnt24(X/1] - Rl); /* each */
S1 = Trunclnt24((Y[1] + Y[12])/(RADIX/2)); [* stage of */
S3 = Trunclnt24(Y[I] - S1); /* butterflies */

R2 = Trunclnt24((X[11] + X[13])/(RADI X/ 2));
R4 = TruncIint24(X[11] - R2);
S2 = Trunclnt24((Y[11] + Y[13])/(RADI X/ 2));
S4 = Trunclnt24(Y[11] - S2);

R2b = Truncl nt 24(R1

R2) ;
S2b = Trunclnt24(S1 - S2);
Rlb = Trunclnt 24(R3

$4);
Slb = Trunclnt24(R4 + S3);
R3b = Trunclnt24(S4 + R3);

S3b = Truncl nt 24(S3 R4);

125



/*

*/

*/

if (K==1)

{
printf("x[%] = %Bx x[%] = Bx x[%] = %Bx x[%] = %Bx\n", |, (int)floor(pow2to23*X[I1]),
11, (int)floor(pow2to23*X[11]),12,(int)floor(pow2to23*X[12]),13,(int)floor(pow2to23*X[13]));
printf("y[%l] = %x y[%] = %x y[%] = %x y[%] = %x\n",1,(int)floor(pow2to23*Y[1]),
11, (int)floor(pow2to23*Y[11]),12,(int)floor(pow2to23*Y[12]),13,(int)floor(pow2to23*Y[13]));
}

X[12] = Trunclnt24((Truncl nt 48MAC( CO2* R2b) + Truncl nt 48MAC( SI 2* S2b) )/ (RADI X/ 2) ) ;
Y[12] = Trunclnt24((Truncl nt 48MAC(CO2*S2b) - Truncl nt 48MAC( SI 2*R2b) )/ (RADI X/ 2));

X[ 13] = Trunclnt24((Truncl nt 48MAC( CCB8* Rlb) + Truncl nt 48MAC( SI 3*S1b) )/ (RADI X/ 2));
Y[ 13] = Trunclnt24((Truncl nt 48MAC(CC3*S1b) - Truncl nt 48MAC(SI 3*R1b) )/ (RADI X/ 2));

X[11] = Trunclnt24((Truncl nt 48MAC( COL* R3b) + Truncl nt 48MAC( Sl 1*S3b) )/ (RADI X/ 2) ) ;
Y[11] = Trunclnt24((Trunclnt 48MAC(COL*S3b) - Truncl nt 48MAC(SI 1*R3b) )/ (RADI X/ 2));

X[l ] = Trunclnt24((RlL + R2)/(RADI X/ 2));
Y[I ] = Trunclnt24((S1 + S2)/(RADI X/ 2));

if (K==1)

{

printf("xout[%l] = % x xout[%] = %x xout[%l] = %x xout[%] = %x\n", I, (int)floor(pow2to23*X1]),
11, (int)floor(pow2to23*X[11]),12,(int)floor(pow2to23*X[12]),13,(int)floor(pow2to23*X[13]));

printf("yout[%] = %x yout[%] = %x yout[%] = %x yout[%] = %x\n",I,(int)floor(pow2to23*Y[I]),
11, (int)floor(pow2to23*Y[11]),12,(int)floor(pow2to23*Y[12]),13,(int)floor(pow2to23*Y[13]));

11 += NI,
12 += Ni;
13 += NI1;

}
AL += | E;
1A2 = | AL + | AL
A3 = | A2 + | AL

}

IE = IE << 2

[RAK KKK kK kK Kk kk Kk kK hkkk Kk kkkkkkkkkxk* an FFT ****kkhkhrkhrkkhkhhkkkx* [

for(1=0;1<N;1++)
{

preswapX[ 1] = X[I];
preswapY[I] = Y[I];
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[rrFEk Kk kKR Kk kK kkkxkkkx% Bl T SWAP/ | NPUT SCALI NG COVPENSATI ON ** ***x % [

NI = N- 1;
for(1=0; I<N1; |++)

{

if(l >=J) goto |abel 101;
XT = XJl;

X[ = X1];

X[1] = XT;

XT = Y[J];

Y[l = Y[1];

Y[I] = XT;

| abel 101: K = N RADI X;
| abel 102:if(K*3 > J) goto | abel 103;
J -= K*3;
K /= RADI X;
goto | abel 102;
| abel 103: J += K;

}
for(1=0; I<N, |++)
{
X[1] *= 2.;
Y[I] *= 2.;
}

[HRHER KKK KK kK Kk kkkkkkkkkkkkkkxkkkkkxx*k% and Bl T SWAP ****kkkkkkkkkkkx [

/~k*************************************** STAT' STICS *********************I
noi se_power = O;

for(1=0; I<N, |++)

{
if((fabs(X[1]) < pow(2., -23.)) & (fabs(Y[1]) < pow(2., -23.)));
else {

printf ("X %] = %16f\t Y[%] = % 16f\n", I, X(I], I, Y[I1]);

tenpl = floor(X[1]*pow2t 023);
printf("integerX = %\t\t\t", tenpl & Oxfffffel);
templ = floor(Y[Il]*pow2t023);
printf(" integerY = %&\n", tenpl & Oxfffffel);
}
if((l == FREQ || (I == (NFREQ)) /* sine (not cosine) wave is assumed */
noi se_power += X[ I1]1*X[I];
el se noi se_power += X[I]*X[I] + Y[I]*VY[I];
}
noi se_power += pow( (0.5*anplitude*sinanp + Y{FREQ), 2.) + pow((0.5*anplitude*sinamp - Y[N-FREQ), 2.);
printf("signal/noise wr full scale is: %13f dB\n", -10.*|0gl0(noise_power/(0.5%*anplitude*anplitude)));

[ RA KKk kR kK k ok Kk kA kKK kKK kKKK Kk Kk KKK KKK KR KK Rk ARk K Ik Kk kA Rk Ak k Kk hkhkk ok k k[
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for(1=0; I<N, |++)

{
/* tenmpl = floor(preswapX|]*pow2t023);
printf("integerX[ %] = %\t\t\t",|, tenpl & OxfffffflL);
tenmpl = floor(preswapY[l]*pow2t023);
printf(" integerY[ %] = 9%&\n",|+513, tenpl & OxfffffflL);
templ = floor (X 1]*pow2t023);
printf("integerX[ %] = %\t\t\t",|, tenpl & OxfffffflL);
templ = floor(Y[I]*pow2t023);
printf(" integerY[%] = %\n",l, tenpl & OxfffffflL);
*/
}
/************************************************************************************************************/
}

JRARE KRR AR K KRR R AR KRR XAk QUBROUTI NES %4 %% % % %% % &k kk k% &k Kk kk k%% KKk |
doubl e Roundl nt 48( x)

doubl e x;

{

return(roundi nt (pow2t 047*x) / pow2t 047) ;

}

doubl e Roundl nt 24( x)

doubl e x;

{

return(roundi nt (pow2t 023*x) / pow2t 023) ;

}

doubl e Roundl nt 16( x)

doubl e x;

{

return(roundi nt (pow2t 015*x)/ pow2t 015) ;

}

doubl e Truncl nt 48( x)

doubl e x;

{

return(floor (pow2t 047*x)/ pow2t 047) ;

}

doubl e roundi nt (double x) /*** replacenent for rint() ***/

{
if(x >= 0.)return((double)((int)(x + 0.5)));
return((double)((int)(x - 0.5)));

}
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doubl e Truncl nt 48MAC( x)

doubl e x;

{

return(fl oor(pow2t 046*x)/ pow2t 046) ;
}

doubl e Truncl nt 24(x) /* This enulates initialization in esp2 assenbler */
doubl e x;

{

return(floor(pow2t 023*x)/pow2t 023);

}

doubl e Truncl nt 16(x)

doubl e x;

{

return(floor(pow2t ol5*x)/pow2t 015);
}

doubl e sel ect_|l ower24(x) /* also loses the LSB; the 48th bit */
doubl e x;

{
doubl e Trunclnt24(), tenpd;

tempd = x - Trunclnt24(x);
return(fl oor (pow2t 046*t enpd)/ pow2t 046) ;
}

doubl e | ower 24( x)
doubl e x;

{
doubl e Trunclnt24(), tenpd;

tempd = x - Trunclnt24(x);
return(floor(pow2tod47*tenpd));
}

[rrFkkkk kR kxkkkkkkkkx MYFMOD f UNCLT ON *****khkkhkhhkhhhhkkhhkkkkhkkhhkkhkhkkkkhk Kk k% |

/*** used to increase accuracy of sin routines ***/

/*** fnod() uses floor() instead of (int). ***/

/*** fnod() also failing to return values within |nodulo| ***/

/*** Want (int), which is magnitude truncation, for negative argunents. ***/
doubl e nyfnod(argunment, nodul o)

regi ster doubl e argunent, nodul o;

{

return(argument - (int)(argunment/nodul o)*nodul o) ;

}

[RHER KKK K IRk KKk kK kkkkkkkkkkxkkkkkxk* END SUDFr QUL NES ***** ¥k kkkkkkkkkkkkkkkkkkkkx %/
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5.4. Commentson the FFT Radix-4 Program

The Twiddle factor [Opp/Sch] [AnalogDevices] table must be loaded into external
memory before the ESP2 program is run. To load external memory, another ESP2
Application must be run. See the External Memory Host Access Application. The C
code for the Twiddle factor table generation is given within the C-program model for the
FFT itself. The complex Twiddle factor tableisinterleaved; cosine then sine, cosine,
sine, etc. Thisisdone so asto use to advantage the AGEN’ s automatic Plus-One
addressing mode (+). Asa check, the C-program comments include the values of the first
and last interleaved Twiddle factors.

Notice that in many instances, the programmer has chosen to explicitly write the AGEN
code. The programmer has also managed to give the various DILs meaningful names
through a DEFCONST declaration. It isimportant to declare those DILsin a DEFSPR so
that the assembler relinquish those particular resources. If the programmer has designed
the algorithm so that those DIL s are free when the assembler might need them, then the
declaration might be unnecessary.

The FFT portion of the ESP2 program is atrandation of the C-program model. The
separate C-program simulation estimatesthe S/N (signal to noise power ratio) of thissingle
precision FFT Radix-4 circuit itself to be in excess of 110 dB as implemented within the
ESP2.107

The conventional DFT (Discrete Fourier Transform [ibid.]) inherently amplifies all signalsby a
factor N, the DFT length. The conventional IDFT (Inverse DFT) must scale all the bin
valuesby 1/N to recover the original input signal. In the algorithmsl08 that we present,
the responsibility of scaling istransferred to the FFT because of a high likelihood of bin
overflow when using a fixed-point processor. The scaling of the complex input signal is
distributed over each stage of butterflys to minimize truncation noise. This successive
scaling yields a remarkabl e robustness, even for low-level input signals.

Another approach to scaling employs the block floating-point technique which can be
implemented within a fixed-point processor, such as ESP2, having barrel shifters. This
technique performs a signal-dependent scaling. [ibid.] [Kim/Sung]

107The sinusoid frequency used in the estimate is centered on an FFT bin frequency. [ibid.]
Using an irrational frequency should not change the total noise power, but it will impact the
character of the noise power spectrum.

108The FFT algorithm, in general, is simply afaster DFT. (But not fast enought)
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5.5. Changes Required to ESP2 Program to makethe IFFT
(Radix-4)

Complex Swap
We would like the simplest conversion possible; this means using the same Twiddle
factor table. We will use aDSP trick; define the swap operation on the real and
imaginary parts of acomplex quantity:

swap(z) = jz* = y+jX Z=X+]y, j=V-1
The asterisk denotes complex conjugation. Then, using the classical definitions of the
transform pair,

IDFT{X[K]} = (j/N) (DFT{ j X*[k]} )*
= swap( (1/N) DFT{swap(X[k])} )
The proof of this follows from the fact that we can show that
IDFT{X[K]} = (1/N) (DFT{X"[k]})*

This meansthat to get an IFFT (Inverse FFT) using an FFT algorithm, one must first swap
the real and imaginary parts of the complex input record. After the swapped input has
passed through the FFT, we then simply swap the complex parts of the FFT output to get
the desired result.

Remove Scaling

The required modification to our FFT algorithm, for conversion to the IFFT, isto
eliminate the scaling at each butterfly stage in the program core.

Recall that the classical definition of the discrete transform pair [Opp/Sch,pg.532] shows
scaling by 1/N appearing in only the IDFT. We previously decided to put the scaling into
the FFT algorithm instead, because the classical DFT of areal full-scale sampled sinusoid
can produce a bin output magnitude as high as N/2. Any value whose magnitudeis
beyond 1.0 cannot be represented in the q23 output format we have chosen for the FFT
implementation. Because of the scaling, however, any full-amplitude sinusoid can be
represented in our FFT.

Because the first stage of butterflysistopologically prior to scaling, we always cut the
input signal amplitude by 1/2 before passing it on to the FFT algorithm. We do thisto
prevent overflow in the first stage of butterflys. Likewise for the IFFT; even though there
is no required scaling following our butterfly stages, the possibility of overflow still
existsin the first butterfly of our IFFT. So, the input amplitude halving and its
concomitant post-digit-reversal amplitude compensation remainsin both the FFT and
IFFT agorithms.

This swapping isnot constituent to the core of the IFFT algorithm that follows. The
required changes with regard to scaling by (1/N) appear in bold type:
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| *kkkhhkkhkkhhkkhhkhkhhhhhkdhrkxk b%'n the IF'_—I' Rale'4 khkkkkkhkkhkhkkhhkkhhkkhhhkhhkhkhhkhhkkdhkkxx

ifft: MOV ONE > |IE

MOV #REGION_R_LOC > BASER

K_loop:MOV N2 > N1
CLRJ
CLRIA2
J loop:
MOV N2 > MACP
ADD N2, MACP >12
ADD 12, MACP >13
NEG ONE > MACP

ADD IE, MACP > count

ADD ONE, MACP
NOP

NOP

DBL IA2 > 1A2_doub
DBL IA3 >1A3 doub
DBL IA1 >IA1_doub
NOP

NOP

NOP

ADD I, MACP > I
ADD 11, MACP > I1r
ADD I2, MACP > 12r
ADD 13, MACP > I3

NOP
|_loop:

MOV #N > N2
CLRK

CLRIAL
LSH N2>>2
CLRIA3

MOV #REGION_|_LOC > BASEI

ADDV J, BASEI
MOV N2>11
SUBV N1, SIZEM1R > MACP
ADDXI, X112 >R1
SUB X12,XI  >R3
ADDYI, YI2 >S1
SUBYI2,Yl >8S3
ADD XI1, XI3 >R2
SUB X13, XI1 > R4
ADD YI1,YI3 >S2
SUBYI3, YI1 >4
SUB R2, R1>R2b
SUB S2,S1 > S2b
SUB $4, R3 >R1b
ADD S3, R4 > Slb
ADD R3, 4> R3b
SUB R4, S3 > S3b

RD *(I )R > XI
RD *(I12)R > XI2
RD*(I)I >YI
RD *(12)l >YI2
RD *(I)R > XI1
RD *(I3)R > XI3
RD *(I11)l >YI1
RD *(I13)| >YI3
RD *(IA2_doub) >CO2

RD *(1A2_doub(+)) > SI2

RD *(IA3_doub) >CO3

RD *(IA3_doub(+)) > SI3

RD *(1A1_doub) >CO1

RD *(IA1_doub(+)) > SI1

RD *(BASE += N1)R > XI lok
RD *(I12)R > XI2

RD *(BASE +=N1)I >YI ok

IXinArray

lYinArray

REPT |_loopEnd, count > REPT_CNT

R2b X CO2 >MAC
MAC + S2b X SI2 >>0> *(12r)R
S2b X CO2 >MAC
MAC - R2b X SI2 >>0>*(12n)l
R1b X CO3 >MAC
MAC + S1b X SI3 >>0>*(I13r)R
Slb X CO3 >MAC
MAC - R1b X SI3 >>0>*(13r)l
R3b X CO1 >MAC
MAC +S3b X SI1 >>0> *(11r)R
S3b X CO1 >MAC
MAC - R3b X SI1 >>0> *(11r)l
NOP
NOP
NOP
|_loopEnd:NOP
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ADD R1, R2>*(INR
ADD S1, S2 > *(In)
ADD XI, XI2 >R1
SUB XI2, XI >R3
ADDYI,YI2 >S1
SUBYI2 Yl >S3
ADD XI1, XI3 > R2
SUB XI3, X11> R4
ADD Y11, YI3> S2
SUB YI3,YI1>S4
SUB R2, R1 > R2b
SUB S2, S1 > S2b
SUB $4, R3 >RI1b
ADD S3, R4 > Sl1b
ADD R3, $4 > R3b
SUB R4, S3 > S3b

RD *(12)l >YI2
RD *(I1)R > XI1
RD *(I3)R > XI3
RD *(I1)l >YI1
RD *(13)l >YI3

RD *(BASE += N1)R > X|
RD *(12)R > XI2
RD *(BASE += N1)I > YI



6. Double Precision FFT Radix-2

6.1. Double Precison FFT Radix-2 C-Program M odel

/* This is a validation test of the [Burrus/Parks, pg. 108] Radi x-2 FFT */
/* Modified for zero-indexing. - JonD May’ 92 */
/* This is an in-place algorithm */

#i ncl ude <stdi o. h>
#i ncl ude <nmat h. h>

/* Identifies bin. Use power of two for integral nunber periods within record. */
#defi ne FREQ 4

#define N 256
#def i ne RADI X 2

doubl e roundint();
void main() {

/* FFT */

int NI, N2, M IE 1A I, J, K L;

double COS, SIN, XT, YT;

doubl e X[ 256], Y[256], Weal[256], W mag[256];
/* TW DDLE */

double P, A twopi;

/* I NPUT SIGNAL */

doubl e epsilon, yn, yqn;

doubl e pi;

M = roundi nt (|1 og( (doubl €) N) /| og( (doubl e) RADI X)) ;
twopi = 8.*atan(1l.);
pi 4. *atan(1.);

/*** ENERATE TW w_E FACTOQS ********************************/

P = twopi /N,

for(K=0; K<N, K++) {
A = KP;
Weal [K] = cos(A);
Wmag[ K] = sin(A);

}

/*************** end TWD]_E *********************************/
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/*** (ENERATE INPLJT SI G\IAL ********************************/
epsilon = 2. *sin((pi *FREQ/N);

ygn = 0.0;

yn = -cos((pi*FREQ/N);

for(K=0; K<N, K++) {

X[K] = ygn/2; [*fixed-point overflow prevention */
Y[K] = 0.0/2;
ygn -= epsi l on*yn;

yn += epsilon*yqgn;

}

/*************** end INPLJT *********************************/
[* for(1=0; I<N, |++)

printf("X %] = %f\t Yo%) =%f\n", |, XI], I, Y[I]);
*/

/********************* THE FFT *******************************/
N2 = N;
for(K=0; K<M K++) {

N1 = N2;
N2 /= RADI X;
I E = N N1;
IA = 0;
for(J=0; J<N2; J++) {
COS = Weal [IA];
SIN = Wmag[ | Al;
IA += | E
for(1=J; I<N, I+=N1) {
L=1 + N2;
XT = (X1] - XL])/RAD X;
X[1] = XT + XL];
YT = (Y[I] - Y[L])/RAD X;
Y[I] = YT + Y[L];
X[L] = COS*XT + SI N*YT,
Y[L] = COS*YT - SI N*XT;
}
}

}

/************************************ end FFT ********************/
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/**************************** BIT SV\AP ***************************/
J =0
NL =N- 1
for(1=0; I<N1; I++) {
if(l >=J) goto |abel 101;

XT = XJ];
X[J] = X11;
X[1] = XT;
XT = Y[J];
Y[I] = Y[I];
Y[I] = XT;

| abel 101: K = N RADI X;

| abel 102: if(K > J) goto | abel 103;
J -= K
K /= RAD X;
goto | abel 102;

| abel 103: J += K;

}

for(1=0; I<N, 1++) { [* compensation for earlier fixed-point overflow prevention */
X[1] *= 2.;
Y[1] *= 2.;

}

/*********************************** end BlT SV\AP ****************/
for(1=0; I<N, I++) {
if((fabs(X[1]) >= 1le-16) || (fabs(Y[I]) >= le-16))
printf("X[%] = %16lf\t Y[ %] = %16l f\n", 1, X111, I, Y[I1]);

/************* repl aCEI’TEnt for rlnt() ******************************/
doubl e roundi nt (doubl e x)

{
if(x >= 0.)return((double)((int)(x + 0.5)));

return((double)((int)(x - 0.5)));
}
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6.2. Double Precison FFT Radix-2 ESP2 Program

! FFT Radi x-2, doubl e precision signal - JonD June’ 92.

I Ref.file: fft2simec

PROGRAM  FFT2

PROGSI ZE <= 69

DEFCONST

RADI X = 2

N = 256

FREQ = 4

Pi = 4.0*ATAN(1.0)

M = | NT(LOG(N) / LOG RADI X))
EPSI LON = 2. 0*SI N( ( Pi * FREQ) / N)
BI G ONE = (2**24)/ (RADI X**M
REG ON_T_LOC = $800800

REG ON_U_LOC = $800000

DEFSPR

DEFGPR
GLOBAL
epsilon = EPSI LON
ygn = 0
yn = -COS((Pi *FREQ /N)
K J | IE
N2 CCSl YT_l ow YT_hi YTV_| ow
N1 SINE XT_I ow XT_hi XTV_| ow
tenmp Irev
DEFREG ON T @REG ON_T_LOC ! TABLE REG ON
Twi ddl e[ 2*N] ! holds interleaved single prec.
| ndex I AR

DILF D LE DLD DLC
REPT_CNT = 0

PC =init

SER_CONF = $007fff
HARD CONF = $008400

System host nust set the ESP_HALT EN bit of the HOST_CNTL interface register.

cos() and sin() table,

! | oaded by system host at downl oad.
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DEFREG ON U @REG ON_U_LCC
Xarray[ 2*N|
Yarray[ 2*N|
@s2f d
@2f c
XLpoi nt er

Xpoi nt er
Ypoi nt er
Xl poi nt er
Yl poi nter YLpointer
Xrev_poi nter

Yrev_poi nter

DELAYLI NE REG ON

real input

i magi nary

doubl e precision interleaved. 0 root

i nput doubl e precision interleaved.

ACR decl arati ons

ditto

used in butterfly

ditto

(IR R R R

CODE
!********************
init:

MOV &Yarray[ 0] > Ypointer
NOP

si gnal _| oop:
!***
CLR *(Ypoi nter)

CLR *(Ypointer(+))

| * %% * k %k

oscill ator
MoV ygqn > MACP
MACP - epsilon X yn > ygn
MACP + epsilon X ygh > yn

I*** end oscillator ***

I *** go around | oop sinple way ***
NOP

NOP

ASH ONE <<1 > NMACP
ADD Ypoi nter, MACP > Ypoi nter

| *kkkkkkhkhkkkkk*

end input signal
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generate input signal

khkkkhkkhkhkhhkhhhhhhhkhhhhhhhkhdrkhx|

MOV &Xarray[ 0] > Xpointer
CLR K

initialize double precision input arrays ***
HALVE yqgn > *( Xpoi nter)
CLR *( Xpointer(+))

'l ow word!
MOV yn > MACP
ADDV ONE, K
CwP K, #N
{JMP signal _| oop, NEQ > CMR}
ADDV #2, Xpoi nt er

i PR R EEEEEEEEEEEEEEEEEEEEEEEEEE]
generation !

required.

1 overflow prevention in first butterfly.



|k kkkkhkhkhkhkhhkhkhkhhhhkkkx begin the FFET ** % &%k kkokdkkkkhhokdhhkkkhhhdhhkkxhhkkx]

MOV ONE > | E
NOP

K_I oop:
MOV N2 > N1
CLR J

J_| oop:

NOP

NOP

NOP

MOV * (1 ndex) > COSI

MOV #N > N2
CLR K

MOV &Twi ddl e[ 0] > | ndex
LSH N2 >>1

MV J > |
ADDV | E, | ndex
ADDV | E, | ndex

MOV *( 1 ndex(+)) > SINE

| _| oop:

NOP LSH I <<1 > Xl pointer

NOP ADDV |, N2 > tenp

NOP LSH tenp <<1 > XLpointer RD *( XI poi

NOP MOV #-1 > ALU SHIFT RD *( XI poi

NOP ADDV Xl poi nter, &varray[0] > Ylpointer RD *(XLpoi

NOP ADDV XLpoi nter, &Yarray[0] > YLpointer RD *(XLpoi
%% YT = *x%

NOP SUBV DI LF, DI LD > XT_| ow

NOP SUBB DI LE, DI LC > XT_hi RD *( Yl poi

NOP ASDL XT_hi, XT_l ow > XT_I ow RD *( Yl poi

ASH XT_hi >>1 ADDV DI LF, XT_l ow > *( Xl pointer(+)) RD *( YLpoi

NOP ADDC DI LE, XT_hi > *( Xl poi nter) RD *( YLpoi
%% \T = *x%

NOP SUBV DI LF, DILD > YT_l ow

NOP SUBB DI LE, DI LC > YT_hi

NOP ASDL YT_hi, YT_low > YT_| ow

ASH YT_hi >>1 ADDV DI LF, YT_l ow > *(Ylpointer(+))

NOP ADDC DI LE, YT_hi > *(Ylpointer)
Pxxk W] = k%%

XT_hi X COSl > MAC LSH XT_low >>1 > XTV_| ow
MAC + YT_hi X SINE > MAC LSH YT_low >>1 > YTV_|l ow

XTV_| ow X COSl > tenp
MAC + ONE X tenp > MAC
YTV_|low X SINE > tenp

MAC + ONE X tenp > *( XLpointer)

[kxx y[L] = *xx
YT_hi X COsSl > MAC MOV MACRL >
MAC - XT_hi X SINE > MAC
YTV_l ow X COSI > tenp
MAC + ONE X tenmp > MAC ADDV N1, |
XTV_low X SINE > tenp CVP |, #N
MAC - ONE X tenp => *(YLpoi nter) {IMP | _| oop,

MOV MACRL => *(YLpointer(+))
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*( XLpoi nter(+))

LT > OVR}

nter(+)) > DI LD
nter) > DILC
nter(+)) > DILF
nter) > DILE

nter(+)) > DI LD
nter) > DILC
nter(+)) > DILF
nter) > DILE



NOP ADDV ONE, J

NOP CWP J, N2
NOP {IJMP J_loop, LT > CVR}
NOP
NOP ADDV ONE, K
NOP CWP K, #M
NOP {IVP K_|oop, LT > OMR}
NOP LSH I E <<1
MOV &Xarray[ 0] > Xl pointer JS bit_reversal
MOV &Yarray[ O] > Yl pointer NOP

[ HAXKKIKKKRK KKK KRR K KKK KRR K K g FET *F A A XX Ik ko kkkhh ok ko k kX hh ok ko kA Xk ok ok ok kX kk ok

[ Rk kkhkkkxkhhkkkxxhhkkkxxkhkx END PROGRAM * * % % * & xkkkokkkkkkkk ok kxkkkkkkxkx

out ahere:
NOP HALT
NOP

[rxxxkksrxxxxxss pit reversal / UNCdo overflow prevention in first Dutterfly skt ddnw st knx
! This subroutine places the high order results in the Xarray[(+)] and Yarray[(+)]
| addresses; i.e., what we previously used to hold the | ow order double precision bits.

bit_reversal:

MOV &Xarray[ 0] > Xrev_pointer MOV &Yarray[ 0] > Yrev_pointer

CLR Irev REPT reversal ,N-1

NOP ADDV #BI G_ONE, I rev RD *(Xrev_pointer) > DI LF
ASH ONE <<1 > MACP BREV Irev > Xrev_pointer RD *(Yrev_pointer) > DI LE
DBL DI LF => *( Xl pointer(+)) LSH Xrev_pointer <<1

DBL DILE => *(VYlpointer(+)) ADDV &Yarray[ 0], Xrev_poi nter > Yrev_pointer

reversal :

ADD YI poi nter, MACP > YI poi nter ADDV #2, XI poi nt er

NOP RS
NOP

[ HAXK KKK KXXK KKK KXXK KKK KXXX KKK KXX an pjt pey *FFFF X *kokdkokokkokokodkokok ok ok k ok ok koo ok ok ok ok ok ok

139



6.3. DoublePrecision FFT Radix-2
C-Program Simulation of ESP2 Program

/* reference file: fft2.c - JonD 6/15/92 */

/* This is a reduced precision (48-bit) rendering for ESP2 sinulation.*/

/* Each stage of butterflys is scaled by 2 to prevent overflow. A sinusoid
wi Il then have standard power |evel as output from scal ed DFT (scal ed by
factor N).

The conplex input signal is stored in a double precision array for nmaxi mum
S/'N through the FFT system Miltiplications with the input signal array
then, are in double precision.

*/

#i ncl ude <stdio. h>

#i ncl ude <mat h. h>

doubl e pow2t 046, sel ect _| ower24(), |ower24();

doubl e pow2t 047, Roundlnt48(), Trunclnt48(), Trunclnt48MAC();
doubl e pow2t 023, Roundlnt24(), Trunclnt24();

doubl e pow2t 015, Trunclnt16(), Roundlnt16(), roundint();
doubl e nyfnod();

#defi ne NMAX 4096

#define FREQ 4 /* integer, enpirical value. Period is always N FREQ */
#define RADI X 2

#define TWDDLE_SI ZE 2*N

void main() {

I* FFT */

char buf[32];

int NI, N2, M |E INDEX I, J, K L, N
double CCOS, SIN, XT, YT,

doubl e X[ NVAX], Y[ NMAX];

doubl e noi se_power;

/* TWDDLE */

long tenpl;

doubl e twopi, Weal [ NVAX], W mag[ NMAX] ;
/* I NPUT SI GNAL */

doubl e epsilon, yn, Ygh

doubl e pi, anplitude, sinanp, sinanp_dB;
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[*printf ("l nput nunber of points: ");

gets(buf); sscanf(buf, "%", &N);

printf ("I nput anplitude of sinusoid (0. -> -90. dB): ");
gets(buf); sscanf(buf, "%f", &sinanp_dB);*/

N=256; si nanp_dB=0. ;

si nanp = pow 10., sinanp_dB/20.);

M = roundi nt (I og( (doubl e) N)/ I og( (doubl e) RADI X)) ;
twopi = 8.*atan(1.);

pi = 4.*atan(1l.);

pow2t 047 = pow( 2.0, 47.0);

pow2t 046 = pow 2.0, 46.0);

pow2t 023 = pow 2.0, 23.0);

pow2t 015 = pow( 2.0, 15.0);

[rrxxrx kR R kR R ** CENERATE TW DDLE FACTORS * %% % % %% % % % %% % % 4% % % % |
/* first value is: OX7FFFFF */ [* first interleaved value is: 0x000000 */
/* last value is: Ox7FF622 */ /* last interleaved value is: OxFCDBD5 */
printf("Twi ddl e factor table size is: %\ n", TWDDLE S| ZE);
for(K=0; K<N, K++) {
Weal [K] = Roundl nt24(cos((K*twopi)/N));
tenpl = pow2to023*Weal [ K];
i f(templ >= 0x00800000L) {
Weal [K] = Trunclnt24(1.0 - powm 2., -23.));
templ = Ox7ffffflL;
}
[*printf("9®.6lx\n", tenpl & OxffffffL);*/ /* redirect std output to get */
/* ascii file */
W rmag[ K] = Roundl nt24(sin((K*twopi)/N));
tenpl = pow2t 023*W mag[ K] ;
i f(tenpl >= 0x00800000L) {
Wnag[ K] = Trunclnt24(1.0 - pow(2., -23.));
templ = Ox7ffffflL;
}
[*printf("9®.6lx\n", tenpl & OxffffffL);*/
} /* 24-bit fixed-point, 23 */

[FExxxkkkkxxkkkx and TW DDLE ***¥***kkkkkkhkkkkkkhkk kX kkkkkk x k% |
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/*** ENERATE INPLJT SI G\IAL ********************************/
/*epsilon = Roundl nt24(2. *si n((pi *FREQ /N)); */

/* */]* FREQ N identifies bin. Use power of two */
[*anplitude = (pow2to023-1.)/pow2t 023; *[]* for integral */

/*yqn = Roundl nt 24( 0. 0) ; */1* nunber of periods within record. */

/*yn = Roundl nt 24(-anplitude*cos((pi *FREQ/N)); */

[*for(K=0; K<N, K++) { */

/* X[K] = Truncl nt24(yqn*0. 5); *//* scale to prevent overflow in 1st butterfly.*/
/* Y[ K] = Trunclnt24(0.0*0.5); *[]* Use of Rountint yields better S/IN */

1 * tenpl = pow2t 023* X[ K] ; */

/* printf("%d \t 99.6lx\n", 2*K tenpl & OxffffffL); */ /* redirect std output to get */

/* ascii file */

/* */
/* ygh += Truncl nt 24(-epsi |l on*yn); */
/* tenpl = p0w2t023*yqn; */
I* i f(tenpl >= 0x00800000L) { */
/* ygn = Truncint24(1.0 - pow(2., -23.)); */
/* } */
/* NOP */
/* yn += Trunclnt24(epsi|on*yqn); */
/* tenpl = pow2t 023*yn; */
/* i f(tenpl >= 0x00800000L) { */
/* yn = Trunclnt24(1.0 - pow2., -23.)); */
/* } */
/*} */

anplitude = (pow2t023-1.)/pow2t 023
for(K=0; K<N; K++) {
X[ K] = Roundl nt 24( 0. 5*si nanp*anpl i t ude*si n( nyf mod( (twopi *FREQ*K)/ N, twopi)));
/* 0.5 for overflowin 1st butterfly.*/
Y[ K] = Roundl nt 24(0. 5*si nanp*anpl i tude*0.0); /* Use of Rountint yields better S/IN */
I * printf("%l \t 99.6lx\n", 2*K, (long)(pow2to23*X[K]) & OxffffffL); */

} /* redirect std output to get ascii file */

[ FExxx xRk kxxkxkk and | NPUT ****xxxdhkkkxxhhhhkxxkhhkkxxkhkkkx [
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[REXRK KKK KRR KKKk KAk *kkk THE FET XX **ddkkkkhhkkkkhhkkkkkkkkkk kx|

N2 = N,

IE = 1;

for(K=0; K<M K++) {
N1 = N2;
N2 = N2 >> 1,
I NDEX = 0;

for(J=0; J<N2; J++) {
COCS = Weal [ | NDEX] ;
SIN = W mag[ | NDEX] ;

I NDEX += | E;
for(1=J; I<N, I+=N1) {
L =1+ N2
/* scale by 2 for */
XT = Trunclnt48((X[I] - X L])/RAD X);/* each */
X[1] = Truncl nt48(XT + X[ L]); /* stage of */
/* butterflys */
YT = Trunclnt48((Y[I] - Y[L])/RAD X);

Y[1] = Trunclnt48(YT + Y[L]);

X[ L] = Truncl nt 48MAC( COS* Truncl nt 24( XT)) + Truncl nt 48MAC( SI N* Tr uncl nt 24( YT))
+ Truncl nt 48MAC( COS*sel ect _| ower 24( XT)) + Truncl nt 48MAC( SI N*sel ect _| ower 24(YT));

Y[ L] = Truncl nt 48MAC( COS* Truncl nt 24(YT)) - Truncl nt 48MAC( SI N* Tr uncl nt 24( XT))
+ Truncl nt 48MAC( COS* sel ect _| ower 24(YT)) - Truncl nt 48MAC( SI N*sel ect _| ower 24( XT)) ;
}
}
IE = IE << 1;
}

[REXRK K IR KRR Kk k kAR Xk hkk kX khkkkxxkhdk ang FFET ****kkxxkhkkkxxkhkkxx [
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/********************** BIT S\AAP/I NPLJT SCALI I\IG CO\/PENSATI O\I *******/
J =0;
N1 = N - 1;
for(1=0; I<N1; I++) {
if(l >=J) goto |abel 101,

XT = XJ];
X[J] = X1];
X[1] = XT;
XT = Y[J];
Y[JI] = Y[I];
Y[1] = XT;

| abel 101: K = N RADI X;

| abel 102:if(K > J) goto | abel 103;
J-= K
K /= RADI X;
goto | abel 102;

| abel 103:J += K;

}

for(1=0; I<N, I++) { /* undo overflow prevention */
X[I1] *= 2;
Y[I] *= 2;

}

[REXK KKK KRR KKk ok kR Xk kkkkxxkkkkxxxkkk and Bl T SWAP **x**kkkxxkkkkkx [

JRAR R K KA KKK KKK KKK K KKK KA AR KAk GTAT| ST| OS ¥ H**r Ak kkkkkkk Ak kk k%% % ]
noi se_power = 0;
for(1=0; I<N; I++) {
if((fabs(X1]) < pow(2., -23.)) && (fabs(Y[I]) < powm(2., -23.)));
el se {
printf("X %] = %161f\t Y[ %] = %16l f\n", 1, XI], I, Y[I]);
tenpl = floor(X[1]*pow2t 023);
printf("integerX = 9%&\t\t\t", tenpl & Oxfffffel);
templ = floor(Y[I]*pow2to023);
printf(" integerY = %&\n", tenpl & Oxfffffel);
}
if((l == FREQ || (I == (NFREQ)) /* sine (not cosine) wave is assumed */
noi se_power += X[ I1]1*X[1];
el se noise_power += X[I]1*X[ 1] + Y[I]*Y[I];
}
noi se_power += pow (0.5*anplitude*sinamp + Y[FREQ), 2.)
+ pow (0. 5*anplitude*sinamp - Y[N-FREQ ), 2.);
printf("signal/noise through FFT wr full scale is: %13If dB\n",
-10. *1 0og10( noi se_power/ (0. 5*anpl i tude*anplitude)));

IR R E R R EEEEEEREEEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEY]
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[ RERERAR AR K KRR AR RS QL] QL QUE 5 R KRR XK K XK E KA KK KK R KRR KRR
[*for(1=0; I<N, I++) {

templ = floor (X |]*pow2to23);

printf("integerX[ %] = o&\t\t\t",2*] + 1, tenpl & Oxfffffel);

templ = floor(Y[I]*pow2to23);

printf(" integerY[ %] = %&\n", 2*| +514, tenpl & Oxfffffel);
}
*/
/************************************************************************/
}

/****************************** SUBR&JTI NES *****************************/
doubl e Roundl nt 48( x)
doubl e x;

{
return(roundi nt (pow2t 047*x)/ pow2t 047) ;

}

doubl e Roundl nt 24( x)
doubl e x;

{
return(roundi nt (pow2t 023*x)/ pow2t 023) ;

}

doubl e Roundl nt 16( x)
doubl e x;

{
return(roundi nt (pow2t 015*x)/ pow2t 015) ;

}

doubl e Truncl nt 48(x)
doubl e x;

{
return(floor(pow2tod47*x)/ pow2t 047);

}

[*xxxxxxx rap|l gcement for rint() on NeXT O S. v2. 1 *xxxxxx/
doubl e roundi nt (doubl e x)

{

if(x >= 0.)return((double)((int)(x + 0.5)));
return((double)((int)(x - 0.5)));

}
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doubl e Truncl nt 48MAC( x)

doubl e x;

{

return(fl oor (pow2t 046*x)/ pow2t 046) ;

}

doubl e Truncl nt 24(x)

doubl e x;

{

return(fl oor(pow2t 023*x)/ pow2t 023) ;

}

doubl e Truncl nt 16(x)

doubl e x;

{

return(fl oor (pow2t 015*x)/ pow2t 015) ;

}

doubl e select_| ower24(x) /* also |oses the LSB; the 48th bit */
doubl e x;

{

doubl e Truncl nt24(), tenpd;

tenpd = x - Truncl nt 24(x);

return(fl oor(pow2t 046*t enpd) / pow2t 046) ;

}

doubl e | ower 24( x)

doubl e x;

{

doubl e Truncl nt24(), tenpd;
tempd = x - Truncl nt 24(x);
return(fl oor (pow2t 047*t enpd)) ;
}

/****************** WFNGD functl on ********************************************/

/*** used to increase accuracy of sin routines ***/

[*** fnod() uses floor() instead of (int). ***/

/*** fnod() also failing to return values within |nmodul of ***/

/*** Want (int), which is magnitude truncation, for negative argunents. ***/
doubl e nyfnod(argunment, nodul 0)

regi ster doubl e argunent, nodul o;

{

return(argunent - (int)(argument/nodul o)*nodul o) ;

}

[ REXRX KKk KRRk kkkkxkkkkkxxxkkkkxxxx END subrouti n@s *x**xkkxxkkkkkxxkkkkkkxkhkkkx [
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6.4. Commentson the Double Precision FFT Radix-2 Program

The complex Twiddle factor table must be loaded into external memory before the ESP2
program isrun. The Twiddle factor table used here is the same as the one used before.
To load external memory, another ESP2 Application must be run. See the External
Memory Host Access Application.

The other FFT ESP2 program was optimized for speed, whereas this FFT Radix-2 ESP2
program is optimized for accuracy. This ESP2 program demonstrates the ability of ESP2
to perform double precision multiplys, accumulations, and arithmetic. The complex input
signal is generated at 24 bits, 23, but it is maintained at double precision (48 bits, q47)
as it passes through the FFT stages. This shows that an unsigned multiplier is not
necessary for double precision math.109 Although the double precision results are
available, the final output only extracts single precision results after the bit reversal
subroutine.

If we eliminate the rounding of the high precision input signal to 24-bits in the C-program
simulation, we will find the noise introduced by the FFT circuit itself. The ssmulation
estimates the total noise power introduced by the FFT to be about 132 dB below unity;
the noise power spectrum iswell below that level. If we eliminate the rounding of the
high precision Twiddle factors to 24-bits, the total noise power falls to about -242 dB.

6.5. Changesto ESP2 Program to makethe | FFT (Radix-2)
The same considerations apply as before.

| _| oop:

NOP LSH I <<1 > Xl pointer

NOP ADDV |, N2 > tenp

NOP LSH tenp <<1 > XLpointer RD *( Xl pointer(+)) > DI LD

NOP NOP RD *( Xl pointer) > DILC

NOP ADDV Xl poi nter, &array[ 0] > Yl pointer RD *(XLpointer(+)) > DILF

NOP ADDV XLpoi nter, &array[0] > YLpointer RD *( XLpoi nter) > DI LE
%% YT = %%

NOP SUBV DI LF, DI LD > XT_| ow

NOP SUBB DI LE, DI LC > XT_hi RD * (Yl pointer(+)) > DI LD

NOP ADDV DI LF, DI LD > *( Xl poi nter(+)) RD *(Ylpointer) > DILC

NOP ADDC DI LE, DI LC > *( XI poi nter) RD *(YLpointer(+)) > DILF

NOP NOP RD *(YLpointer) > DI LE
%% \T = *x%

NOP SUBV DI LF, DILD > YT_| ow

NOP SUBB DI LE, DI LC > YT_hi

NOP ADDV DI LF, DI LD > *( Yl pointer(+))

NOP ADDC DI LE, DI LC > *(YI pointer)

109This fact was also demonstrated in [Dattorro] where double precision coefficients were
applied to arecursive digital filter structure using the technique called residual coefficient coding.
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7.1. ESP2 Reverberation Program

I TUSCON SMALL PLATE REVERB - JonD July'94 .

Ahkhkhkkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkxx i 1 hhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhhhhhhkdkx
! assembler directives

PROGRAM VOCPLATE

DEFCONST
Fs = 29761.894531
MAG_TRUNC16 = $000800
MAG_TRUNC24 = $001800

PROGSIZE <= 103

DEFSPR
SER _CONF = $007fff
HARD_CONF =$008400 | MAG_TRUNC16 I turn on 16-bit magnitude truncation for low noise
REPT_CNT =0
PC =bioz_loop

DEFGPR GLOBAL

XL=0 @$80 xR=0 @$81 yL=0 @%$82 yR=0 @$83

DEFCONST GLOBAL
DEFAULT_DECAY =0.50
DECAY_DIFFUS =0.50

DIFFUS1 =0.750
DIFFUS2 =0.625
DEFINITION =0.70
HFBW =0.9995
DAMPING = 0.0005
OUTMIX =0.60
EXCURSE =16+1

DEFGPR LOCAL
save=0 Ip_in=0
dampL=0 dampR=0
damping_ u =1.- DAMPING @$6c
bandwidth_u = 1. - HFBW @$74
outmix = OUTMIX ! output tap level
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DEFGPR GLOBAL * The Knobs*/
I'input diffusion
diffusl = DIFFUS1 @$75
diffus2 = DIFFUS2 @$77

| decay time

decay = DEFAULT_DECAY @%6e

I decay diffusion (decorrelates tank signals)

I Host computes: decay _diffus = decay + 0.15 g23, having: floor = 0.25, ceiling = 0.50
decay_diffus= DECAY_DIFFUS @$6f

I decay definition (controls density of tails)
definition = DEFINITION @%$71

I High frequency damping
damping = DAMPING @$6d

I high frequency attenuation on input
bandwidth = HFBW @$73

DEFREGION V @$800000
nodel3 14[141]
nodel9 20[106]
nodel5 16[378]
node2l 22[276]
node23 24[671+EXCURSE]
node24_30[4452]
node31_33[1799]
node33_39[3719]
node46_48[907+EXCURSE]
node48_54[4216]
node55 59[2655]
node59_63[3162]
predelay[42000] loptional
minus_one = SIZEM1V
GLOBAL
predelay offset = & predelay[1] @$2de

|x*kkkkkkhkkhkkkkkkkkkx*x*x end declarations*********************************
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CODE

|x*kkkkkkhkkhhkkhhkhkkhkkhhkkkdkkkhkdhkxkx*x ESP2 Code*****************************

!********* hOUSerepIng *kkkkkkkkkkkk
bioz_loop: NOP DIFF damping > damping_u
NOP DIFF bandwidth > bandwidth_u

| *kkkkkkhkkhhkkhkkhkxk ajd/a*************************************

ASH SEROL >>0> XL !network has some gain! MOV yL > SER7L
ASH SEROR >>0> xR MOV yR > SER7R

|*x** k) kkkkkkkkk%x |ow prwday kkkkhkkhkkhkkhkkkkkkkkkx

NOP AVG xL, xR > predelay[0]

|x*kkkkkkhkkhkkkhkkkkkkkkdkx*% IOWp&f'Iter Input kkkkkkhkkhkkhkhkhkhkkkkkkkkkkx

bandwidth X *(predelay_offset) > MAC
MAC + bandwidth_ u X Ip_in>MAC, Ip_in

!********** mono Input 4 Sngleaage guides************************

NOP MOV nodel3 14[141] > MACP
MAC -diffusl X "nodel3 14[141]" > nodel3 14[0]
MACP + diffusl X "nodel3 14[0]" > MAC MOV nodel9 20[106] > MACP
MAC - diffusl X "nodel9 20[106]" > nodel9 20[0]
MACP + diffusl X "nodel9 20[0]" > MAC MOV nodel5_16[378] > MACP
MAC - diffus2 X "nodel5_16[378]" > nodel5_16[0]
MACP + diffus2 X "nodel5 16[0]" > MAC MOV node21 22[276] > MACP

MAC -diffus2 X "node21_22[276]" > node2l 22[0]
MACP + diffus2 X "node21_22[0]" > MAC, save

|*x*k*kkkkkkkkkkk* decay kkkkkkhkkhkkhkkhkhkhkkkxx

MAC + decay X node59_63[3162] > MAC

|*x**k*kkkkkkkkkk%x a“pa$ 1 Left EE RS EEEEEEE LSRR RS EEEEEEEE SR RS TR EEEE L

NOP MOV node23_24{671] > MACP
MAC + definition X "node23_24[671]" > node23_24[0]
MACP - definition X "node23_24[0]" > node24_30[0]

| *kkkhhkkhkkhhhkkhhkhkhkhkhhkdhrkxk |OWpaSS Left hhkkkhkkkhkkhhkkhkkhkhkkhhkkkhhkhhkkkkx

damping_u X node24_30[4452] > MAC
MAC + damping X dampL > dampL

|*x*k*kkkkkkkkkkx* decay kkkkkkhkkhkkhkkhkhkhkkkxx

decay X dampL > MAC
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| *kkkhhkhhkhhhhhkhhkkhhhdhhhhhkdhhkhhhhxidxkx a“pa$2 Left khkkkkkkhkkhkkkhkkhhkkhhkkkhkk*k

NOP MOV node31_33[1799] > MACP
MAC - decay_diffus X "node31 33[1799]" > node31 33[0]
MACP + decay_diffus X "node31_33[0]" > node33_39[0]

|**x*kkkkkkkkhkkk decay *kkkkkkhkkhhhkhkkkkxx

MOV save>MACP
MACP + decay X node33_39[3719] > MAC

|**kkkkkkkkhkkk*x a”pa$ 1 nght Khhkkkkkhhkkhhkkkhhkhhkhhkhhhkkhhkhhkhhkkhhhkhhkhkhkkhkxdx*x

NOP MOV node46_48[907] > MACP
MAC + definition X "node46_48[907]" > node46_43[0]
MACP - definition X "node46_48[0]" > node48 54[0]

[**k*kkkkkkkkkkhkkkdhkkhkkdrkkhxx |0Wpa$ nght khkhkhkhkhkkkkkkkkhhhhhhrrrkkxixk

damping_u X node48 54[4216] > MAC
MAC + damping X dampR > dampR

|**kkkkkkkkhkkkxk decay khkkkhkkkkkkhkkhkkk

decay X dampR > MAC

| *kkkhhkhhhkkhhhkhhkhhhhhhdhhhhdhrkhhrhxixxkx a“pa$2 nght khkkkhkkkhkkhkhkkhhkkkhkkhhkkhkk*k

NOP MOV node55_59[2655] > MACP
MAC - decay_diffus X "node55 59[2655]" > node55 59[0]
MACP + decay_diffus X "node55 59[0]" > node59_63[0]

|[*x*kkkkkkkkhhkkhhkkhhkhhkkrkxkhxkkxx Lert Out khkkhkkhkkhhhkhkhkkhkkkkkhkhhhhhhhrhkkkkhkk

outmix X node48 54[266] > MAC

MAC + outmix X node48 54[2974] > MAC

MAC - outmix X node55_59[1913] > MAC

MAC + outmix X node59_63[1996] > MAC

MAC - outmix X node24_30[1990] > MAC

MAC - outmix X node31_33[187] > MAC

MAC - outmix X node33_39[1066] >yL lall wet

!**************************** nght Out khkkhkkkkkhkkkkhkhkkhkkhkhkhkhkhkkhkhkhkkkhkkkhkhkx*x
outmix X node24_30[353] > MAC

MAC + outmix X node24 _30[3627] > MAC

MAC - outmix X node31 33[1228] > MAC

MAC + outmix X node33_39[2673] > MAC

MAC - outmix X node48 54[2111] > MAC

MAC - outmix X node55 59[335] > MAC

MAC - outmix X node59_63[121] >yR lall wet
!************************************ end Re\/erb *****************************!

NOP JMP bioz_loop

NOP BIOZ UPDATE BASEV += minus_one

| * kkkhhkhhkhhhkhhhhhhhhdhhhhhdhhhhhhhhdhhhhdhhhhhhhdhhdhhdhhdhhdhhdhdddxhhddhrdrddxx]|
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7.2. Discussion of the Reverberation Program

The given ESP2 program is not the most efficient coding of the Reverb network possible.
We have chosen to optimize the program for readability. The program as shown can be
compressed by at |east 12 instruction lines.

The Allpass L attice Topology

The eight lattices shown in the Reverb schematic are used in this effect as allpass filters,
each having long impulse response time. The two coefficients within each individual
|attice must remain identical to maintain the allpass transfer which isinsensitive to
coefficient quantization. The recommended range of these coefficientsisfrom 0.0 to
0.9999999 (g23). Taking them both negative changes the character of the impulse
response but does not destroy the allpass transfer. This change in character is exploited in
the lattices having the coefficients called definition in the schematic. If the lattice
coefficients should exceed 1.0, instability will result.

Allpass response is the forced (steady state) response of the chosen lattice output.
Because the impulse response of each individual lattice within the Reverb schematic is so
long, in some cases the integration time constant of the human hearing systemiis
exceeded. This means that the perception of the allpass filter output may be as
discretized events; i.e., not allpass.

This allpass lattice topology tends to clip prematurely at internal nodes, so the input to
each lattice cannot be presented with full-scale signal at all frequencies. We like this
allpass lattice because it requires only two lines of ESP2 code to implement; observe the
coding of the four input diffusers.

Magnitude Truncation

L attices produce distinct low-level tones, after input signal has been removed, known as
zero-input limit cycles. The origin of these tones stems from ongoing signal quantization in a
recursive topology. The spontaneous tones can be eliminated through the use of magnitude
truncation (truncation towards zero) of the double precision intermediate results written out to
single or lower precision external memory. Magnitude truncation iswell known to subdue
limit cyclesin digital networks composed of ladders and lattices.110 [ Smith]

In this ESP2 program, magnitude truncation at the 16-bit level is activated in the
declarations section since that is the presumed width of external memory. This means
that every WR to external memory is automatically magnitude truncated to 16-bits.
Alternatively, the magnitude truncation could be dynamically activated by the running
program itself so that only selected portions of the code utilize this feature. Only the
recursive portions of the network require magnitude truncation; In Figure R, the WR to
the predelay does not require magnitude truncation.

110Magnitude truncation is never applied to data read from external memory in the ESP2.
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The data is magnitude truncated only on its way out to external memory; i.e., the DOL
SPRs are not permanently modified. Thisis advantageous when the 24-bit precision

DOL contents are reused as in the delayspec Quote Scheme. If external memory is 24
bits in width (the maximum width supported by ESP2) then the need for magnitude truncation is
lessened. The ESP2 still provides for automatic magnitude truncation at the 24-bit level,
however. Using amanual shifting scheme, magnitude truncation at other bit levels can
also be accommodated.

Magnitude truncation, in the specific case of Reverberator tank topologies employing
lattice or ladder allpass networks, can reduce the circuit noise floor by 12 to 24 dB after
input signal isremoved. The reason that thisistrue is because the predominant noise
mechanism is zero-input limit cycle oscillation,111 a multiplicity of which being
perceived as a whooshing, shushing noise floor. The magnitude truncation makes the
Reverb output eventually go to absolute zero, two’s complement. The disadvantage to its
useisthat the THD+N (Tota Harmonic Distortion plus Noise) of a steady state sinusoid
through the linear Reverb network can be increased by anywhere from 0 to 6 dB.

Delayline Tap Modulation

In the ESP2 program given, we do not show any delayline tap modulation. Linear
interpolation or, better yet, Allpass interpolation (as demonstrated in the Application of the same
name) can be efficiently employed to slowly modulatel12 the nominal tap point of the two
indicated delaylinesin the schematic. The modulation will introduce undulating pitch
change into the tank, the recirculating four lowest latticesin Figure R. Asexplained in
the Linear Interpolation Application, Linear interpolation will introduce time-varying
lowpass filtering as an artifact thus supplying some unaccounted damping. Allpass
interpolation overcomes this particular problem and is perfectly applicable to Reverb
because the required pitch change is microtonal. The sinusoidal LFO driving the
modulator is economical requiring only two lines of ESP2 code, while the LFO rate of
update is the same as the sample rate. For signals with much high frequency content,
such as drums, these built-in modul ators serve to break up some pretty audible modes.

There is no analogue to this modulation processin areal room (unless the walls are
moving). Without the modulation, we may well describe the imaginary space emulated
by the given digital circuit as being enclosed by a picket fence. The slow modulation
serves to effectively increase the sheer number of resonances (eigentones, modes of
oscillation, picket density) in the tank. The number of resonancesin areal room, hall, or
plate is probably far beyond what is existent in our little (non-modulating) Reverb
network. Inthe case of drums, the modulation isagodsend. In the case of piano, the
modulation, though slight, may be objectionable because of a perceived vibrato.

111Here we use the term ’limit cycle’ in the classical DSP sense.
1124t arate on the order of 1 Hz, and at a peak excursion of about 8 samples for a sample rate of
about 29.8 kHz,
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I nput Diffusers

The purpose of the four input diffusersisto quickly decorrelate the incoming signal
before it reaches the tank. The tank recirculation can sometimes become perceptible as
cyclic eventsif the input signal is not conditioned in this manner. This function becomes
especially important for the successful reverberation of percussive sounds.

No diffusion corresponds to zero-valued allpass coefficients, while coefficient magnitudes
close to unity produce buzzing local to the afflicted allpass. Optimal diffusion for the first-
order allpass lies somewherein aregion closer to [0.5] than to the extreme values of the

coefficients. The preset values given in the declarations were arrived at by cut-and-try.113

Filters

The three single pole direct form | lowpass filters, used for input signal bandwidth
control and Reverb tank damping, will not clip prematurely at any node [ Dattorro,pg.857]
[Jackson,ch.11.3] asimplemented. The bandwidth control tracks cutoff frequency,
while the damping control is high when the damping filter cutoff frequency islow.

Each filter requires only two lines of ESP2 code. Because they are first-order lowpass
filters, any low-level zero-input limit cycles they might produce would be at DC; i.e,,
they will not produce tones like the lattices. [Jackson,ch.11.5] Magnitude truncation
cannot be engaged here because the 24-bit filter memory isinternal. Any signal
truncation noise power spectrum generated by the filters themselves will be centered at
DC, since it follows the pole frequency. The noise power spectrum peak gain is not great
because the one poleistypically relatively far from the unit circle.114

Output Tap Points

Asgiven in the ESP2 code, note that the tap structure forming the stereo output signal, yL
and yR, isall wet (reverberated) signal. This particular tap structure is characteristic of
the Plate-emulation class of Reverb networks.115 Also note that the output tap structure
produces a synthetic stereo image because the stereo input is converted to a monophonic
signal 116 at the Reverberator input in this particular topology. Normally, thedesired
output isamix of the reverberated signal, yL and yR, with the original (dry, full bandwidth)
stereo input signal, xL and XR. But we do not show amixer inthe a/d/a section of code.

113That Reverb isin commercial production.

114Were the filtersinstead high-pass, limit cycle tones might be produced at Nyquist while the
truncation noise spectrum would also be concentrated there.

115The physical ’ Plate’, actually resident in some contemporary recording studios, fills a small
room in some embodiments and is sometimes gold-plated. The input signal istypically injected
onto the plate via one or two transducers while each output is a sum of multifarious signal taps,
each tap transduced at a different location on the plate.

116The ALU’s AVG instruction is useful here.
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Simple Reverb Networks!1/

We show, in Figure R, one particular network for producing reverberation. We believe
that there must be alimitless variety of such networks. The question naturally arises asto
why the simple digital circuit shown produces a convincing reverberation. Consider the
plucked string of the violin; its envelope may be described as having a coherent
exponential decay. It isthischaracter which istheorized to be one of the primary
discriminants of non-reverberated sound. Reverberating this sound, on the other hand,
would tend to randomize the string envelope and phase producing a bumpier, more
dynamic decay.

Long before DSP chips could be integrated into sampler-type synthesizers, reverberated
sampled sound was simulated by altering the decay characteristics of recorded dry
samples by randomizing an overlaid envelope applied at playback. While not absolutely
convincing, it was enough to cause pioneers [Griesinger] [Blesser/Bader] to question the
premise of precipitative work [Schroeder] at Bell Labs during the early 60°'s. One can
deduce from that work that to achieve the ideal of colorless reverberation, the eigentone
density needsto approach 3 per Hz. It can aso be theorized that the limit on the number
of achievable eigentonesis proportional to the total delayline memory. From our current
perspective we know that emulation of physical spaces can be convincingly performed
using signal processing bandwidths as low as 10-12 kHz. Thisis true because of
typically rapid acoustical absorption in the high frequency region, and because the
desired output isamix. This bandwidth would then require about 30 thousand
eigentones, hence about 64k of delayline memory. Inthe 1960's, this amount was not
economical 118

In Reverberator design, while agood general rule regarding delayline memory is
certainly "the more the better’ [Griesinger], the efficient Reverb network shown herein119
stands as testimony that the eigentone density criterion, predicting about 88k memory, is
not ahard and fast rule. Of at least equal importance is the decorrelation of the decay.

117This discussion is adapted from [Blesser] and it is supplemented by Appendix I11.

118The Lexicon Model 224 Digital Reverberation System introduced in 1979, possessed only 16k
words of memory operating at a sample rate of 20 kHz. The Elecktromesstechnik, Wilhelm Franz
K.G., EMT-250 Digital Reverberator distributed in the USA by Gotham Audio Corp. beginning
in 1977, operated at a sample rate of 32 kHz having only 8k words of memory. The precursor to
this machine is described in [Oppenheim,ch.2].

119given a 15 kHz processing bandwidth and having only 22k words of memory, not including
predelay,
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Color

On the other hand, our Reverb network signal response is not colorless. Empirically we
find that some of the most sought commercial Reverbs are somewhat colored in their
frequency responses. This means that they impose some audible resonances upon the
input signal. It isnot unusua to find as many musicians and recording engineers who
like a particular Reverb as those who do not. We find that some recording engineers do
not want accurate emulation of a physical space because the reflection density takes too
long to build; they, in fact, sometimes want instantaneous high density reflections with
smooth exponential decay of the envelope having randomization in only the phase trail.

Choosing a particular Reverb for a particular application is commonplace, and purveyors
of such equipment have been known to purchase an audio signal processing box just to
acquire one particular algorithm.120° At some level, choice of Reverb becomes a matter
of taste much like art. Thereisno one universal reverberation network that satisfies
everyone for each and every application; we speculate that there never will.

Design

A technical chronicle of developmentsin the art of Reverberator design can be found in
[Gardner]. That treatise surveysthe very latest techniques. Gardner provides a
tranglation (from the French language) of the vanguard, Jot.

120much like buying a Compact Disc because one likes the title track.
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8. Musical Filtering

Smith gives agood introduction to classical digital filter theory in [Strawn,ch.2],
requiring only basic knowledge of math from the reader. Here we discuss filtering
requirements for musicians whose criteria are quite different from those of the electronics
engineer.

8.1. Filter (Q) Selectivity
Electronics engineers are accustomed to think of digital filters analytically in terms of
pole/zero number and locus, cutoff frequency, passband ripple, transition band or slope,
stopband attenuation, etc. Musicians and recording engineers are more comfortable
thinking in terms of filter parameters: gain or cut, center frequency, and filter Q
(selectivity) or bandwidth. Formally, filter Q isdefined as the positive quantity:

Q= we/Aw = o/ (w,-wy) (o)
;1.e., the center frequency divided by the bandwidth. The bandwidth is determined from
the definition of the cutoff frequencies (v, and w,). Traditionaly, cutoff frequencies
occur at an absolute half-power level. Inthe prototypical case of a steep unity-gain

(0 dB) lowpassfilter, we recall thislevel as corresponding to the frequency location
where the magnitude-square transfer reaches -3.01 dB (=10 logo(1/2)).

But shallow audio filters may not have a 3 dB transfer excursion, so we must refine the
definition of cutoff frequency in terms of half-power excursion; not an absolute level.

2 half-power excursion points
IHc(2)I
(0.769836, 0.834711) (1.269836, 0.834711)
1 v/
[
power excursion
0.8
0.6 cut depth? = 0.669421
Absolute 1 - 0.834711
— =12
04l 1 - 0.669421
We =2 :Q
0.2 1.269836 - 0.769836
=1
0 0.5 1 1.5 2 2.5 3 W

Figure Cut. Cut filter excursion approx. 1.7 dB.
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Take for example the cut filter magnitude-square transfer function shown in Figure Cut.
This example transfer hasa Q of 2. We define the two musical cutoff frequencies as
corresponding to the level at which

(1- HE@DR) / (1 - HLEDDR) =172 (NNN)

We must solve this equation for w; there are two solutions, w, and w,. Referencing
Figure Cut, this equation instructs us to measure the bandwidth half-way down the trough

of the magnitude square transfer. This makes intuitive sense. We cannot use the
traditional definition of cutoff frequency for this example because the trough is not deep

enough. But note that when |HC(eiwC) |2 = 0 (the notch filter), the solution to (NNN)
corresponds to the classical definition of cutoff frequency.

The situation is pretty much the same for the resonator. Whereas the cut filter
asymptotesto unity at z = £1, the resonator is loosely defined as a second-order peaked
filter having a peak gain normalized to unity at its center frequency. The resonator can be
formulated such that its magnitude square transfer is an exact flip of the corresponding
cut filter about the horizontal half-power excursion line; i.e., symmetrical with the cut
filter. (Thisiswhy many of the numbers are exactly the same in Figure Reso asthey are
in Figure Cut.) We shall see how shortly.

2 half-power excursion points
| Hb (Z)l (0.769836, 0.834711) (1.269836, 0.834711)
norm® : 7 : o
power excursion
0.6} ¥ -
i T - skirtdepth? =0.669421 — — — — — — N
Absolute 1-0834711 =12
1 - 0.669421
0.4
e =2 = Q
1.269836 - 0.769836
0.2
we=1
0 0.5 1 15 2 2.5 3

Figure Reso. Resonator excursion approx. 1.7 dB.
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For the resonator (the normalized boost filter) we acquire the two musical cutoff
frequencies, w; and w, , solving the slightly different equation:

(1-Hy  E@D9P) /(1 |Hy_ (DR) =172 (RRR)

norm

As before, the bandwidth is measured half-way up the peak of the magnitude square
transfer. Again we note that when [H bnorm(ﬂ)lz = 0 (the perfect resonator), the solution to

(RRR) corresponds to the classical definition of cutoff frequency.

Having gained an understanding of musical filter Q, we begin with two unique and
musically useful digital filter transfer functions which just happen to fit our definition of
filter selectivity:

8.2. TheCut Filter

When constructing a notch filter, we expect there to be an absolute zero of transmission at
achosen place in the frequency-domain transfer. If we use afilter that just has zeroes
(i.e., no poles), we can indeed make a notch. The problem isthat the rest of the transfer
function will not be very flat aswe might like it to be. We might also like asurgical
notch; one that has high selectivity. For example, here is the magnitude transfer of a

notch filter evaluated at z = ei“’, zero-radius R=1, and zero-angle 6 = 1 radian:

I1 - 2Rcos(6) 'L + RPz2|
3 L

2.5¢

0.5 1 1.5 2 2.5 3 W
Figure BN. A poor notch filter.

Thistransfer in Figure BN would pretty much obliterate amusical signal; especially
noting the gain at high frequencies. Also, when the notch is moved to a new fixed
location, the rest of the transfer changes its shape in an undesirable way. Hence, this
particular notch filter is not very useful.
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In [Regalia/Mitra] 121 it is shown how to make the passband portion of the notch filter
flat, and to achieve high selectivity; thisis accomplished by adding poles! Thisresultis
illustrated in the transfer function of equation (hnz).

Hn(2) = (U2)(L+ B) -----mmmmmmmmmmmmmmmmmmmeeee (hnz)
1+y@+B)zt + pz2

|Hn(2)| @Q=2
1

0. 8¢

0.4t

0.2¢

o 05 1 1.5 2 25 3
Figure Notcher. The notch filter.

Thisnotch filter, (hnz) in Figure Notcher, will have an absolute zero at its center
frequency having controllable selectivity, while its magnitude at DC and Nyquist is
aways 1 regardless of the center frequency. We must determine how to obtain atrough
of arbitrary depth while maintaining the other attributes; that would be called a
parametric cut filter. Before we do that, we look at the resonator which is a perfect
power-wise flip of this notch filter.

121[Regalia/Mitra] also discusses the construction of shelving filters using the same concepts.
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8.3. The Resonator

We discuss the use of aresonator as afilter. Itiseasy to construct aresonator using only
poles. But such atransfer has problems similar to those we encountered with the all-zero
notch filter; particularly with the shape, selectivity, and magnitude evaluated along the

unit circleinthez-plane (i.e, at z= e"*’) In particular, the peak magnitude will vary as
center frequency is changed to new fixed values.

In [Jackson,ch.4.3] it is shown how to normalize the height of the resonator peak as the
center frequency changes, by adding two zeroes; one at Nyquist and the other at DC!
Thismusically useful result is distilled in equation (hrz).

H(@) = (U2)(L- B) worsrssssssssssssssss (hr2)
1+ y@+p)zt + Bz

IH(2)| @Q=2
1r

0.8¢

0.6}

0.2¢

0 0.5 1 1.5 2 2.5 3
Figure Peaker. The perfect resonator.

Thisfilter has a peak gain which is always precisely 1, regardless of the center frequency.
Thisis characteristic of aresonator. The two zeroes make the skirts of the magnitude
response asymptote to zero at the extremities. When the extremities reach zero we call
this the perfect resonator, (hrz) shown in Figure Peaker. We must determine how to
make skirts of arbitrary depth; the resonator. We must also determine how to place the
skirts at absolute magnitude 1 while achieving arbitrary peak heights; this would be
called a parametric boost filter.
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8.4. AllpassFilter-Topology
These two transfers, H,(z) and H,(z), have desirable theoretical and practical properties

which we will now expose. First, there is astrong bond between (hnz) and (hrz).
Because their denominators are identical, there is one circuit that can generate both.

Consider the allpass | attice topology:
Di(2)

X(2) S

Y(2) B
A(z) Z

Figure Lattice. Lattice 2"d Order Allpass Filter

The lattice in Figure Lattice has the allpass transfer function:
-1 -2
Y(2) B+y@+Pz™+ z
A(2) = - = s (ar0)
X@  1+y@+p)zt+pz’

Some characteristics of the allpass are summarized:

A@D)| =1, A1) = 1, A@EY) = -1. (arl)
°l XA
4
2
w,=1
3 2 -1 1 2 3 @
2
-4 B=036
B=086
Figure PhA. -6

It isinteresting that the allpass filter will shortly become integral to a parametric filter
that is a minimum phase design. We also note in passing that the transfer to D,(z) from

the input comprises only the denominator (the poles) of A(z):

X(2)
D(2) = ----m-mmmmmmm e

1+y(+B)zt+ pz?
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Back to the problem at hand, it is easily proven that

H(z) = (1 -A@)/2 (hrz @)
and
Hh2) = (1 + A(®))/2 (hnz @)

Substituting (ar0) into (hrz @) and (hnz a), we can respectively derive (hrz) and (hnz).
This means that we can construct notch and perfect resonant filters from an allpass filter.
We only have left to show that using the allpass we can construct cut, resonant, and boost
filtersaswell. We will use the fact (arl) that at the critical frequency,

W, = arccos(-y) (wcl)

the alpass filter output is 180° out of phase with respect to a steady state sinusoid at itsinput.
This critical frequency becomes the normalized center radian frequency w.=2mf T (for T the

sample period) for all filter types employing the allpass filter-topology shown in Figure APDFL1.

1/2

—X A@) —X0—

1-k

Figure APDF1. Cut, Notch, or Resonator Type Filter

We have introduced a new control coefficient, k. When k=0 thiscircuitin

Figure APDF1 implements the notch (hnz a) exactly, and when k=2 this same circuit
implements the perfect resonator (hrz a) exactly. Within these bounds, this control (for
k<1) gives us the ability to specify the depth of the cut, leaving the magnitude at the
extremal frequencies equal to 1. Using the same circuit for the resonator, we can control
the depth of the skirts (when k>1) leaving the absolute peak frequency magnitude at
precisely 1. These actions explain the unusual looking normalization at the output.
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Table APDF1T

k=0 notch, H,(2)

0< k< 1 cut, He(2)
k=1 yields input signal

1< k< 2 resonator, anorm(z)
k =2

perfect resonator, H,(z)

Figure Cutter. Cut Transfer for various values of k, Q=2.

The absolute cut depth = (1- (1-k)) / (1 +|1-k]) = k/(2-k) ;0<k<1 (cdl)

1

IHy (@I

norm

0 0.5 1 15 2 2.5 3w
Figure Booster. Resonator Transfer for various values of k, Q=2.

The absolute skirt depth = (1 + (1-K)) / (1 + |1-k) =(2-K)/k :1<k<2 (sdl)
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The cut and skirt depths must each be squared to resolve with Figure Cutter and
Figure Booster. These depth equations are easily deduced from (wcl) and (arl)
respectively, and are independent of center frequency.

The center frequency is unequivocally determined by (wcl) for these cut, notch,
resonator, and perfect resonator filters. This center frequency corresponds to the peak or
trough extremum of the magnitude transfer evaluated on the unit circle in the z-plane.

The ordinate axisis drawn at the lower half-power excursion frequency in the two graphs
of Figure Booster and Figure Cutter. The half-power excursion frequencies (the two
cutoff frequencies) are given for the cut, notch, resonator, and the perfect resonator by

(1+B)2 cos(w) +- (B-1) V(214 - (1+B)2 cos?(wy) )
COS(wZ, 1) et (W2 1)
2(1+6?)

1-tan(w./(2Q))
B = eececeemeceemenes (wheta)
1+ tan(w./(2Q))

Given aparticular center frequency, the allpass lattice coefficient 3 precisely controls
selectivity (the filter Q) for these cut, notch, resonator, and perfect resonator filters.122
Whereas the lattice coefficient y isafunction only of w, aswe see from inspection of
(wcl), herewe seethat 3 isafunction of both w, and Q as per our new definition,
(RRR) and (NNN). On one hand, it is very good that we have discovered closed form
mathematical relationships describing how to modify the two lattice coefficients to
control the musical filter parameters. But from amusical control standpoint, we would
like to have away to decouple the filter coefficients so that only one of them controls the
center frequency while the other controls only the selectivity parameter. (We amost have
thatin y.) Later on, we will see another circuit topology which nearly reaches that ideal.

122This equation for [ is exact in terms of the selectivity definition herein.
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Regalia k Coefficients

1/2 1+k

A(2) —<1:k>—>
1+k

Figure APDF2. Cut, Notch, or Boost Type Filter

In [Regalia/Mitra] it was understood that a simple change of coefficient would resultin a

design which substitutes the parametric boost filter for the resonator, hence incurring the loss

of the perfect resonator. Employing the same allpass filter-topology as before, the

coefficientsin Figure APDF2 are derived from those in Figure APDF1 viathe substitution
(2-k) -> (1-k) / (1+k) (subl)

and viaascaling by the boost factor k on the output, but only when k>1.

Table APDF2T

k=0 notch, H(2)
0< k <1 yields cut, H{(2)

k=1 input signal
1< < o boost, Hy(2)

Figure Regal. Cut and Boost Transfers for various values of k. Q=2.

I
=~

Regalia absolute cut depth = 0< k< 1 (cd?
Regalia absol ute boost = k 1< k< o (sd2)
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The cut depth and boost must each be squared to resolve with Figure Regal. These
results can be derived by substituting (subl) into (cdl) and (sdl). As before these results
are independent of center frequency. The combined plot in Figure Regal highlights the
symmetry of the cut with the boost filters, hence the symmetry of Q. In general, the
filters of Figure APDF1 and Figure APDF2 are minimum phase.

From the allpass characteristics (arl) it can also be deduced that, independent of center
frequency:

Regalia absolute skirt depth of boost filter = 1 1 < k< o (sd2a)

The ordinate axisis again drawn at the lower half-power excursion frequency (the lower
cutoff frequency) in Figure Regal. The two cutoff frequencies w, ; for the boost filter are

derived using a dlightly different equation as compared with that for the resonator,
(RRR), but it can be shown that the results are the same as before; i.e., (w21) remains
valid under:

(@2 - 1) 1 (Hy @2 - 1) =172 (NBNB)

Equation (NBNB) does not reduce to the classical definition of cutoff frequency,

however, because Hb(ei (*)C) by definition is never zero. Because we were able to derive
the Regalia k coefficients (in Figure APDF2) from the circuit in Figure APDF1 while
retaining the same topology, al the equations thus far remain applicable i.e., for B, v,

W, and @y .

L attice Topology in Practice

The foregoing allpass filter-topology constructed from the lattice suffers two drawbacks
to itsimplementation: 1) The |attices produce spontaneous low-level audible zero-input
limit cycle tones, 2) L attice topologies are prone to signal overflow (hence conditional
saturation in ESP2) at internal nodes before the allpass output has reached full scale.123

Thefirst problem is solved by magnitude truncation of all lattice memory elementsto 24
bits. [Smith] Since the automatic magnitude truncation feature of the ESP2 can only be
invoked upon WR to external memory, it is clear that for these digital filters one does not
want to use internal memory; rather it is highly desirable to use 24-bit external memory
for lattice memory storage.124

123)n [Jackson,ch.4.3], anovel topology for the perfect resonator is shown.
1241 only 16-hit external memory is available, one s better off using 24 bit internal memory without
magnitude truncation.
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The second problem (overflow) is solved by scaling the lattice input as already shown in
Figure APDF1 and Figure APDF2. When premature internal overflow persists (whichis
more likely for high Q, cut or boost), it becomes necessary to provide a user controlled
input-signal level adjustment.125 Compensation will be required at the filter output,
under separate user-control. Keep in mind that the cost of any output compensation is the
concomitant amplification of thefilter’sinternal signal truncation noise floor, so this
input scaling process should be limited.

As an aternative to the use of the allpass lattice, we recall that the direct form | filter
topology does not suffer from internal signal overflow because of its single accumulator
having infinite headroom. [Dattorro,pg.857& pg.875] 126 [ Jackson,ch.11.3] In

Figure DirectL attice, we show an implementation of the second-order allpass filter (ar0)
comprising embedded direct form | first-order allpass sections.127 Thistopology retains
the dichotomy of the musical filter-coefficients asin the lattice, while employing the
same coefficients. Empirically, we observe that the limit cycle tones produced by the
direct form | are much quieter than those produced by the corresponding lattice in
Figure Lattice, in general.128 Truncation error feedback (not shown) in the direct form is
known to further minimize limit cycle oscillation [Laakso], thus providing an alternative
to magnitude truncation as a remedy.

A(2)

Figure DirectLattice. Direct Form I, 2nd Order Allpass Filter

For both the lattice and embedded direct form, stability isassured by |yl<1l and |B|<1.

125This knob is probably required anyway to compensate for filter boosts that the user requests.
1260verflow is not always a bad thing.

127Conversion to direct form I using Rossum’s technique [RossumPat.] would eliminate some memory
elements while providing automatic input scaling. The scaling is necessary to prevent internal overflow in
that topology.

128The direct form | may require error feedback [Dattorro] to be truncation noise competitive
with the lattice, however.
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8.5. The Chamberlin Filter Topology

Now we consider high fidelity musical filtering using a different topology and the
musician’ s all-pole lowpass filter type. The musician’s al-pole filter has antecedentsin
the electronic music industry appearing in currently renowned and vintage music
synthesizers.129 [Curtis] Thefilters we previously considered had zeroes in the transfer.
We were concerned about the control of those filters as a musician might like to control
them. Here we present an additional god; i.e., to come up with filter coefficients each of
which individually control only center frequency or selectivity (filter Q). To do so, we
re-derive the Chamberlin all-pole (two-pole) lowpass filter topology entirely from the
perspective of the discrete-time domain.130

The electronics engineer’ s lowpass has zeroes in the stopband and is very flat in the
passband.131 The stopband zeroes serve to provide high attenuation there. In contrast,
musicians have ataste for peaked filters, even when the desired filter is of the lowpass
variety. Because the musician’s peak-center frequency is typically quite low (requiring
poles closer to the unit circle), zeroes are largely unnecessary due to the relatively high
attenuation at frequencies far away from the poles. When the peak-center frequency is
high, on the other hand, the excursion of the all-pole filter magnitude transfer may not
reach 3 dB; in fact, when the peak-center frequency reaches /2 the all-pole lowpass
filter ceases being lowpass because the magnitude transfer at 1t startsto exceed the
transfer at DC.

Due to the fact that the Chamberlin filter is all-pole, thereis little control over the rate of
transition from pass to stop band. To increase the transition rate of the lowpass filter, the
accepted solution isto cascade an identical all-polefilter. Thisworksin practice because
the musician’ s working range of the lowpass peak-center frequency is much lessthan 172
for reasonable sample rates. Zeroes placed at the Nyquist frequency, for example, would
have little impact over the musician’sworking range. Therefore the cascade is preferred
to zeroes at Nyquist. Zeroes elsewhere in the stopband region would entail more
computation, hence they are undesirable. In this development, we will consider only a
single filter section.

129The classic Moog analog synthesizers, for example, employed fourth-order all-pole Voltage
Controlled Filters (VCF). His constant-Q design was also known as the Moog ladder , after the
appearance of the schematic. The Chamberlin all-pole design is reputed resident within the
contemporary digital synthesizers by Peavey. A cascade of two Chamberlin filters can be considered
asthe digital counterpart to the Moog V CF because many of the same characteristics are shared; they
are both all-pole constant-Q designs tuned by a single sweepable parameter.

130This filter was originally derived from an analog State-Variable filter by application of the
Impulse-Invariant transformation. [Chamberlin] points out that this circuit topology

simultaneously possesses a highpass and bandpass output at the nodes labelled hp and bp,
respectively. We discuss only the lowpass filter function of this circuit in detail here.

131The Butterworth filter for example (which is agood choice for audio with regard to minimal
ringing), has al its zeroes at Nyquist.
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Once again, we must refine our notion of cutoff frequency by relating it to half-power
excursion, as before. We expect some kind of boosting transfer as shown in Figure Chlp.
Notice that the filter is normalized to unity at DC.132 For thisfilter type, we define the
passband excur sion from the value of the power transfer at DC to the peak value of the
power transfer. Reminding ourselves that this transfer function is periodic in 211, we then
similarly define the stopband excur sion from the peak to the value at Nyquist.133 In
Figure Chlp the half-power excursion points are indicated defining the musician’s
bandwidth of the all-pole lowpass filter.

We find the frequencies of the half-power excursion points (the musical cutoff
frequencies) here much like we did before: The passband half-power excursion
frequency isfound solving (NCHL) for w; we call thisfrequency w, .

(Honx (@R - 1) 1 (Heu(@ DR - 1) =172 (NCHL)
Similarly, the solution to (NCHR) for the half-power excursion in the stopband we call w, .
(Her @B = Hen-DI2) 1 (Henx (@912 - Hene(-D)I2) = 172 (NCHR)

Neither of these two cutoff frequency definitions, (NCHL) and (NCHR), reduce to the
classical definition because none of the terms can go to zero in this all-pole design.

2
|HChX(§)_| peak? = 1.961444

(0.631012, 1.480722)

T

half-power excursion points
defining bandwidth

1.5}
B=0.36

(1.460898, 1.063875) Q=1.20

0.5¢

skirt depth2 = 0.166305
0.5 1 1.5 2 2.5 3

W
Figure Chlp. All-pole lowpass transfer.

13270 bring the boost at the peak-center frequency w, down to unity, additional scaling is
required beyond what we recommend in this exposition.
133The electronics engineer’ s transition band and stopband are merged in this development.

Because of the lack of zeroes here, the electronics engineer’ s boundaries are not as clear. Also,
the electronics engineer would measure bandwidth from DC, unlike our measurement.
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We begin with asimpler transfer function having no zeroes, so we can expect some of the
previously discovered equationsto be different.

a
H ChX(Z) b (hChZ)

1+Az1+pz2

We seek the relationship of the coefficients to center frequency, w,., and Q.
w, = arccoy(-(L+PB)A/(4B)) (wex)
If we express A as

A=4By/(1+B)
then we find the simpler expression for peak-center frequency.
W, = arccoy( -y) (wcl)
This equation for center frequency is the same as before, and both (wcl) and (wcx) are
exact.

At the peak-center frequency, the magnitude square transfer reaches its peak height;
exactly:

40°B
max( Hep(€@D?) = -mmrmemememenecemenes
B-1% @B -9

S o (maxchx)
(B-1)2(1+p%-2pBcos(2wy))

For the lowpass filter, we normalize the transfer to unity at DC, so a becomes:
a=1+A+p

The two musical cutoff frequencies were determined exactly using Mathematica
[Wolfram]134 as:

(cossin2(w./2) (B-1) V(2(1+B2-2B cos(2 w,)))
COS(Wy 1) = COS(W) = =
V (1+B+8p2+B3+(% - B(1-63+() cos(2wy) +,- 4B(1+B)2 cos(wy))

(w21c)

134The extensions of Mathematica [Evans] to analog and digital signal processing are highly
recommended.
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We were not able to determine an exact expression for the 3 coefficient in terms of .,
and Q aswedidfor y, but the following guess turns out to be a good approximation:

B= (1-sn(w;/(2Q)) / (1+sin(wc/(2Q))) (bapp)

The plot in Figure Sheet shows that our expression for 3 is good over the recommended
operating peak-center frequency range of w. =0 to 2. To makethisplot, we

substitute the desired Q into the exact equationsfor w, and w; (w21c) using the
approximationto (3, (bapp), and then we sweep over w,. .

Figure Sheet. Actual all-pole filter-Q as function of center frequency and desired Q.

Had we the exact expression for 3, then the sheet would be ataut plane having unit
slope with respect to Q desired. But this approximation (bapp) is far better than some
othersin the literature. [Martin/Sun] [Petraglia] [Kwan/Martin] [Strawn,pg.123] The
largest percentage errors in the recommended frequency rangeisfor adesired Q of 1,
having maximafrom 21.8% to 27.6%.
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Approximations

To achieve our stated goal of obtaining filter coefficients which individually control
center frequency or filter selectivity, we now make series approximations to our
expressions for the filter coefficients we have found thusfar. Thefirst several terms of
the equivalent Maclaurin seriesfor the z1 coefficient in (hchz) are:

A= -(2- 0dQ - w2+ W3 (UEAQP) +URQ) + wH12 + ..)

Using the good approximation (bapp) we find that the first several terms of the Maclaurin
seriesfor the z2 coefficient in (hchz) are:

B = 1-w/Q +w2(2Q? - 5u.3(24 Q%) + wH(12Q% + ...

Figure CT showsthe musical filter topology [Chamberlin]135 which implements a

truncated series approximation to the desired filter coefficients, hence decoupling
somewhat the control of w, and Q.

Y(2)

Figure CT. Chamberlin Topology, All-Pole Filter.

Trivial input/output compensation for internal overflow not shown.
See Signal Overflow Analysis.

The all-pole lowpass transfer function of this further approximation to (hchz) in Figure CT is:

Y(Z) FC2 Z—l
T B — = Z1Hw(2 (hchs)
X@ 1-@2-FQ-FAz!+ (1-FQ)z?

redefiningg A = -(2-F.Q.-FJ2, B = 1-F.Q., (hcsubs)
where, Fo = 2sin(w,/2) radian, Q. = 1Q

The transmogrified numerator of (hchz) now shows a delay operator in (hchs). This
comes about because of the need to eliminate an otherwise delay-free loop in the circuit
of Figure CT.136 The numerator coefficient a has become F.2 to force (hchs) to unity
at DC (z=1) asdtipulated. This better approximation to F. in (hcsubs) isfrom
[Chamberlin] [Martin/Sun]. It becomes more exact for high Q whereit is approximately
w, When peak-center frequency islow. (An exact expression is given by (wcsx).)

135We adopt Chamberlin’s notation.

1361t is remarkabl e that the delay-free loop is eliminated without compromise to the digital filter
coefficients, because delay-free loops can be troublesome when it is desired to maintain
autonomy of the analog coefficients in the transformation.
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Stability/Parameter Decoupling
Stability of complex conjugate poles demands the constraint:
0<(1-F.Q)<1

;restated: 0 <F <1Q. (stab0)

This condition is ascertained from (hchs) by demanding a pole radius37 of magnitude
less than one.

From previous considerations we presume that the tuning range for the al-pole lowpass
filteris: W2 > w, > 0. If we substitute (hcsubs) into the equation for actual peak-

center frequency . (wcx) inthisrange, we discover that F; and Q. are not
completely decoupled?38 except for very high selectivity (Q.= 0):

4 (1 - Fc Qc) - F02 (2 - ch) + FC3 Qc
0 < COS(Wy) = =m==mm==m=mmmmmmmmsmmseeeeeeeeeoeoo- <1 (wesx)

4(1-FoQQ )

We also find on the right-hand side that: Fo < 2/Q.- Q¢
and on the left-hand side: Fo< (-Q+V(8+QRD))/2
From the stability condition, (stab0), the minimum value of F. iszero. Thisisachieved

for the right-hand side inequality above when Q. reaches V2. Thuswe have an upper
bound on Q. to keep the actual peak-center frequency within the prescribed tuning
range;

0<Q, < V2

To maintain complex conjugate poles in (hchs)139 we find that the following inequality
holds:

0<(F,+Qy) <2
Thisisfound by rooting the denominator of (hchs):

FC2 Zl
O —— (hchsroot)
(1-azh@a-azd

where, a=1-F,(F,+Q)/2 + jF.V(1-(F, +Q)%4)

Using the upper bound we found for Q. we see that there will always be some finite
range of F. over which the poles will be complex conjugate.

137see (hrz) in Appendix V to see how to find the pole radius.
138A similar conclusion can be reached by solving (bapp) for Q intermsof F. and Q, via

(hcsubs). We leave this as an exercise. Note: (bapp) is an approximation while (wcsx) is exact.
139 e, for peak-center frequency away from but asymptotically including DC,
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Combining al three criteriawe finally conclude that to maintain a stable lowpassfilter in
the form of (hchs) having complex conjugate poles conforming to the prescribed tuning
range, then the constraint must hold:

0 < F.<min(1Q., 2-Q,, 2Q.- Q.. (-Q.+V(8+Q.2)/2) (stabl)

We learn from (stabl) that an artificial upper bound on the value of Q. equal to 1yields
auniversa upper bound on F; equal to 1 aswell (corresponding to w, of about 173).

We conclude that we can guarantee stability of complex conjugate poles for any value of
either coefficient as long as they individually remain within therange 0-> 1.

Peak Gain
We examined the actual peak gain of H.(6%) over the prescribed ranges of F; and Qg

(both, 0 -> 1) substituting the truncated series approximation coefficients (hcsubs) into
(maxchx) then taking the square root. We found the peak gain to be greater than but

approximately equal to Qc'1 . Thelargest excess beyond this estimate occurs for low
frequency and low Q, or for high frequency and high Q. At F,=0.000001 and Q. =1

we found the greatest excess at about 15.5% over QC'1 :
There is no separate control over peak gain in the Chamberlin topology; it is controlled

indirectly through Q.. We recommend a maximum peak gain of 24 dB, for musical
purposes, corresponding to aminimum Q. of about 0.0625 (filter Q=16).
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8.5.1. Performance of the Chamberlin Filter

Now we wish to know whether our approximations are good enough. To do this, an
engineer might calculate the root locus of the Chamberlin polesto see how closely their
trajectory matches that of a second-order constant-Q filter. Instead we will repeat the
musical analysis, asin Figure Sheet, relating Q and center frequency; but this time we
will not usetheideal coefficients, rather we use the actual filter coefficients given by the
truncated series approximationsin (hcsubs).

Figure ChamSheet. Actual Chamberlin circuit Q as function of F. and QC'l :

W, Wy, and wy inFigure ChamSheet are calculated using the actual filter coefficients;
evaluating (wcsx) and by substituting (hcsubs) into (w21c). Figure ChamSheet tellsthe
whole story by relating actua circuit Q, (gqqq), to the filter coefficients. Idedly, we are
looking for a planar relationship. Nonetheless, the sheet isfairly unwrinkled upto F. =1,
corresponding to a tuning range of peak-center frequency up to 1v3. Further, it appears that
for our purposes the selectivity parameter control, Q., is sufficiently decoupled from the
tuning frequency control, F.. Hence we can expect a good relationship of theory with

practice in that region.140

140At a sample rate of 44.1 kHz, 173 corresponds to a bandwidth of 7350 Hz. Considering that
the topmost note of the pianoforte reaches only 4186 Hz, that tuning range is good enough for
musical purposes.
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Integrator Analysis

Generally speaking, it is not a good ideato implement an ideal digital integrator unless it
can be guaranteed that there exists a zero of transmission acrossit at DC. Thisis
certainly the case for integrator number 1 in Figure CT which hasthe required zero
across it, but integrator number 2 has no such zero. In that case, one must then prove that
there can exist no signal from any source having DC content upon arrival at the input to
the integrator under scrutiny. Audio signals normally enter the digital circuit at the
designated input node, but noise having DC content is routinely generated in any
practical implementation at every node where signal truncation occurs. These noise
sources most often appear in ESP2 at the input to each multiplier because multiplier
inputs cannot accommodate double precision operands like the accumulators can.141 The
noiseis accurately modelled as a deterministic signal, input to afictitious adder resting in
front of the multiplier. Figure CTN demonstrates the application of the noise model to
one of the noise sources (e,) on its way to integrator 2:

&[n]

Figure CTN. Truncation Noise Source Model.

For the Chamberlin topology we have the remarkable result that the input to integrator
number 2 never sees any signal having DC content. For verification, we now look at the
most interesting signal which is the noise source at the input to the multiplier at node bp.
There we have,

12(2) 1 ex(2) = -Fe(1-(2-F Q) z1+(1-Fc Q) z9) /A (nn2)

where A isthe denominator of (hchs). The transfer (nn2) has a zero of transmission at
DC which can be proven by substituting z=1. The three other possible signal sources (at
nodes hp, bpg, and the input) acquire asimple zero of transfer at DC in the form, 1-z1,
by the timethey arriveat I,.

141\We presume no truncation post-accumulation for these integrators. This presumption is
justified based on the alternative which is aleaky integrator, requiring a multiply in its loop.
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Truncation Noise
The object of our noise analysisisto find the noise generated by the circuit itself which
then appears at the observed output. The design goal of fidelity might be stated:

Criterion 1) It isdesired that the filter circuit generate no noise which would fall above
the spectral noise floor due to quantization of the original input signal.

Under this spectral interpretation of fidelity, the filter is then termed transparent to the
signal. Thisoneisthe more conservative of the two criteriafor fidelity that we will
consider in this section.

Because the noise we are studying is deterministic (the sources are known), then when it
occurs early in afilter circuit topology it undergoes some filtering as does the input signal
itself. Using the truncation noise model described for the integrator analysis, then, we
wish to know the transfer from each of the noise sources to the lowpass output. Having
obtained this information, we can predict the frequency dependent amplification of each
presumably wide-bandwidth noise source. Suppose, for example, that noise due to
truncation were being generated at the 20-bit spectral level. Then any given noise
transfer would need to possess at least a 24 dB boost beyond unity (in any frequency region)
before Criterion 1 were violated, assuming 16-bit signal fidelity.142

Like the one shown in Figure CTN, there are three noise sources arising due to the
truncation at each of the respective multiplier inputs; these are labelled hp, bpg, and bp in
Figure CT:

1) The noise transfer from hp to the output is -H,(z). This means that the noise transfer

from hp isthe same as the signal transfer (with sign inversion), which is certainly not a
bad situation. This source isthe largest of the noise contributors.

2) The noise transfer from bpq to the output is Q. Hep(2). We know that the peak gain

of Hcn(2) is approximately QC'1 , which means that the peak of this noise transfer from
bpgisabout 1. Thisisgood.

3) Lastly, we consider the noise transfer from bp to the output which can be written:
1-71
"""" Hen(@ - QcHen(2)
-F. z1
Thefirst term introduces a zero at DC (but only to the noise), which is exactly what happens
when we employ first-order truncation error feedback. [Dattorro] The zero squelchesthe
noise in the low frequency region but boosts it in the high frequency region. Using
(hcsubs) we find that the crossover point (the point at which |1-z-1)/F.=1), above which

the 1 - z1 term beginsto boost, is approximately W, . Inthisparticular circumstance,

142(20 - 16 bits) x 6 dB/bit = 24 dB. Another way of looking at this example would be to say that
under fidelity Criterion 1, four extra bits would be required in the signal path to maintain filter
transparency if any one of the noise transfers were capable of a 24 dB gain in any frequency
region; i.e., one bit for every 6 dB of gain beyond unity transfer. Refer to Appendix IV for
supporting noise concepts.
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the second-order lowpass filter, Hey(2), kicksin above . to remove the boosted noise.
The second term of noise source 3 is like noise source 2 but opposite in polarity.143

Truncation Noise Power Gain

What we have thus far are the deterministic noise transfers which were of interest because
of the way that the first criterion for fidelity was stated. The design goal of fidelity hasa
second, quantitative (statistical) interpretation which is stated:

Criterion 2) It isdesired that the total noise power generated by the filter circuit be less
than the total noise power due to quantization of the original input signal.

Thisisthe interpretation ubiquitously ascribed as the -6 dB total noise power per
individual bit. [Opp/Sch,pg.123] Here we determine the number of extra bits required to
maintain signal fidelity using this criterion. To do so we must calculate what is
commonly termed the noise gain. Thisisessentialy an estimate of the total power boost
of the internally generated, presumed spectrally white noise. Any total boost beyond
unity is bad news, while any total gain of 1 or lessis good.144 The calculationis
performed using the Parseval energy relation which integrates a noise transfer in either
the time or frequency domain. Hence the calculation result is unitless since the integrand
isaratio. From the noise transfers, we already know that the worst offender is the noise
source at hp. Substituting the poles of that transfer (hchsroot) into the integration results
from [Opp/Sch,pg.187,357], we calcul ate the total noise power gain at hp as:

F(a(l-a+2) - a*(1- &)
Nh el (nStaI)
(a-a)(1-ad)(1-a2)(1-a*a)

143Unfortunately, they probably will not cancel each other due to the fact that the former must

pass through another truncation nonlinearity and a delay before it ever has the opportunity to
combine with this one.

1444 total noise gain of 1 says that the noise transfer will not increase the total amount of noise
that it passes, but says nothing about the spectral distribution of the passed noise.
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Figure NPlot. Showing Ny,

The vertical axisin Figure NPlot represents N, evaluated over the recommended
operating rangesof F. (0->1) and Q. (1->0.0625). We seethat there isno total
noise gain for F=0, because the filter is shut down at that point. But we also see that the
worst total noise power boost occurs at hp for high center frequency and high Q where
Npp reaches 10.7826, which tranglates!4> to 1.715 bits. The aggregate of the total noise
power contributions, generated by all the presumably uncorrelated noise sourcesin the
circuit of Figure CT, is calculated simply as Njp + Nppg + Npp . Thissum likely
requires somewhat more than 2 extra bits (beyond the desired fidelity) in the signal path to
maintain fidelity using thislatter criterion.

All in all, the al-pole lowpass Chamberlin topology 1ooks good from the standpoint of
truncation noise performance. Thisis true because the pole gain, whichisthe
determinant of noise gain in general, does not exceed the desired filter peak-gain for the
Chamberlin topol ogy; the maximum pole gain is the maximum peak gain which we
recommend to be 24 dB. The most significant improvement in noise performance would
come from further minimization of the hp noise source, like we saw in the case of the bp
noise source where truncation error feedback is built in.

14510 10g(10.7826)/(20 log(2)) = log 2(\/10.7826) bits.
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Limit Cycle Oscillation

Zero-input limit cycling arises due to ongoing signal quantization within arecursive
topology; [Jackson] a nonlinear operation in an otherwise discrete linear system.146 The
filter coefficients are parameters to limit cycles but are not the cause. Limit cycles
manifest themselves as annoying low-level tones at a circuit’s outputs when no input
signal ispresent. Signal quantization in ESP2 (as in most modern DSP chips) most often takes
place at the single precision multiplier inputs where double precision operands cannot be
accepted, so must be truncated.147 The limit cycle tones can therefore be visualized to
enter the topology at the same places as the truncation noise. One such input port is
shown in Figure CTN. Like the truncation noise sources, if limit cycle tones occur early
in afilter topology they will be filtered like the signal (at the same point of entry) itself.

We now know that limit cycle oscillation is minimized by truncation error feedback
[Laakso] which was devised to minimize the amplification of truncation noise. [Dattorro]
Essentially, error feedback introduces zeroes into the noise transfer function, strategically
placed on the unit circle. A reasonable hypothesisis, therefore, that with or without error
feedback, if the noise transfer from a quantizer to the output hasaterm 1-z1 then it
provides some immunity to limit cycles as well as some squelching of truncation noise,
both artifacts caused by that same quantizer.148 From our truncation noise analysis of
the Chamberlin topology we see that only one of the truncation noise transfers has such a
term. Hence, limit cycle tones cannot be ruled out. Our only recourse isto minimize
their amplitude of oscillation by providing internal signal truncation at lower levels. This
is tantamount to providing higher precision signal paths.

Signal Overflow Analysis

The study of overflow regards the observation of signal magnitude at sensitive nodes.
Typically, one or several sensitive internal nodes may overflow (or underflow) sooner than
the output. A saturation nonlinearity clips (appropriately full-scale positive or negative) the
overflowed node as thisis highly preferable to atwo’ s complement wrap-around
nonlinearity. The audible consequence of clipping at internal nodes is much more
objectionable than clipping at the filter output, however, so it must be precluded
completely. The sensitive internal nodes in ESP2 are, once again, the multiplier inputs
because they cannot accept overflowed inputs like the accumulators can.149 These are
labelled hp and bp in Figure CT.

In our overflow analysis, what we are really interested in is the relationship of the
sensitive nodes to the output. So we form aratio, R, of transfers to the sensitive nodes
with respect to the transfer to the output node:

1465ignal quantization converts a discrete-time system to a digital system.

147Multipliers then produce double precision results which are usually fed to accumulators which
can accept double precision inputs.

148 fact, [Laakso92] shows that any zero in the noise transfer provides some limit cycle
immunity. The common solution to both artifacts suggests that the two phenomena are

homol ogous.

149Recall that most contemporary accumulators are designed to tolerate infinite intermediate
output overflow simply by virtue of non-saturating adders. [Jackson,ch.11.3] So saturation at an
accumulator output (when necessary) is never performed upon intermediate accumulated results.
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1) Node hp: Formulate Rp(2) = (hp(2)/X(2) ) / Hen(2) = 1-zhH2/ (F2zY

IRhp(2)| = s M(w/2) | Sind(w./2)
This describes a boost over the output at high frequencies. The worst case of overflow
comes at the highest frequency (z=-1) and for a peak-center frequency w, at the top of its

recommended range (172), for there the boost over the unity output is by the factor 2.

2) Node bp: Formulate Rpp(z) = (bp(2)/X(2)) / Hen(2) = (1-zY /R,
IRpp(2)] = sin(w/2) / sin(wy/2)
Similarly, the worst case boost over the output is absolute V2.

Based on this analysis, a simple technique to eliminate internal signal overflow, which we
have found works quite well, is to precede the Chamberlin topology with afixed input
level attenuation=1/2 and to follow with a compensation factor of 2 at the output. The
output compensation amplifies the filter’ s internally generated truncation noise, however;
i.e., theratio of filtered signal power to thefilter's own total noise degrades by 6 dB.

As shown in Figure Chlp, the Chamberlin lowpassis a boosting filter. For some signals
the output may overflow. But overflow at the output will not always occur because the
filtered signal may not have significant energy in the frequency region of the boost.
Further, some small amount of output clipping is not offensive to the musician. Hence,
it is not desirable to automatically normalize the filter peak gain for the musician by
attenuating the input signal because there will be an objectionable loss in perceived
volume. For then, the musician would demand a knob for output compensation; such a
knob is emphatically discouraged because of the consequent amplification of internally
generated truncation noise.

The most viable solution to the output overflow problem isto provide afilter input
signa-level user control. The user then determines at what input level any clipping at the
output becomes offensive. When an input level user control exists for a boosting filter, it
becomes unnecessary to provide user-controlled output compensation to maximize the
output signal level.
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Estimate of Coefficient Width
Regarding F., using (hcsubs), resolve 1 Hz in 50 at a sample rate, Fs=44100.

-logy( 2(sin(11 51/44100) - sin(1t150/44100)) ) = 13 fractional hits.
In two’s complement F. requires 14 bits, but F. isnever negative.

Q¢ minimum is 0.0625 for 24 dB maximum peak gain. Thisamount of gain requires at
least 4 fractional bits; 5 bitsin two's complement although Q. isaways positive. More
bits are required for increased resolution of selectivity.

Estimate of Minimum Required Internal Signal Path Width
(@24 dB maximum peak gain)

Bit Budget Attribute
N=16 output fidelity, assumed input signal quantization
n=2 truncation noise immunity (Criterion 2)
o=1 internal signal overflow prevention
m=1 6 dB limit cycle suppression

+ r=max(0, (24/6)-n-m) signal path L SBsfor user-controlled input level attenuation150
N+n+o+m+r = 21 bits total

This estimate maintains signal fidelity of N bits at the Chamberlin lowpass filter output.
Thefilter internal signal path width can be minimized by reducing the maximum peak
gain or by compromising the bit-fidelity requirement. It isinteresting to note that under
the more conservative fidelity Criterion 1, the estimate of the required total number of
bits becomes 22; only one more bit (n=4, r=0). We see that the ESP2 single precision
path width (24 bits) easily meets either fidelity requirement.

Assuming that the number of bits required to represent Q. islessthan or equal to the
number of bitsrepresenting F., then the integrating accumulators must retain at least
14 + 21 - 1 = 34 bits!S1 of precision under fidelity Criterion 2, and 35 bits of precision
under Criterion 1.

150Assuming that the filter internal signal path resolution exceeds the input signal resolution, then
no input signal information will be lost through the use of an input level control, provided that the
attenuation is limited to the difference in resolution (6 dB per bit, 24 dB recommended).

151The subtraction of 1 is a consequence of the redundant sign bit in the product of atwo’s
complement multiplication.
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9. Sonically Pleasant Noise Generation

The technique we use to create white noise is called the maximal length pseudo-random
noise sequence. [MacWilliams/Sloane] [Golomb] [Recipes]152 The noise is spectrally
white because the autocorrelation function of a maximal length sequenceisnearly a lone
impulse. Once we have noise that is white, it is then filtered to create noise having
color.153 The power of the noisein any given small band of frequenciesis low, however,
since the total power is spread evenly over all frequencies. We find it necessary to boost
small (filtered) bands by as much as 48 dB to achieve a healthy amplitude. Filtering a
maximal length sequence using a lowpass filter having a cutoff frequency of
approximately 400 Hz, for example, yields a very soothing rumble when amplified. Such
narrow-band noise can be instantaneously modulated to get transposition in the frequency
domain; achieved through multiplication in the time domain with a sinusoid of the
desired transposition frequency, say f,. This simple effect is reminiscent of gurgling

brooks.

A recurring theme throughout this brief is that noise generators are more useful in pairs.
Indeed, a smple way to enhance our gurgling brook above would be to transpose two

independent generators, one of themto f, +f., theotherto f - f., where f; isonly a
few Hz. By so doing, we dismantle the spectra symmetry of the noise that would

otherwise exist about f,. In the spirit of our theme, we present two independent audio
noise generatorsin Figure PN.

(b)

Figure PN. Two maximal length pseudo-random number generators.
For N-bit wide output, take N MSBs.
(a) byg[n+1] = bg[n] * by[n]

(b) byz[n+1] = bs[n] * by[n]

1520ften referred to as amaximal length PN sequence in the literature.

153The term "pink noise" refers to arandom process having a power spectrum that falls as 3 dB
per octave, thusits power over any octave interval isthe same. Often employed in the audio field
because it is subjectively white, its power spectrum is proportional to 1/f in the linear frequency
variable f. More algorithms and computer programs for colored noise generation and stochastic
processes can be found in [Kasdin].
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Figure PN (a) and (b) are two of many possible configurations. Examples (a) and (b) each
show all theindividual bits of one 24-bit register such as would be found inside the ESP2.
The caret symbol ~ is C-language notation for exclusive-OR logic. At each sample
period, the logic is performed on the two selected bits and then the whole register is shifted
right, by one bit, accepting the logical result into the MSB. The 24-bit generator output for
each example is simply the succession of 24-bit wide register values.1> Using the logic
shown in (&), a uniformly distributed non-repeating sequence of 23-bit values of length
223-1 isgenerated (ignoring by). In (b) the 22-bit wide sequence length is 222-1 (ignoring
b, and by).

The generating logic equations are derived from Table PN; entries 23 and 22,
respectively.155 Table PN notation is for a word length-bit register. But Figure PN
shows how the implementation is translated to a more suitable left-justified two’'s
complement format. Hence we can fit any of the first 24 equations into a 24-bit register,
and so on; we chose equations 23 and 22.

As suggested by the circuit in Figure PN, thevalue O cannot be produced using the
Table PN logic. To start agenerator, the significant bits of its register are initialized with
any nonzero value. Using a different initial register value only shifts the corresponding
sequence in time; i.e., the same sequence is started at a different phase of its cycle.

154The M SBs would be selected from each respective example in Figure PN for fewer than 24
bits-desired output from a 24-bit register. Smaller or larger registers may use different generator
equations, in general.

155We did not choose entry 24 because it requires slightly more computation.
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Table PN. Generating equationsfor maximal length sequences.156

by, in+1] = by abga by Abyln]

bygn+1] =bgabga by Abyln]

b,gn+1] =bg b, A by Abyln]

word length gener ator
1 boln+1] = by[n]
2 by[n+1] =b; aby[n]
3 b,[n+1] =b; aby[n]
4 bs[n+1] =b; aby[n]
5 b,[n+1] = b, aby[n]
6 bgn+1] =b; by[n]
7 ben+1] =b; A by[n]
8
9 bgn+1] = by, A by[n]
10 bg[n+1] = bs A by[n]
11 bygn+1] =b, A bgn]
12
13
14
15 byn+1] =Db; A bgn]
16
17 b,gn+1] = by bgn]
18 byAn+1] =b A bgn]
19
20 bygn+1] = by bgn]
21 bogln+1] = b, A bgln]
22 () b, [N+1] = by A by[n]
23 (@ by,[N+1] = bg A bgln]
24
25 by n+1] =Dbg A bgn]
26
27
28 b,/n+1] = by bgn]
29 b,gn+1] = b, A bgln]
30
31 ban+1] =bgzabg[n]
32

word length

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

gener ator
ba,[n+1] = by A bln]

bas[n+1] =bygabisn by Albg[n]
bg4[n+1] = Dby A by[N]

bag[n+1] =byq A bgn]

baglN+1] = b1y Abygn by AbgIN]
ba7[n+1] =bg A bg A by A bgln]
bgg[n+1] =b, A by[n]

bag[n+1] =byq Abigabyabgn]
byn+1] = by bgn]

byqn+1] =bgabyna by aby, Abyabgn]
byo[n+1] =Dbg A by A by abgn]
b3[n+1] =bgabga by Abgln]
byyln+1] =byabga by abgn]
bagn+1] =bgabgaby aby, Abyabgn]
bagln+1] = bg A by[n]

by7[N+1] =b;abgaby Aby Abyabgn]
byg[n+1] =Dbg A bg A by Abgln]
bag[n+1] =by Ay A byabgn]
bggln+1] =bgabga by Abgln]
bgq[n+1] =bg A by[n]

bg,[n+1] =Dbg A by Aby Abgln]
bg3[n+1] =bg Abgabya by aby abgn]
bgy[n+1] =Dbga by A by A bgln]
bgg[n+1] =b;abya by Abgln]
bggln+1] =bg A by A by abgln]
bg7[N+1] =bgabga by Abgln]
bgg[n+1] =bgabga by Absabyabgn]
bgg[n+1] = Dby A by[n]

bgoln+1] =bg A by, Aby Abgln]
bgqn+1] =bgnabga by abgln]
bgo[n+1] = by A byln]

bgan+1] =byabga by abgln]

156These logic equations are not unique, but all are suitable for audio. Thetimeindex, [n],
appears once for each logic equation in this table because al time indices are the same on the

right hand side. Notethat b;[n] = b;_;[n+1] .
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rectangular probability density

Using the maximal length generators given in Table PN, the sequence length is then
2wordlength-1: this is the longest possible for a given word length when the value 0 is
excluded. The generating equations!®’ given in Table PN each produce a unique
independent maximal length sequence having a rectangular (rather ‘uniform’) probability
density function (PDF). The probability density function [Cooper] is rectangular because
each word length-bit value produced by the generator is equi-probable. The sequence is
maximal length because every word length-bit value is generated just once before the
sequence repeats. This zero-mean sequence is bipolar because of its two’s complement
representation.

amplitude e -

time

Figure Rectl. Bipolar Rectangular PDF noise showing localized correlation.

Figure Rectl shows a brief segment of the noise sequence generated by the circuit in
Figure PN (a), having variance 02=1/3. Theplot reveals that maximal length pseudo-
random noise generators are fundamentally relaxation-type oscillators. The arrows in the
figure point out exponentia decays toward zero that are fairly obvious in that
microscopic view. This exponential relaxation is easily explained by the right shift by
one bit that occurs as part of the algorithm on every sample generated. Since exponential
decay is a common physical occurrence in the real world, that may help to explain why
these noise sources are perceptually acceptable. The exponential artifacts are not
decorrelated ssmply by choosing a different logic equation from Table PN.

The variance for the rectangular PDF is

2 _ (Xmax — Xmin)2

° 12

When Xin = Xmax @d Xpax = 1, then 62=1/3.

157More generating equations can be found in [Recipes,ch.7.4].
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triangular probability density
By linearly adding!®8 two sequences from different generators,

Yy = X1/2 + Xol2 (pn0)

their rectangular probability density functions become convoluted; the sum y has a
triangular probability density function which is useful for aleviating pseudo-noise
amplitude modulation (* breathing’) in dither applications. [V anderkooy/Lipshitz]

Triangular probability density sequences generated in this manner remain spectrally white
and retain exponential relaxation in time that is fairly obvious to the eye (see
Figure Tril). Thiszero-mean sequence has variance

2 _ Yorex ~ YmaxYrmin + Yain

o 18

When Yin = Ymax @d Ypax = 1, then 02 = 16. The variance can be used to
approximate the perceived loudness with respect to other PDFs.

amplitude . B

time

Figure Tril. Bipolar Triangular PDF noise.

Figure Tril showsasegment of a triangular probability density noise process generated
via (pn0), having variance 02 = 1/6. (Thereis no correspondence to the time axis of the other
figures.)

158The two sequences must each be scaled by 1/2 prior to the addition to avoid clipping. The

ESP2 AVG instruction is useful here because it has one extra bit of headroom, hence no incurred
|oss of the LSB of the sum.
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Gaussian probability density

If we continue the process of summing a number of independent sequences, then the
central limit theorem!®® predicts that the probability density function of the sum
approaches Gaussian (rather 'Normal’) density as the number gets large.160 That is why
recursive filtering of arectangular density process also tends towards the Gaussian.

In [Recipes,ch.7.2] is discussed the Box-Muller method of transforming rectangular into
Gaussian probability density using a fixed and finite amount of computation. Asin the
triangular case, two independent x sequences having rectangular probability density are
first generated: x; and X,. By the principle of transformation of variables we apply,

y = 0+/-2In(x;) cos(2mx.) (pnl)

The x sequences in (pnl) must now span the domain of positive values (0.0" -> 1.0).
The best way to do thisis prior to the transformation, we let
x ->-05x + 05 (pn2)

This linear operation on the originally bipolar x should not upset its autocorrelation
function. Hencethe x sequence remains spectrally white in its conversion to a unipolar
sequence via (pn2). We wish to avoid an exception process for In(0), hence the
negative coefficient in (pn2), assuming 23 two’s complement format where 1.0 exactly
isnot expressible.

The bipolar zero-mean sequence y in (pnl) is a Gaussian density sequence having a
specified standard deviation o (and variance 62). The y sequence is bipolar because
of the cos(’) evaluation. Only the localized correlation property (see Figure Rect1) of the
X sequences carries over to the y sequence.161 The spectral content of y becomes
lowpass; the autocorrelation functions of the x sequences are not preserved in y after
the nonlinear transformation (pnl).

amplitude - _ -

time

Figure Gaussl. Bipolar Gaussian PDF noise.

159 rom the field of probability and statistics [Cooper] [Recipes],

16070 implement this procedure we find that it is necessary to scale each sequence by the number
of sequences summed if absolutely no clipping is desired.

161\we wish that were not the case because the localized correlation can be a liability for some
sensitive applications.
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In [Reciped] it is explained that the sin(}) function can replace cos(-) in (pnl), and a
technique is shown to eliminate the trigonometric function evaluation altogether.162
Because In(xq) can approach negative infinity, we must choose ¢ according to the
dynamic range of the number system we are working within. But there will aways be
outliers generated by (pnl). A remedy might be to allow some numerical wrapping of y
in those events. The Gaussian probability density function will then become  aliased163
and a tradeoff must be made between the aberration to the density function caused by
clipping and that caused by wrapping.

Figure Gaussl shows a brief segment from a Gaussian noise process having ¢ =0.3
generated via (pnl). Conditional saturation (clipping) was used to handle outliers.

Sonic Musing

The author presently owns about five electronic gadgets for sonic noise generation.
These devices are analog and emit electronically amplified sound through a speaker,
except for one which consists of an encased fan driven by an induction motor. The fan-
type unit was first purchased from Marpac Corp., NC, in 1977. Their analog noise
generators, which amplify and filter transistor noise, were found to be suitable substitutes
for the earlier electromechanical version. The noise generators are used when sleeping,
concentrating, or to block out unwanted ambient disturbances.

Severa years ago, the same company announced a new ‘improved’ digital sonic noise
generator. Not only isthe noise generation digital and algorithmic, but the front panel is
now computerized. After living with the unit for a while, the author concluded that the
noise was not pleasant, so back it went to the factory for repair. Discussion with the
Marpac engineer revealed that the device was operating within normal parameters and
was not in need of repair. He confided that he too liked the analog units better. We no
longer use that digital device, however, because it sounds bad. Nonetheless, the Marpac
company claims growing sales of the digital unit.

The author has put noise generation algorithms into production for commercial musical
products, and into the fitting system164 that supports a customized hearing aid. When
evaluating various agorithms, we used our ears. Our purpose for transcribing these
events is to convey the knowledge that digital methods for noise generation are not
inherently bad, but some agorithms sound better than others. We know that when
properly filtered, the fundamental algorithm presented herein sounds as good as any
analog method of noise generation; that was our ultimate criterion for choosing it.

162The technique to eliminate the trigonometric function evaluation reverts the domain of the x
seguences back to (-1.0 -> 1.0), but now entails a new exception process. It must detect when the
sum of the squaresof x; and X, isin excess of unity. In that case, the pair is discarded and a
new pair isgenerated. (Thisfact wasfirst brought to the author’ s attention by Paul Hargrove.)
This decision process brings with it avariable execution time that may be undesirable in some
circumstances.

163 much like the analog sinc() function becomes the aliased sinc() function (the Dirichlet kernel)
in the discrete domain,

164 Audio’ D, Hearing Solutions, Paoli PA, USA
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Appendix |
ESP2 Scheduler Notes: Rulesfor DIL and DOL Availability

We list therulesfor DIL and DOL availability in scheduling external-memory accesses:
Glossary

AGEN read: an AGEN operation that reads the contents of an external-memory location
intoaDIL

AGEN write: an AGEN operation that writes the contents of a DOL to an external-
memory location

defensive criterion: acriterion for determining DIL or DOL availability that tests
whether the external-memory access currently being scheduled would be corrupted by a
previoudy-scheduled access

initial operand: the topmost unquoted operand (A, B, C, D, E, F, or G) in a quoted-
reference chain; this operand initializes the chain

isolated reference: an external-memory reference that is not theinitial operandin a
guoted-reference chain

latency: the difference between the number of the instruction where aregister (GPR,
AOR, or SPR) iswritten by afunction unit (MAC, ALU, or AGEN) and the number of
the instruction where the contents of that register become available as a source operand in
a particular function unit

protective criterion: acriterion for determining DIL or DOL availability that tests
whether a previously-scheduled external-memory access would be corrupted by the
access currently being scheduled

guoted-r eference chain: one or more quoted similar external-memory references
preceded by an unquoted similar external-memory reference

request instruction: an instruction where an external-memory reference appearsin the
MAC unit or ALU as a source or destination operand

similar external-memory references: two or more external-memory references that refer

to the same element of the same external-memory array in the same region and that have
the same UPDATE BASE mode and same Plus-One addressing mode
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target instruction: an instruction where an AGEN operation is to be coded by the
assembler in response to an external-memory request from the MAC unit or ALU

terminal operand: the bottommost operand (A, B, D, or E) in a quoted-reference chain
Variables

A TO B = k’ meansthat the latency from unit Ato unit B isk instructions:

MAC TO MAC =1
MAC_TO ALU 1
MAC_TO AGEN =0
ALU TO MAC =2
ALU TO ALU =1
ALU TO AGEN =1
AGEN_TO_MAC =2
AGEN TO ALU =2

"A_PREC B = k’meansthat if aDOL iswritten by unit B at instructionn, and is
subsequently written by unit Aat instruction n+k, then at instruction
(n+k+A_TO_AGEN the DOL will contain data from the latter write:

MAC_PREC_MAC =1
MAC_PREC ALU =1
ALU_PREC_MAC =0
ALU_PREC ALU =1

Scheduling Operations

There are four principal scheduling operations, performed in the following order:
[1] quoted-reference chains

[2] priority external-memory writes

[3] externa-memory reads
[4] remaining external-memory writes
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Quoted-Reference Chains

Quoted-reference chains are formed starting at instruction pr ogsi ze- 1 (thelast
instruction of a program), and working toward instruction O (the first instruction). In
locating terminal operands, source-code scanning is performed from right to left,
traversing operands in the following order: B, A, E, D. Thefirst occurrence of a particular
guoted external-memory reference thus encountered becomes the terminal operand of a
chain. Further quoted similar external-memory references become links in the chain,
which extends to the closest unquoted similar reference for which inter-unit latencies are
resolved; this reference becomes the initial operand of the chain.

Priority External-Memory Writes

Priority external-memory writes are scheduled starting at instruction 0 and working
toward instruction pr ogsi ze- 1. A function unit, UNI T (MAC or ALU), can write
DOLn at instruction r equest and schedule an AGEN priority-write at instruction
target if

[1] request+UNIT_TO AGEN = target < progsize
[2] no AGEN instruction has already been placed at target instruction

and all defensive and protective criteria (as described below) for external-memory writes
aretrue.

External-M emory Reads

External-memory reads are scheduled starting at instruction pr ogsi ze- 1 and working
toward instruction 0. A function unit, UNI T (MAC or ALU), canread DILn at
instruction r equest and schedule an AGEN read at instructiont ar get if

[1] O <= target+AGEN TO UNIT <= request < progsize

[2] no AGEN instruction has already been placed at target instruction

and all the following defensive and protective criteria are true:
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defensive criteria:

[1] theexternal-memory read to be scheduled is an isolated reference, and (t ar get
== request- AGEN_TO _UNI T) or neither MAC unit nor ALU has already scheduled
an AGEN read using DILn in range

[target +1, request-AGEN TO UNIT]
or

the external-memory read to be scheduled initializes a quoted-reference chain, and neither
MAC unit nor ALU has already scheduled an AGEN read using DILnin range

[target +1, |astref-AGEN _TO MAC if terminal operand in MAC unit
[target +1, |astref-AGEN TO ALY if terminal operand in ALU

protective criteria:

[1] neither MAC unit nor ALU has already scheduled an AGEN read using DILn in range
[0, target-1]

from reguest instruction in range
[target +AGEN TO UNI T, progsize-1]

[2] neither MAC unit nor ALU has aready assigned DILn to a quoted-reference chain
whose AGEN read occursin range

[0, target-1]
and that terminatesin range

[target +AGEN TO UNI T, progsize-1]
Note that if AGEN reads are scheduled starting from the bottom of the program and
working toward the top, and the closest available AGEN instruction is always chosen as
the target instruction, then both protective criteria are alwaystrue.
External-Memory Writes
External-memory writes are scheduled starting at instruction O and working toward

instruction pr ogsi ze- 1. A function unit, UNI T (MAC or ALU), can write DOLn at
instruction r equest and schedule an AGEN write at instruction t ar get if
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(4
(2]

0 <= request+UNI T_TO AGEN <= target < progsize

no AGEN instruction has already been placed at target instruction

and all the following defensive and protective criteria are true:

defensive criteria:

[1]

or

the external-memory write to be scheduled is an isolated reference, and MAC unit has
not already written DOLnN in range

[request +MAC PREC UNIT, target-MAC TO AGEN|

the external-memory write to be scheduled initializes a quoted-reference chain, and MAC
unit has not already written DOLn in range

[request +MAC PREC UNIT,
MAX(I astref-MAC TO MAC, target-MAC TO AGEN)]
if terminal operand in MAC unit

[request +MAC PREC UNIT,
MAX( | astref-MAC TO ALU, target-MAC TO AGEN) ]
if terminal operand in ALU

where | ast ref isthenumber of theinstruction of the last quoted reference in the chain

(2]

or

the external-memory write to be scheduled is an isolated reference, and ALU has not
aready written DOLnN in range

[request +ALU PREC UNIT, target-ALU TO AGEN|

the external-memory write to be scheduled initializes a quoted-reference chain, and ALU
has not already written DOLnN in range

[request +ALU PREC UNIT,
MAX(I astref-ALU TO MAC, target-ALU TO AGEN)]
if terminal operand in MAC unit

[request +ALU PREC UNIT,

MAX( |l astref-ALU TO ALU, target-ALU TO AGEN) ]
if terminal operand in ALU
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protective criteria:

[1] MAC unit has not already scheduled an AGEN write using DOLN in range
[request +UNI T_TO AGEN, progsize-1]

from request instruction in range
[0, request-UN T_PREC MAC]

[2] ALU hasnot aready scheduled an AGEN write using DOLn in range
[request +UNI T_TO AGEN, progsize-1]

from request instruction in range
[0, request-UN T_PREC ALY

[3] MAC unit has not aready assigned DOLn to a quoted-reference chain that terminatesin
range

[request +UNI T_TO MAC, progsi ze- 1] if terminal operand in MAC unit
[request +UNI T_TO ALU, progsi ze- 1] if terminal operandin ALU

and beginsin range
[0, request-UN T_PREC MAC

[4] ALU hasnot aready assigned DOLn to a quoted-reference chain that terminatesin
range

[request +UNI T_TO _MAC, progsi ze- 1] if terminal operand in MAC unit
[request +UNI T_TO ALU, progsi ze-1] if terminal operandin ALU
and beginsin range

[0, request-UN T_PREC ALY
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Appendix |1

I mportant Theorems

We present the following without proof asthey are evident to the most casual observer:

Reagan’s Theorem
There exist two types of matter in the universe: matter and doesn’t matter.

L emma predicating existence of the Discrete Time Laplace Transform
There never lived a mathematician named Z.

Quod Erat Demonstrandum.
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Appendix I 11

Reverb Recollections
Ref.: Reverberation Application

December 21, 1994
Dear Jon,

What you wrote was fine but it stimulated my memory of additional snippets. Feel free
to use what you want.

| had a personal conversation with Manfred Schroeder in the late 1970'sand | asked him
the question about what the phrase ' maximal incommensurate’ delay values meant, asit
appeared in one of hisreverberation papers. His answer was particularly interesting.
Thisis aparaphrase based on my tired memory:

"We did the electronic reverberation for amusement because we thought it would be fun.
Snce it took the better part of a day to do 10 seconds of reverberation we only ran one
sample of music. The notion of delay time selections was random in that we just picked a
bunch of numbers and there was no mathematical basis. We just wanted to proveit could
be done."

He never related this work to his more profound mathematical and perceptual research,
specifically the work on the required 3 eigentone per Hz density and the frequency-phase
statistics in arandom physical space.

Theoriginal EMT reverberator, model 250 operating at a 32 kHz sample rate, used a
main memory of 8k words and the required eigentone density was emulated entirely by
randomizing delaylines. Another interesting fact is that colorless reverberation, using
allpass structures, is perceptually not colorless. Even white noise passed through an
allpass will not sound like real white noise. When passed through many such allpass
structures, it in fact sounds like a machine shop rather than random noise. It still
measures spectrally flat. The reason isthat frequency regions get bunched in time. Itis
very much like a chirped sine wave in radar having a purely flat spectrum but is very
different from white noise. The 2nd and higher order statistical terms out of an allpass are
very, very different from areal random process. The utility of an alpassisto passall
frequencies through so that each allpass can see the same spectral density, otherwise
comb peaks would align and dominate. Parallel structures of non-allpass elements
achieve asimilar issue in that each structure gets fed the full spectrum. Allpass elements
are more critical for small delay values. An allpass within alarger loop must be used
with great care since it has asine-like variation in group delay. Hence, the effective loop
time, and reverberation time, varies with frequency. After many trips around the loop,
the result will be very colored.
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Schroeder’ s had several analyses about reverberation but his 3 eigentone per Hz theory,
which maps to 3 seconds of memory, can be looked at in many ways. Hisresult was
empirical based on listening tests. Consider two eigentones, or poles, separated by 1 Hz
and located in the s-plane with areal part of -10 Hz. When excited thiswill produce
two damped exponentially decaying frequencies which differ by 1 Hz. Hence there will
be a1 Hz envelope beat which is clearly audible. Now add other eigentones, randomly
spaced but still at adistance of -10 Hz. Assume 10 such eigentone. All of them will
beat with each other producing a random envelope having a spectrum which is crudely
flat from O to 10 Hz. One can do this simulation in closed form with variable excitation
of each eigentone. Schroeder’ sresult actually depends on the nominal reverberation time
since that determines how many eigentone will get excited by a narrow-band input. In
the early reverberation boxes, with only 150 ms of reverberation, typically only afew
tones would be excited. The envelope had a clear periodicity of 6 Hz on average. It
sounds bad. Some regions had only two eigentones excited with a distance of 2 Hz which
was even worse. Development was much more exciting with such limited memory.
Today one can use 1 second of DRAM memory. Many simpler structures will thus
produce good reverberation.

The perceptual simulations deviated from physical reality in many ways. For example, a
natural three dimensional space has an increasing eigentone density which is proportional
to the square of frequency. All electronic simulations tend to have a constant density.
The reason is that in athree dimensional space, the speed of sound along adimension is
proportional to the sine of the wave front direction, whereas in an electronic structureitis
aways constant.

WEell, that iswhat | remember so do what you wish with it. Best of luck.

Sincerely yours,

‘Barry Blesser

Blesser Associates

Electronics & Software Consultants
P.O. Box 155

Belmont MA, 02178 USA
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Appendix IV

Truncation Noise Spectral Level vs. Total Noise Power
Ref.: Chamberlin Filter Topology in Musical Filtering

We seek the relationship of truncation noise spectral level, n(éw), to total noise power,
N, because we wish to prove that for every additional 6 dB of S/N, the noise spectral
level drops by the same amount. The analysis of truncation noise is much like that of
guantization noise. [Opp/Sch,pg.353] It isinteresting that the classical derivation of
guantization noise [Opp/Sch,pg.119] is statistical and does not include any consideration
of sample rate. We therefore expect our resultsto reflect this.

Here we regard the truncation noise signal as deterministic, and we consider only
normalized signal and noise spectra such that areal sinusoid of infinite duration hasfinite
average power S=1/2 (and acomplex sinusoid has average power S=1). We then pose the
problem: 10log S/N =96 dB for area sinusoid; find the truncation noise power spectral
level. 96 dB isthe approximate expected signal to noise ratio for a 16-bit fidelity signal
(6 dB per bit), [Opp/Sch,pg.123] and we set S=1 to ssimplify the discussion. We then
find the total noise power solving,

101og N = -96
Wherel65
FS
N= T J' | n(@¥T) [ df (IV-n0)
0
FS
N = MTI n2 df (IV-n)
0

where T = 1/Fg, and where M is the number of pointsin the data record, and where n,

is the normalized average noise spectral magnitude; i.e., the average of | n(el®l) |/ M
over frequency. Solving, we find:

n,?=N/M (IV-n2)

which isindependent of sample rate, as expected. This equation indicates that noise
power spectral level is proportional to total noise power. This meansthat if total noise
power drops by 6 dB, then so will its spectral level (assuming M constant). We needed to
know this to justify the claim (supporting fidelity Criterion 1 in our example from the text) that the
average difference in truncation noise spectral level between a 20-bit and a 16-bit
quantized signal is 24 dB (=(20-16) x 6.02 dB).

165Thereis confusion in the various DSP textbooks regarding expression (IV-n0). We believe
that [Jackson] is correct in his expression for the Parseval energy relation, while the modification
to his expression to yield the power relation comes from [Luthra].
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Appendix V

Filter Erratain theLiterature
Ref.: Musical Filtering

A mistake has been perpetuated regarding the center frequency of the second-order digital
filter.

The polar representation of complex conjugate filter polesis often found, correctly
written, as

0
Zpole = Re’ (zpl)

The erroneous hypothesis can be recognized wherever filter center radian frequency, w,

isascribed to the radian pole angle, 8. Hence, the distinction between center frequency

and pole frequency is obscured in the literature.166 There it is argued that for high
selectivity, thisdistinction is of little practical importance. But that tenuous assumption
of practical equivalence has, consequently, promulgated specious theoretical conclusions
within the audio community.

One such erroneous conclusion is that the perfect resonator transfer (hrz), for any given
center frequency, does not have a peak magnitude exactly equal to 1 when evaluated on
the unit circlein the z-plane. The errant proof evaluates (hrz) at the resonant frequency

(e, a z=¢ e) in complete disregard of the poleradius, R. Evaluation at the true center

frequency (i.e., at z:éwc) given by (wcl) showsthat conclusionto befalse; i.e, itistrue
that the perfect resonator as given by (hrz) always has a peak gain of exactly unity.

We can establish a correspondence between pole and center frequency by equating the
denominator of the general second-order transfer function (written in terms of the pole
radius and angle (zp1) [Jackson,ch.4.3] [Dattorro,(27)]) to the perfect resonator (hrz):167

(U2)(1-B) (1 - 29 U2)(1-B) (1 - 29
H{(2) = -------mmmemememememmeeeeeeeee e EE e (hrz)
1- 2Rcos(0) z71 + RPz2 1+y@+p)zl +pz2

166The resonant frequency isthat frequency at which afilter rings when excited by an impulse. The
resonant frequency is the pole frequency, which is the same as the pole angle, 6, in the z-plane. The
center frequency isthe frequency at peak magnitude transfer in the steady state; when afilter is
excited by a sinusoid of infinite duration. Generally, the center and resonant frequencies are not
identical. [Steiglitz,ch.5.5]

167The poles occur in complex conjugate pairs when the filter coefficientsof z (i.e., y and B)
arerea. When thefilter coefficients arereal, then it is easily shown that the filter’simpulse

response must also bereal.
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The identifications we can easily deduce using (wcl) are:

B=FR

-2 R cos(0)
y = s = -COS(00)
1 + R2

This proves that the only instance where center frequency W would be the same as

second-order pole (or resonant) frequency 0 isfor conjugate poles right on the unit circle
(R=1). Butinthat circumstance one has an oscillator, not afilter.

These results can be extended to the resonator in general. Similar conclusions can be
drawn from examination of the second-order all-pole transfer (hchz), and from the
second-order all-zero transfer such as the onein Figure BN.

An instance where center frequency isidentical to pole frequency is for the case of the
first-order resonator. The equivaence isindependent of pole radius, R, unlike the
second-order case. Thisinstance may be the reason for the propagation of the erratum
regarding the second-order case. The transfer of the first-order resonator is:

Thisfilter has only one pole. But notice that the one filter coefficient is complex, in
general. Hence the impulse response of thisfilter cannot be real. One may surmise that
there must be some interaction among multiple poles in the z-plane that destroys radial
symmetry.
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Appendix VI

Assembly Listing

The .Ist file output of the assembler (.e2 sourcefile input, by convention) shows the
assembled code in " half-human, half-machine’ format. Each operand addressfield
(A,B,C,D,E,F,G) and each opcode is shown in anumerical form before it is packed into
one large 96-bit microinstruction word. The listing reports statistics such as the program
size, number of registers used, their initialization contents, everybody’ s address, declared
but unused stuff, etc.

For a detailed example, see the Linear Interpolation Application.

Assembler Invocation
The command line switch list appears whenever the assembler isinvoked without a
command line source file (.€2) input:

ESP2 Assenbl er Version X. XX [3 June 2054]
usage: esp2asm -abdhl norsx <src-file>

swi t ches:
-a [<file>] produce AGEN listing file (.agn)
-b produce binary object (.bin) instead of C object (.0)

i ncl ude debug data in object file
<file> rename header file (. hdr)
[<file>] produce listing file (.Ist)

d
h
I
-n do not inhibit .o, .bin, .hdr, or .asmupon error
o <file> rename object file

r <rev no.> place chip revision nunber in .o, .bin, and .asm
s [<file>] produce simulator input file (.asm

x <files> delete nanmed files prior to assenbly

Regarding only the notation immediately above:

[1] meansthat what isenclosed is optional.

<> means that what is enclosed is non-literal; so <file> means your file name.

The binary object (.bin) isin Ensoniq format. The C object (.0) isan ASCII file, a

C-language compatible declaration of the binary object. Each output file holds assembly
information equivalent to the other.
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Appendix VII

Assembly Errorsand Warnings

Need expansion and explanation of all errors and warning messages in esperrs.h
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Appendix VI

ESP2 Assembler functionsrequiring implementation or revision
beyond Version 0.52

Assembler BUGS

-BUG: (v0.51)
error: "VoiceL’: external-memory reference in expression
error: '&’: argument must be external-memory reference
error: "Voicel’: uninitialized AOR (v0.51)
DEFREGION V

VoicelL[2048]

delayL = &Voicel[350] q8 Ithis should be legal

-BUG: (v0.51)
error: 'MINUS1’: uninitialized SPR
DEFGPR
k = MINUS1 ! cases: ZERO, HALF, MINUS1, ONE

-BUG: (v0.51) PROGRAM name should appear in header file. Program name
should be made a unique identifier, as are other user-definable names; hence a
reserved symbol.

-BUG: (from tunable speaker algorithm. v0.51) "error: 'm_mid2’: syntax error"
DEFCONST Q _MID2=.5

DEFGPR Q mid2 =Q_MID2 g21 @$63 Qm_mid2 = -Q_MID2 g21 @$64

-BUG: (v0.52)
Preset AORs Address Contents (Base 10) Region Reference
MAC $004, line 61 . . . . $2fb $000000 0 \Y Voi celL[ ]

AORs allocated for computed addressing [ ] require null s« initialization.
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-BUG: (v0.51)
warning: 'gfgf’: never used
DEFREGION R
Xoutput[256]
gfgf = &Xoutput[3]
CODE
MOV #3 > &Xoutput[3]
Yet gfgf appearsin .agn.

-BUG: (v0.51)
... RD *(INDIRDEC)R > DILD
Appears as RD INDIRDEC >DILD in .agn.

-BUG: (v0.51) Item #7 in SPR Hazards, HOST_CNTL_SPR ok as MAC unit
destination.

-BUG: (v0.51) from revs.txt :

'Version 0.45 [24 March 1995]

6 removed global-SPR references from .hdr file (could have clashed
with SPR defines in downloader) [syms.c]’

The above item requires undoing. Proper solution is for particular

product/programmer convention which abides by rule not to type GLOBAL within
DEFSPR.

-BUG: (v0.51)

MAC error: 'ONE’: illegal type in expression
MOV #ONE > MACP

The value of aregister nameisits register address.

-BUG: (v0.52) Following should issue warning for never-used GPRs when thereis no
appearance of some_gprs in code.
DEFGPR

some_gprs =1 @%$2

(some_gprs,1) =7
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Assembler ERRORS and WARNING messages requiring
implementation or revision:

1.) RD *(BASE += (aor)P)R > DILO
This syntax is confusing because it implies that the BASE from one
region is updated while the memory access is from a different region.

2.) Negative delayline index now yields error. Calculation should be
same as for positive index, no error. If address offset goes out of region
modulus, then error.

3.) PROGSIZE <= 1025
Should produce error: in excess of physical limit (1024).

9.) Currently there is no mention of quoted destination delayspec in ESP2
Scheduler Notes or Soft Spec. as an error condition, but assembly error is
generated. There should be no error.

10.) Warning for SER SPR input or output on queued line following BIOZ (or
BIOZNORFSH) instruction. Warning states: 'serial access may not be current’.
Preventing output there avoids the Haas effect. The 'following queued line’ is not
necessarily contiguous.

11.) Quoting from the section on AGEN:
‘AOR Allocation
In the code, any reference to one fromthe delayspec set: d[n], &d[n], or *&d[n],
will cause allocation of the same AOR, allocation occurring only once. Once allocated,
reference to the set calls out an existing AOR. But if an AOR assignment of identical
initialized contents, in the same region, pre-existsin the declarations, then no new
allocation will occur.’
When in the code the assembler substitutes a pre-existing AOR from the declarations, a
warning should be issued notifying the programmer. Thisis because programmer
initialized AORs are sometimes used for purposes other than addressing. This booby-trap
happens often in the case of AORsiinitialized to 0.
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12.) Warning for no refresh of internal registers. This warning would be
caused by the complete lack of ALU NOP, BIOZ, or HOST instructions or MAC
unit RFSH pseudo instructions. Any one of these instructions executed with a
minimum frequency of approximately 5000 Hz is sufficient to refresh all internal
registers. (Must not include BIOZNORFSH or HOSTNORFSH in criterion.
Conditionally executed instructions should be considered as providing no
refresh.)

13.) assembler v0.51, Hardware Spec, section 4.1, second ASSEMBLER
NOTE regarding the * cases of Jcc...". New Warning for improper use of REF
SPR, as noted.

13a.) assembler v0.51, amendment to first ASSEMBLER NOTE; 'The
assembler should detect the use of the REF, INDIRECT, INDIRINC, and
INDIRDEC...’, Hardware Spec, section 4.1, adds REF to list of keywords. Only
instruction impacted is REPT.

14.) Hardware spec., SPR Hazards section, number 9.
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Required Assembler Revision

- Want #&d[n] to allocate only GPR in code. Reference is to pre-existing AOR
address. Want no error upon forward reference in code.

- Want pointer arithmetic within DEFREGION using & . Presently can do
math but must use # within DEFREGION.

- gN; for N made to be a constant expression (i.e., composed of symbolic constants
and/or numbers). (Recommend elimination of capital g for binary-radix notation; interference with
region identifier of same name.)

-In st put & in front of references to Preset AORs where appropriate.
Alternately, change the heading 'Reference’ to 'Dereference’.

- Therelocation bit-map for the relocating downloader in the listing (.Ist, v0.52) is
confusing because it appears that the information is part of the instruction word. This
might be remedied by not supplying a header mnemonic, asis presently the case for line

numbers appearing at the far left; thisis how the listing currently appears:
I I [ | | | | | | .--- L: AGEN DATA LATCH

I I
e T e A R B B s: AGEN SKIP BIT
rr 1 B RELOC BITMAP
e e e e

D E F OPSs A B C Os G OPRLs B
000 72 1d4 lcc 3ff 02 6 0 3ff 3ff 3ff 19 0 2507 00 01

Thisis the recommended revision:
[ N N
[ Y K N E I
I Y N E I
[ e
D E F OPSs A B C OPs
000 72 1d4 1cc 3ff 02 6 0 3ff 3ff 3ff 19 0 2f5

- L: AGEN DATA LATCH
- s: AGEN SKIP BIT

I
I
| RELCC BI TMAP

oO—— — —
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ESP2 ASSEMBLER, REQUIRED ENHANCEMENTS

- AGEN listing should retain fully-commented lines in both declarations and CODE to
enhance readability, and for reuse as source. See Linear Interpolation Application
AGEN listing, for example.

- Explicit declaration of available physical external memory locations for bounds
checking.

- Turn off specific warnings, in declarations.

- If E operand is AOR, while D operand is not, swap the two operands with notification,
but not if indirection is involved.

- New switch in command line: -r
This places chip revision number in microcode (.0, .bin) and .asm. Update assembler
invocation.
- Clean up switch list as in section, Assembler Invocation.
- Allow forward reference.
- In DEFREGION, allow declaration of overlapping delaylines with warning.
- Allow declaration of overlapping regions with warning.
- Allow declaration of overlapping register arrays with warning.
- Language simplification of register INDIRECTion.
- Interactive loop analyzer for estimation of program run-time w/r sample period.

- Initialize internal registers from declarations using filename.

- Initialize arrays of internal registers without allocation. In this circumstance there
should be no warning for registers never used.

- Make binary-radix notation employ only lower case g, while region reference employs
only upper case Q (as region reference presently does, v0.52).
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Appendix I X

MultiRate Audio Processes
Ref.: Interpolation Applicationsl68

X(n) X (ejoo)

?TTTT? ) NG

n -1t Tt W

PN WA

Figure ISS. Time-limited input signal and fictitious real spectrum.

X(2)

o Y\(2) = X(@Y)

L

X(n/L) =3 X(K) 8(n - kL)

(b)

ORFR, NWAM

_C?%TMTM MTMTW‘P%

<=>
(L=3)
(©)
>
-t -,1/L Tt w

Figure UV. Upsampler, Vaidyanathan.

168Thanks go to Scott Levine for his careful review of this Appendix.
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M-1 |
X(z Y. (2) = L5 @Mwk) X(zYMwK
@ (2) 7] iM p(2) N k;)( v X( W)
W, = 12N
X(Mn+1) =%X(p+l)6(Mn-p)
4 =1, M=2
; <=> elW2 [ X (e]02) + T X (el(@2M/2)} /2
1

(b)

{ X (e]w?) - X (el(w2m/2)}

(©

ey

Figure DSB. Generalized downsampler, Vaidyanathan

We call the downsampler in Figure DSB (a) generalized because of the preceding
advance operator. [Vaidyanathan,pg.122] The integer advance | finds use when either
positive or negative.

The frequency domain decimation equation in Figure DSB (a) isatrue Z transform that is
derived from the time domain expression for decimation in (b), once we make the
substitution:

00

> 3(Mn -p) kp
p=

M-1
kZ_OWM (WID)

§||—\

for -0 < n <o . 9(n) istheKronecker deltafunction. Theidentity (WID) isthe
bridge between the two domains.
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We now derive the generalized decimation equation for | an arbitrary integer advance, and
for M therate of decimation: Taking the Z transform,

Yp(z) = i x(Mn+1)z™"

First we substitute the equivalent form of the signal x(Mn+l) whose time index remains n.
Then we apply (WID).

o0

& [
0y, x(p+1)d(Mn-p)z™"
n:z—ml:bzz—oo []

Yp(z)

Sincethesumover k only hasvaue when p=Mn by (WID), then there is no complex root
of z taken; hence that exponentiation is unambiguous. Now welet p+l ->r.

1 > _(r=D) —k(r—I
=7 k M x(nzw Wy

M-1
Yo(2) = Y (W) X(zwi) (ces)
k=0

Equation (deci) isthe desired result expressed in terms of the Z transform, X(2).

The two equivalent figures, Figure CMPR and Figure CMPI, tie together the formal analysisin
terms of sample rate conversion ratio, [ Crochiere/Rabiner,pg.40,pg.81] [Vaidyanathan,pg.131]
and our interpretation of the interpolation processt69 in terms of the required fractional sample
delay. H(z) in Figure CMPR represents the formal prototype interpolation filter. When the
interpolation processis discussed as in the Applications in terms of the required fractional delay,
the upsampling rate L isimplicit in the sheer resolution of the polyphase filter coefficients.
Hence the implied value of L is 223 because we require no less than a 24-bit processor for audio.

169we often refer to the complete process depicted in Figure CMPR and Figure CMPI as ‘interpolation’.
That is an abuse of terminology, strictly speaking, as both the process of interpolation and decimation are
carried out in those figures, having H(z) simultaneously serving both purposes. In Figure CMPR, thereis
an upsampler that servesto insert L-1 zeroes between every incoming sample, and there is a downsampler
that discards M-1 out of every M samples. Upsampling and downsampling combined with the appropriate
digital filter respectively describe the process of interpolation and decimation. The role of the upsampler is
played by the commutator in Figure CMPI.

222



Each polyphase filter, represented by Ej(z) in Figure CMPI, ideally presents a different

fractional sample delay to asignal. More accurately, for the idealized formulation of
interpolation by arational factor, each polyphase filter is exactly allpass;

E(e® = ol (@ - 2rTm[((w+m) o )L -m[]=0->L-1 (polyphi)

where | isthe polyphase filter number, L isthe upsampling rate, theinteger m[:] isthe
prototype replication number or the frequency-band number of an Lth-band (Nyquist(L))

prototype. The phaseisadigunct function of m[-] but linear in the baseband (m[-]=0) of all
the ideal polyphase filters. [V aidyanathan,pg.168,109,124] [Crochiere/Rabiner,ch.4.2.2]

Hence the Ith polyphase filter represents an advance of /L fractional samplesin the
baseband.

The proper interpretation of thisidealized polyphase filter (polyphi) requires m to bea
modulo function of w. For every modulo 21t of w, m[-] incrementswithin bounds; i.e.,

m{ (@ +)zn] = (=l man) (5550), w0

L -1- ((|w+n|—é(1|Tw+nl))2n))L —L-1- ((d%nnl[))l_ S WHTT <0

where the double parentheses denotes the modulo operator; the real modulus 21 and the
integer modulus L .

This idealization presumes that the prototype interpolation filter is perfectly bandlimited. To
construct the prototype from these ideal polyphase filters (polyphi) we use (polyh).

L-1
Hiz) =5 z'E(z') (polyn)
=0

Now, for every modulo 217L of w, m[-] increments. So we have

L-1
H(&@) = 3 eriol @il ~2mm ()
1=0
L-1 |
— g i2rem ((eL+m)),]
=0
From (WID), thisonly has value for m[-]=0. Hence,
H(e®) =L ol < T
=0 : % < o] < m
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Figure CMPR. General model of interpolation
by a rational factor.
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Figure CMPI. Ideal commutator model of interpolation
showing the many polyphase filters.
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The transfer function of the commutator filter circuit in Figure CMPI (not including the
downsampler) can be described using a generalization of (polyh):

L-1
H(iz) =Y z(-lJ E(z) (polyhc)
[=0

where |, isthe starting phase of the commutator; i.e., the initial position of the brush
when the input sample x[n] arrives. The action of the downsamplerl70 is synchronized
to |, such that the very first sample found at position | ispassed. Reversing the brush

direction would simply change one sign of the z exponent in (polyhc); i.e., to z{I-lo) .

Theindividual E;(z) in Figure CMPI aretime-invariant and correspond to one of the
circuits shown in the Applicationsin Figure PL2, and Figure PA or Figure WPA (both
having the delay element connected), for the respective cases of Linearl71 and ideal Allpass
interpolation. Recalling the nomenclature we previously devised for those circuitsin
(lipdf), we fix the coefficients of the Ith filter by making the identification:
T=frac=I/L where T isthedesired fractional sample delay, frac isthe polyphase
filter coefficient, | isthe polyphase filter number, and L isthe upsampling rate.172

By design, E|(z) isafirst-order two-tap non-causal FIR filter in the case of Linear interpolation;

P(z)=(1-1/L)+ (/L) z*
E(2)=2zP ,(2)

;Linear interpolation

whilein the case of ideal Allpassinterpolation it isafirst-order non-causal allpassfilter;
(1-1/L) + 71
1 + (l - |/L) zt ;ideal Allpass interpolation

E(z)= zP_4(2)

P(2) =

170Taking the view of Crochiere, for the moment, the downsampler would operate at the step
rate, L Fg.

171Because the many polyphase filters of Linear interpolation require no long-term memory, we
were able to cheat in the actual implementation by using only the one circuit shown in Figure PL
instead of the entirety of Figure CMPI. Hence, we successfully implemented ideal Linear
interpolation. (We drop theterm ‘ideal’ in the discussion.)

172The number of polyphase filters, L, in those applications was determined by the numerical
resolution of the registers holding the polyphase filter coefficients.

Also note that because of the method of implementation of all the applications that we discuss,
thereis no division required in the capture of the coefficient, I/L.
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(L-IL)

Z-l
1+1/L
PI(Z) ) e 1 ) + (1- I/L) 71 ideal Allpassinterpolation
(1 + |/|—) 'With coefficient warping (sw.eq)
E(@)=2zP ,(2)

The three Rz) are the respective transfer functions of the circuits in Figure PL2, Figure PA
(having the delay element connegteelnd Figure WP AHaving the delay element connedted

For the prototype interpolation filter H(z) of Linear interpolation, the length of its triangular impulse
response is 2L as illustrated in Figure Linlmpulse; that length, by design, spanning only two of the
original input sample periods. While in the case of ideal Allpass interpolation, the impulse respons
is of infinite length as implied in Figure ALLImpulse. Both impulse responses have ébery L
sample equal to zerexcept the central samplthus identifying th-band(Nyquist(L)) prototype filters.
[Vaidyanathan,ch.4.6] [Renfors/Saraméki] Hence the original input samgig¢sappear unscathed

at the input to the downsampler in Figure CMPI regardledg of A second salient characteristic of

Lth-band filters is that the frequency-shifted filter sums to level in the frequency domain like so;

-

[EEN

H(zwp) =L (Ithb)

=~
1
o

h[n]

1

0 10 n

Figure Linimpulse. Impulse response of Linear interpolation
prototype, L=10.

m]

Di screte-Tinme Domain Anal ysis

igl”ﬁ H‘h %%%%%%%%% il

o T

-0. 4
Figure ALLImpulse. Ideal Allpass prototype filter impulse response, L=10. [Evans]

e
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No coefficient warping was used to make Figure ALLImpulse. Theinitial linear slope of the
impulse response for the Allpass interpolation prototype in Figure ALLImpulse isidentical to that of
the Linear interpolation prototype. This can be explained best by observing Figure CMPI in the
case that M=1. The commutator brush visits all the polyphase filters within the same time period of
oneinput sample. If theinput signal x(n)=d(n) and |,=0, then what we shall see at the brush isthe
impulse processed by each of the allpass polyphase filters. But on thisfirst sweep, none of the
allpass filters has anything stored in its memory, so the filters are effectively scalar multipliers
increasing linearly with | .

Now we show those two prototype filters in the frequency domain:

H(gw)
10

o)

]

N

N

0 0.1 0.2 0.3 0.4 0.5

w/21m
Figure LINPROTO. Linear interpolation prototype filter transfer, L=10.

IH(ew)|

iR

\/M\AO.ZAO3 A0.4A0.

0

5

w/21t
Figure ALLPROTO. Ideal Allpassinterpolation prototype filter transfer, L=10.

Figure LINPROTO and Figure ALLPROTO show the prototype filter magnitude for
Linear and Allpass interpolation (no coefficient warp), respectively, in the case of L=10.
For Linear interpolation we expect a positive real function of the form,

sin?(wlL /2)

SICLS [ ——— (asinc)
L sin(w/2)
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The expression for the Allpass interpolation prototype is not so simple; neither isits
phase.

Of course, there is a mathematical description of any prototype interpolation filter in
terms of its polyphase filters, and vice versa.

H(z) = Lz_:l 7! E (ZL) ;1o =0 (polyh)
=0
E (z4) —iL_l(z Wi Hz wk) |
| =T kZO L \ (polye)
= ni h(Ln+1) vdin (polyeh)

Without significant loss of the generality of (polyhc), equation (polyh) describes well the action
of the commutator circuit presuming 1,=0. Equation (polye), a generalization of (Ithb), isan
application of the decimation equation (deci) to H(z) for advance | . Equation (polye) applies
directly to the polyphase decomposition of either IIR or FIR prototypes. The time domain
impulse response h(n) in (polyeh) of course correspondsto H(z).

Having established these definitions, (polye) and (polyh), we can write the equation for the
commutator model of Figure CMPI in the manner of Vaidyanathan.

Y (@) = (X(@) H@),, b

M-1 L-1 )
= 2, XM WE™) 5 @My M whm)
=0 =0

This formidable looking equation reduces nicely for special cases of interest:

e.g., when M=L, Y (2) = X(2) Eg(2) . (Recal that Ey(2)=1.)

When M=L/2, Y (2) = X(Z2) (Eq(z3) + Z1 E| j2(z2)). Inthis case, the two polyphase filters are
attempting to form the half-band filter required of an effective upsampling and interpolation by the
factor 2=L/M (pretend that M=1).

The resulting expressions are not as simple when L/M isirreducible. The fascinating aspect of
(polyy), however, isthat it gives us afixed closed-form representation for the linear time-varying
circuit; that is Figure CMPI. The reader is encouraged to explore that furtherl73 and thereby get a
better feel for the relationship to the commutator model in Figure CMPI.

173K eep in mind the identity (WID).
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Engineering Approximation to I deal Allpass I nterpolation
Rather than implement the ideal formal circuit in Figure CMPI in the case of Allpass
interpolation, our innovation (as proposed in the Applications) is to instead implement the

formal circuit in Figure CMPlappx which is an approximation. The recursive elements
have been taken out of the polyphase filtersin Figure CMPlappx. Now,

P(@) = (@1-1l/lL) + z*
E(2)=zP (2

;Allpass interpolation Application

Aswe saw in the Applications, this approximation to the ideal formulation is only
good,174interms of THD+N, for microtona changesin pitch; M/L near 1.

X@2) I E@

- E(2) N
iM Y(z

- E,2) . - =)

¢ . I/L

o |

. L

/ 2-1/0)

> EL-l(Z) for coefficient warping

Figure CMPlappx. Commutator model of proposed Allpass interpolator.

174This circuit isin production in many successful electronic musical products.
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Figure CMPlappx isthe equivalent to Figure PA asis; without the feedforward delay
element connected. Each E;(z) in Figure CMPlappx is nonrecursive, having no long-
term memory, and time-invariant. The idea of moving the recursive part of the polyphase
network outside of the commutator isnot new. [Crochiere/Rabiner,ch.3.4] proposed
separating out the denominator like this, but their denominator was common to al the
polyphase filters. Note that the lone time-varying recursive circuit on the right-hand side
in Figure CMPlappx only approximatesthethe L different time-invariant recursive
circuits that are supposed to be associated with each Ej(z) asin Figure CMPI.

One further refinement is our warping of the polyphase filter coefficients, computed in
real-timel 7> and employed in the approximation (Figure CM Plappx) to the ideal network.

- |
P(z) = &—JB + z1

E(z)=zP 42

;Allpass interpolation Application
with coefficient warping (sw.eq)

With warping, Figure CMPlappx becomes equivalent to Figure WPA asis. Using this
refinement, we measured an improvement of 26 dB in THD+N for microtonal pitch
changes. (That was discussed in the Applications.)

Distortion isinherent to any interpolation process. For large pitch change with little
distortion, one's choice (in our context) isto revert to Linear interpolation at a high
sampling rate or to implement the network in Figure CMPI for ideal Allpass
interpolation. We have simulated Figure CMPI in the C programming language using
16-bit polyphase filter coefficients. To achieve excellent results over alarge range of
M/L for ideal Allpassinterpolation, we find that coefficient warping (sw.eq) is
necessary, and that about L=28 recursive states must be stored. Since there are no time-
varying coefficientsin theideal circuit of Figure CMPI, associated transient phenomena
are a non-existent component of the signal distortion characteristics. The only transients
that arise there are due to the ZSR (zero State Response) of the recursive polyphase filters of
Allpassinterpolation. In Pitch Change/Shift applications of the ideal network, no one
polyphase filter is accessed more than another, in general. The ZSR transients will be
short for polyphase filters having small feedback coefficients, and longer for larger
coefficients. So we expect ZSR transients to be evenly distributed except in degenerate
cases.

Conversion: Vaidyanathan -> Crochiere

The Vaidyanathan method of analysisis simpler because it ignores changesin sample
rate, whereas the method of Crochiere does not. But note that in terms of the insertion or
deletion of samples, the action of the upsampler block (as shown in Figure UV (a) and
(b)) and the downsampler block (asin Figure DSB (a) and (b)) is respectively the same
for both the Crochiere and V aidyanathan methods of analysis. While the two methods of
anaysis are equally valuable, it is prudent to have a means of converting between the
two. Given the Vaidyanathan analysis, one ssmply substitutes every occurrence of z
with z° (Crochiere'snotation) which is defined equal to zZM/L | and one would re-label

any frequency domain graphs substituting w’ (which equals w™m/L) in place of w.

175This step is optional. Review (sw.eq) in the Applications section.
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The conversion becomes exceedingly simple when either L or M is1. For example,
we wish to convert Figure UV (M=1, L=3) to the Crochiere-style upsampler analysis.
Then we must re-label the abscissausing ' in placeof w, and we re-label the ordinate

as X(éw L) =X(dw) inplaceof X(elwl). Thisresult iscorrect because Crochiere
always maintains the time period between the original samples; that is true for either
upsampling or downsampling.

Polyphase Per spectives

Sample Rate Conversion, Crochiere Analysis

@ L H(2) M

Fe L*Fg L*Fg (LIM)*Fg

Pitch Change by Fixed Amount, M/L

® fL H(2) M

(M/L)*Fg M*Fg M*Fg F

Sample Rate Conversion, Vaidyanathan Analysis

L H(2) WM

(©)

Figure CU. contrasting the presumed computation rates
of the various methods of analysis.

The sample rate conversion ratio, L/M, corresponds to the Pitch Change/Shift ratio
inverse. We presume that the Pitch Change process in Figure CU (b) is performed on a
stored sample record. Samples appear at the input at arate different from which they
were recorded. Such would be the case in contemporary sampler-type synthesizers.
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Application Schema

Time Compansion

Recording : ) A}[_)_ [ .
. —_—
(@) Medium | (myFq ------ (UMY, ) Fs

delayline

output (p) rate

Pitch Ratio = —
input (w) rate
Pitch Shift
W
Fs TL L*F: H(Z) L*Fg iM (LIM)*Fg pi Fs
(b) delayline
Undulating Pitch Change, Vibrato
W
Fs TL L*FS’ H(Z) L*Fg iM(n) (LIM(n))*Fg b Fs
(©) delayline

Figure DTI. Applications of Discrete Time Interpolators.

Time Compansion (compression/expansion) was accomplished before the days of DSP by
physically splicing magnetic recording-tape to alter the run-time without the concomitant
shift in perceived pitch. [Lee] Contemporary Compansion machines [Dattorro2400]
actually change the playback speed of the recording medium thereby performing the
manually tedious algorithm deftly inreal time. The splicer in Figure DTI controls
equestrian jumps by p-pointer to compensate for the disparity in sample rate between the

input and output of the delayline.176

The converse operation, Pitch Shift, alters the perceived pitch with no change to run-time.
In Figure DTI, both the Pitch Shift and Vibrato processes are performed in real time, and
unlike fixed Pitch Change shown in Figure CU, both maintain the macro-temporal
features of the original signal via propitious application of adelayline. The splicer is not
required for Vibrato since the mean sample rate across the delaylineis Fg by design; i.e.,

the downsampler M is appropriately time-varying.

All three processes shown require some significant amount of nominal (average) transport
delay: To perform well upon polyphonic material, the Time Compansion and Pitch Shift

176Each jump target is determined by avery high speed autocorrelator seeking periodicity within
the delayline contents.
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algorithms require as much as 60 ms. That much delay is easily perceptible and a
compromiseis nearly aways necessary. Vibrato, on the other hand, can be performed
well using only about 1 ms nominal delay.

Prototype Filter Design

H (ej(*))
A W < min{TWM, o/L, L}
L o= {(A)p ;UM < o/l
/_ \ .. > W + 2(T-0)/L  ;otherwise
TN

Figure HPR. Prototype interpolation filter specs for signal bandwidth o.

Figure HPR shows the constraints on the design of the prototype filter, in general, when
absolutely no aliasing of the signal, having (one-sided) bandwidth o, istolerated.177
Implicit from the axis |abeling is that the desired frequency domain filter isreal.

The techniques of interpolation that we considered in the Applications section did not
allow thislevel of control over the design of the prototype. We simply accepted what the
implementation offered because it was computationally attractive.

177Note that by the filter specification in Figure HPR, there can be a discontinuity in the
progression of the allowed transition-band slope as soon as a/L creepsjust past WM. That
happens because the role of the prototype switches abruptly, now having the added responsibility
of further bandlimiting the signal. Admitting some small amount of aliasing mitigates that radical
change in requirement. If o=, however, then the desired filter is aways square.
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Appendix X

Oscillator Equation Derivation
Ref.: Oscillator Applications

Figure X (b). The first modified coupled form sinusoidal oscillator.

We demonstrate the derivation of the oscillator equations for one case only: the first
modified coupled form oscillator. Thisanalysisis adapted from [ Gordon/Smith] where
the derivation of the coupled form and the second modified coupled form is shown.

Yolnl - € yIn]

{ Yq[n"'l]
£ vl + vl

y[n+1]

These state equations describe the ZIR of the circuit in Figure X (b). From them we read
off the matrix,

=(. 1)

If we define the vector

_ Yq[n]
Yn ( y[n] )
then we may write y.1 = G y,,. ThisState-Variable description has the solution,

Yn=G" Y,
for al time n>0, where G" is called the state transition matrix, and where y, isthe
vector of initid states; i.e., y, at n=0.
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If we can find the elgenvectors and eigenvalues of G, then we may write equivalently

ya=TA" Ty,

where T holds the conjugate eigenvectors (given by Mathematica) in its columns, and
/\ holds the corresponding eigenvalues along its diagonal. Specifically,

| A
/\z(;ﬂe l-oja) : (0 ;)D)
(L

o301

By constructing the diagona matrix /\, the exponentiation no longer requires matrix
multiplication. Henceit is easier to acquire a solution analytically for large n.

The eigenvalues are the poles of the system under study. A" denotes the conjugate
eigenvalue. If we define each eigenvalue in polar form

A8 | el

then we can make the identifications from /A

s {1 = |A| cos(w)

€ =|A| sin(w)
From these we conclude

€ = sin(w)/cos(w)
|A] = L/cos(w) (W< TU2

where the actual oscillator coefficient € isexpressed in terms of the desired frequency of
oscillation, w. It follows that

1 cos(hw) -sin(hw)
cos(w) \ sin(nw)  cos(n w)

TAMTL=
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Appendix Xl

ESP2 Program for Linear Interpolation
Ref.: Interpolation Applications

I Linear interpolation of delayline: JonD, ESP2, 11/19/94.

I' VoicelL[2048] (signed, 24-bit g0, left justified) isthe delayline we will tap.
I The tap point will undergo modulation.

I chorus_width (unsigned GPR, g0) is the peak excursion (in samples) of the delayline
I modulation about the tap point, nominal_delay.

I' nomina_delay (unsigned AOR, q0) is the nominal whole sample delay into the delayline;
l'i.e., the center tap point.

l'ygn (signed GPR, 923 (all fractional)) is the full-scale oscillator modulator output.
PROGRAM Linear

DEFCONST
CLK =40.e6
Fs=44100.
Fregq=1.0 I Hz
Pi =4.0rATAN(1.0)
EPSILON = 2.0* SIN((Pi* Freq)/Fs)

CHORUS WIDTH = 350 | CHORUS WIDTH < NOMINAL_DELAY.
NOMINAL_DELAY =400 I Insamples. Altered to suit application.
PROGSIZE <= INT(CLK/(4.*Fs)) I assuming one big loop
DEFREGION V
Voicel [2048]
minus_one = SIZEM1V ! AOR declaration = BASE modulo decrement
nominal_delay = &VoiceL[NOMINAL_DELAY]
m_aor I see Style section
DEFSPR
PC = Lininterp
REPT_CNT =0

SER_CONF = $007fff
HARD_CONF = $008400

DEFGPR

GLOBAL
chorus width = CHORUS WIDTH
epsilon = EPSILON

LOCAL
ygn= 0
yn = -COS((Pi* Freq)/Fs)
frac=0 frac_u=0 xL vibrato=0
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CODE

| kkkhkhkhkhhhhhhkhdhhhhhhhhhhhhhhhhhhhhhhhdhhhhhhhhdhhhhhhhhdhdhhhhhhdhdhdhdrrrrhdddhrrrkrd

Lininterp: NOP | executes prior to suspension. Want no SER access here.

| % *k*kkkkkkkkkk %rlal |/O kkkkkkhkkkkkkhkk

MOV SEROL > xL MOV vibrato > SER7L I coming out of suspension

| *k*kkkkkhkhhhhhhkhkhhhrrrrkk feed ddayllne'nput khkkkkkhkkhkkkkkhkhkhkkkkkhkhkhkhkkkkx*k

MOV xL > VoiceL[0]

| % *kkkkkhkhkhhhhhkkhkhkhkhxxkx L|n%r Interpolatlon khkkkkhkkhkkkkkhkhkhkhkkhkhkhkhkkhkhkhkx*x

MOV nominal_delay > MACP

MACP + ygn X chorus_width > &Voicel [ ] I address, integer part
frac X *&VoiceL[(+)] > MAC LSH MACRL >>1 >frac  !fractional part (positive)

MAC +frac_ u X *&VoiceL[ ] >vibrato  DIFF frac>frac_u

| kkkhkhkhkhhhhhhhdhhhhhhhkhhhhhhhhkhdhhhhhhhhdhhhhhhhhdhhhhrhhddhdhhrhhrddxsx

I**%*%% hyperstable near-quadrature oscillator (second modified coupled form) ******
NOP MOV ygn> MACP

NOP MOV yn > MACP

MACP - epsilon X yn > ygn

MACP + epsilon X Ygn>yn

!***************** Samp|esynC/de|ay|lnemem0ry Shlft kkhkkkhkhhkhkkhkkhkhkhhkkhkhkhhhkkhkhkhhhkkkkik kkkx*%x
NOP JMP Lininterp
NOP BIOZ UPDATE BASEV +=minus_one

kkhkkkkhhkhkkkhkhkhhhkhkhkhkhhkkkhkhkkkk%* khkkkkhkhhkhkkkhkhhhhkkhkhkhhhkhkhkhkhhhkkkhkhkhhkkkhk,kk*x%x
! end program
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Discussion of the Linear Interpolator
Aswritten, the effect of this program is to produce Vibrato. For other effects, such as
Chorus or Flanging, slight modifications are made as discussed in the Applications.

This prototypical usage of the IMP, BIOZ, and UPDATE instructions serves as a
paradigm for al sample synchronous programs employing delaylines. The delayline
memory shift viathe UPDATE instruction was discussed in the section on

UPDATE region BASE.

L atency

Code very similar to this Application was previously discussed in the section on
Computed Addresses. There apartial AGEN listing was shown, illustrating the various
latencies. The AGEN listing for this Application appears later on.

It is strongly recommended to place al SER data SPR access towards the beginning of a
program in case a particular program main loop exceeds the sample period. Thetime
margin allowed for a program main loop to momentarily exceed the sample period isa
design feature of the BIOZ instruction; in that case there will be no BIOZ suspension on
that loop. (BIOZ isasample-rate synchronization instruction discussed at length in the Chip Spec.)

The BIOZ instruction/8 has an instruction cycle execution latency of 1. So, thefirst line
of our Linear interpolation program is executed prior to suspension, if suspensionis
warranted.179 BIOZ is always executed before the IMP actually takes place because IMP
isalso one of the latent instructions. The SER data SPR transfers are latched by a transit
high of the seria interface pin signal called LRCLK. That signal islikely tied to the |I0Z
input pin. ThelOZ pin transit high will usually take the program out of suspension. It is
for thisreason that we do not place any SER data access such as

MOV SEROL > xL
on the next queued program line following the BIOZ instruction (thefirst line of our
program), for then we would not access the most recent sample.

Thefirst line of code appears to be wasted in our Application program. Thisisonly
because of the need to simplify the presentation. It is not too difficult to find something
for the first program line to do which is not involved with incoming or outgoing SER
audio-sample data. 180

In the portion of the code commented, !*** Linear interpolation ***, the fractions (frac and
frac_u=1- frac) and the address offset (& VoicelL [ ]) are all computed too late to be
used in the current sample period. Aslong asthey are all applied in the same sample
period, the computations will be valid, but |atent.

178Any concern regarding BIOZ as the last instruction in this program is allayed by the preceding
JMP.

1791 this program executes in an amount of time that is |ess than the sample period (the period of
LRCLK), then there will be suspension due to BIOZ.

180The right channel SEROR is conspicuously missing from our program; there is no reason for
this.
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Style

Instead of the C-like notation, & Voicel [ ], another programmer may have chosen to
explicitly declarean AOR called m_aor inregionV. Thismay be easier to
conceptualize in some cases. The interpolation code segment above would then have
appeared as follows:

| % *kkkkkhkhkhhhhhkkhkhkhkhkxxkx uneaﬂnuypdaﬂon******************************

MOV nominal_delay > MACP

MACP + ygn X chorus_width >m_aor I address, integer part
frac X *m _aor(+) > MAC LSH MACRL >>1 >frac  !fractiona part (positive)
MAC + frac_u X *m_aor > vibrato DIFF frac>frac u

| *kkkhkhkhkhhhhhhhdhhhhhhhkhdhhhhhhhhdhdhhhhhhhhdhhhhhhdhhdhhrhhhdhhhhhhhdddrxxx
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Listing (.Ist) of ESP2 Linear Interpolation Program

ESP2 Ass
Pr ogr am
linear.e

no error

© 00 N o g b~ W N P

N NN R R R R R R R R R
N P O © © N ©® 00 & W N B O

N N N N N NN
© 00 N o o b~ W

30
*** |ine
31
32

enbl er Version 0.40 [29 Novenber 1994]
listing: 01/14/95 18:10:58
2: source lines: 75 mcroinstructions: 13

s, 1 warning

! Linear interpolation of delayline: JonD, ESP2, 11/19/94.
I Voicel[2048] (signed, 24-bit qO, left justified) is the delayline we will tap.
! The tap point will undergo nodul ati on.
! chorus_width (unsigned GPR, q0) is the peak excursion (in sanples) of the delayline
! modul ati on about the tap point, nom nal _del ay.
I nonmi nal _del ay (unsigned AOR, q0) is the nonminal whole sanple delay into the del ayline;
! i.e., the center tap point.
! ygn (signed GPR, 23 (all fractional)) is the full-scale oscillator nodul ator output.
PROGRAM  Li near
DEFCONST
CLK = 40. e6
Fs = 44100.
Freg = 1.0 I H
Pi = 4. 0*ATAN(1.0)
EPSI LON = 2. 0*SI N((Pi *Freq)/Fs)
CHORUS_W DTH = 350 | CHORUS_ W DTH < NOM NAL_DELAY.
NOM NAL_DELAY = 400 ! Insamples. Altered to suit application.
PROGSI ZE <= | NT(CLK/ (4. *Fs)) ! assuning one big | oop
DEFREG ON V
Voi celL[ 2048]
m nus_one = S| ZEMLV I AOR decl aration = BASE nodul o decrenent

nom nal _del ay = &Voi ceL[ NOM NAL_DELAY]
ar.e2 31: warning: 'maor’: never used

m aor I see Style section
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000

001

002

003
004
005
006

007
008
009
00a

00b
00c

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75

DEFSPR
PC = Linlnterp
REPT_CNT = 0
SER_CONF = $007fff
HARD CONF = $008400
DEFGPR
GLOBAL
chorus_wi dth = CHORUS_W DTH
epsilon = EPSI LON
LOCAL
ygn = 0
yn = -COS((Pi*Freq)/Fs)
frac=0 frac_u=0 xL vi brat 0=0
CODE
!****************************************************************************
Li nl nterp: NOP | executes prior to suspension. Want no SER access here.
!************** Serla| I/O *kkhkkkkkkkkkkk*k
MOV SEROL > xL MOV vi brato > SER7L I conming out of suspension
!********************** feed del ayllne |nput R S O S O R
MOV xL > Voi cel[ 0]

|k xkkkkkkxkkkkkxx*x*k*% | ineqar interpol ation XX FEEEX KKKk kR Xk kokkk Ak ok kok ok ok x

MOV nomi nal _del ay > MACP

MACP + ygn X chorus_width > &Voicel[ ] l'addr,int part
frac X *&VoicelL[(+)] > MAC LSH MACRL >>1 > frac Ifractional part
MAC + frac_u X *&VoicelL[] > vibrato DIFF frac > frac_u

!**********************************************************************

| ***x%%* hyperstabl e near-quadrature oscillator (second nodified coupled form ******
NOP MoV ygqn > MACP

NOP MOV yn > MACP

MACP - epsilon X yn > ygn

MACP + epsilon X ygh > yn

!***************** San’ple SynC/delayline n.en.Dry Shlft khkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkk*
NOP JWP Linlinterp
NOP Bl Oz UPDATE BASEV += mi nus_one

! khkkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkk*%x end program EEEEEEEEEEEEEEEEEEESEEEEEEEEEEESESEESEESSEESE]
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000
001
002
003
004
005
006
007
008
009
00a
00b
00c

51
54
57
60
61
62
63
67
68
69
70
73
74

I nt eger

CHORUS_W DTH.

D

1d4
3ef
0f9
2fe
of d
ofb
of a
1d4
1d4
of e
Of e
1d4
1d4

Const ant s

lcc
lcb
1cb
1chb
of f
1f f
1f f
lcc
1lcc
of c
of d
1lcc

1cc

NOM NAL_DELAY .

Rea

Const ant s

EPSI LON .

Freq.

Fs.
Pi

242

Oa
02
02
07
06
02
02

O O N N O OO NN ~N~N~N~NO W

Scope

s A B C OPs G OP
0 3ff 3f1 3f1 Ob 0 200 6
0 3ff 0f8 3el1 Ob 0 200 6
0 3ff 3f1 3f1 0b0 2fc 1
0 3ff 3f1 3f1 Ob 0 2fb 4
0 3ff 3f1 3f1 0b0 2fb O
0 0f7 1d4 Ofb 10 O 200 6
0O Of6 Ofb Ofa 1a 0 200 6
0 3ff 0fd 1d2 Ob 0 200 6
0 3ff Ofc 1d2 Ob 0 200 6
0 3ff 3f1 3f1 Ob 0O 200 6
0 3ff 3f1 3f1 0b 0 200 6
0 000 000 3ff 1c O 200 6
0 3ff 3f1 3f1 19 0 2ff 7
Val ue ( Hex)

350 $0000015e

400 $00000190

Val ue Scope
40000000 | ocal
0. 000142475857 | oca

1 | ocal
44100 | oca
3. 14159265359 | oca

O O O O OO0 Oo oo oo or — —
O O O O O O O 0O o o o o o wn

| ocal

| ocal

MAC D- OPERAND
MAC E- OPERAND
MAC F- OPERAND
MAC OPCODE

MAC SHI FT

MAC SKIP BIT
ALU A- OPERAND
ALU B- OPERAND
ALU C- OPERAND
ALU OPCODE
ALU SKIP BIT
ACGEN G- OPERAND
AGEN OPCODE
AGEN REG ON
AGEN DATA LATCH
AGEN SKIP BI T



GPRs

chor us_wi dt h.
epsil on

ygn

yn.

frac.

frac_u.

xL.

vibrato .

Const ant GPRs

ALU $005, line 62
ALU $006, line 63
External Menory Arrays

Voi celL.

AORs
m nus_one
nom nal _del ay

m aor

Preset AORs

MAC $002
MAC $004

line 57
line 61

SPRs
ZERO
HARD_CONF .
SER_CONF.
REF .
SEROL .
SER7L .
BASEV .
SI ZEMLV .
ENDV.

DI LO.
DOLO.

PC.
REPT_CNT.
MACRL .
MACP_HC .
ONE .

M NUSL.

243

Addr ess

$0f f
$0f e
$0f d
$0f ¢
$0f b
$0f a
$0f 9
$0f 8

Addr ess

$0f 7
$0f 6

Root

$000000

Addr ess

$2f
$2fe
$2fd

Addr ess

$2fc
$2f b

Addr ess

$3f f
$3f3
$3f 2
$3f1
$3ef
$3el
$3ca
$3c9
$3c8
$1f f
$lef
$1dd
$1d6
$1d4
$1d2
$lcc
$1cb

Contents

$00015e
$0004ab
$000000
$800000
$000000
$000000

* Kk ok

$000000

Contents

STFFfff
$TFEfff

Absol ute

$000000

Contents

$000800
$000190

* k%

Contents

$000000

* Kk ok

Content s

* k%

$008400
$007f f f

* k%
* Kk k

* Kk ok

$000000
$000800
$000800

* k%

* Kk k

$000000
$000000

* Kk k
* Kk ok
* k %k

* Kk k

(Base 10)

350
1195

0
- 8388608
0

0

* Kk ok

0

(Base 10)

-1
8388607

Si ze

2049

(Base 10)

2048
400

* k %k

(Base 10)

* Kk ok

(Base 10)

* k %k

33792
32767

* k %k
* Kk k

* Kk ok

2048
2048

* k %k

* Kk k

* Kk k
* Kk ok
* k %k

* Kk k

Scope

gl oba
gl oba
| oca
| ocal
| oca
| oca
| ocal

| ocal

Expr essi on

(???)
(?7??)
Regi on  Scope
\% | ocal
Regi on

Scope

\% | ocal

<

| ocal

V | ocal

Regi on

\% Voi ceL[ 0]
\% Voi celL[ ]

Scope

| oca
| oca
| ocal
| oca
| oca
| ocal
| ocal
| ocal
| ocal
| ocal
| ocal
| ocal
| ocal
| ocal
| ocal
| ocal

| ocal

Ref er ence

1D

* k%



Label s Val ue (Base 10)

Linlnterp . . . . . . . . $000 0

GPR Menory Map

0/8 1/9 2/ a 3/b 4/ c 5/d 6/ e 7/ f
000 .. e e e e
008 . e e e
078 e e e e
0/8 1/9 2/ a 3/b 4/ c 5/d 6/ e 7/ f
080 . e e e e
Of 0 o e e e 7iffff,c ffffff,c

0f8 000000, ****** | 000000, 000000, 800000, 000000, 0004ab,g 00015e, g

AOR Menory Map

0/8 1/9 2/ a 3/b 4/ c 5/d 6/ e 7/ f
200 . o oo s
208 L e e e e
278 e e e e e
0/8 1/9 2/ a 3/b 4/ c 5/d 6/ e 71 f
280 e e e e
288 L o oo s
28 o 000000, ¢ 000000, c ****** | (000190,1 000800, |
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Sunmary:

Decl ared Regi ons Base Si ze
V.. . . . . . . . . . . $000000 2049
Total GPRs. . . . . . . . 10 (9 initialized)
Total AORs. . . . . . . . 5 (4 initialized)
External Menory Used. . . 2049 words
Instructions Available. . 213

source lines: 75 mcroinstructions: 13

no errors, 1 warning
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AGEN Listing (.agn) of ESP2 Linear Interpolation Program
! ESP2 Assenbl er Version 0.40 [29 Novenber 1994]

! AGEN listing: 01/14/95 18:10:59

! linear.e2: source lines: 75 microinstructions: 13

! no errors, 1 warning

! Linear interpolation of delayline: JonD, ESP2, 11/19/94.

I VoicelL[2048] (signed, 24-bit qO0, left justified) is the delayline we will tap.

! The tap point wll undergo nodul ati on.

! chorus_wi dth (unsigned GPR, 0) is the peak excursion (in sanples) of the delayline

! nmodul ation about the tap point, nom nal _del ay.

! nomi nal _del ay (unsigned AOR, q0) is the nominal whole sanple delay into the del ayline;

! i.e., the center tap point.
! ygn (signed GPR, 23 (all fractional)) is the full-scale oscillator nodul ator output.

PROGRAM Li near

DEFCONST
CLK = 40.e6
Fs = 44100.
Freg = 1.0 ! Hz

Pi = 4.0*ATAN(1.0)
EPSI LON = 2. 0*SI N( ( Pi *Freq)/Fs)

CHORUS_W DTH = 350 | CHORUS_W DTH < NOM NAL_DELAY.
NOM NAL_DELAY = 400 ! In samples. Altered to suit application.
PROGSI ZE <= | NT(CLK/ (4.*Fs)) I assuming one big | oop

DEFREG ON V
Voi celL[ 2048]
m nus_one = S| ZEMLV I AOR decl aration = BASE nodul o decrenent
nom nal _del ay = &Voi ceL[ NOM NAL_DELAY]

m aor I'see Style section
DEFSPR

PC = Linlnterp

REPT_CNT = 0

SER_CONF = $007fff
HARD_CONF = $008400
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DEFGPR
GLOBAL
chorus_wi dth = CHORUS_W DTH
epsilon = EPSI LON

LOCAL

ygn = 0

yn = -COS((Pi*Freq)/Fs)

frac=0 frac_u=0 xL vi brat 0=0
CODE
!****************************************************************************
Li nl nt erp:
NOP
!************** serial I/O kkhkkkkkkkkkkk*k
MOV SEROL > xL MOV vibrato > SER7L
!********************** feed del ayline inpUt kkkkkkkkkkkkkkkkkkkkkkkkk*%
MOV xL > DQOLO NOP WR DOLO > Voi celL[0]V
!********************* L| near inlel‘p0| atioh khkkhkkhkhkkhkhkkhkhkhkhkhkhkhkdhkhhkhhhkhhdkhx
MOV noni nal _del ay > MACP NOP RD Voi ceL[(+)]V > DI LO
MACP + ygh X chorus_wi dth > &oicelL[ ] NOP RD VoicelL[ ]V > D LO
frac X DILO > MAC LSH MACRL >> 1 > frac
MAC + frac_u X DILO > vibrato D FF frac > frac_u

IR R R R R R R R R R R

| ***x%%* hyperstabl e near-quadrature oscillator (second nodified coupled form ******

NOP MoV ygn > MACP

NOP MOV yn > MACP

MACP - epsilon X yn > ygh

MACP + epsilon X ygh > yn

[ *k kxR kX FHKXXFRK ganpl e sync/ del ayl | Ne MBMDry SRiFt %% %% k% &%k k% &%k k% &%k k%% % kK% % %

NOP JMP  Linlnterp

NOP Bl Oz UPDATE BASEV += m nus_one

khkkkhkkhkkhkkhkkhkhkhkhkhhhhkhhkkhkkhkhkhkhkhddxkk R R EEEEEEEEEEEEEEEEEEEEEEEEEREESEESEEEEEEE]
! end program
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