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A Custom VLSI Chip Set for Digital Signal
Processing in High-Speed
Voiceband Modems

SHAHID U. H. QURESHI, SENIOR MEMBER, IEEE, AND HASSAN M. AHMED, MEMBER, IEEE

Abstract —Systems modems intended for use in relatively large private
networks are characterized by high performance, reliability and flexibility
to support network management, and multiple modes of operation and user
features. This paper describes a programmable digital signal processor
which is teamed with a 16-bit microprocessor in a dual processor architec-
ture satisfying the requirements of high-speed voiceband systems modems.
The architecture of the two custom integrated circuits which form the basis
of the signal processor is presented. This processor has novel arithmetic,
data structure address generation, and program flow-control capabilities,
which result in a high utilization of the arithmetic unit and a low program
overhead for housekeeping tasks. Some of these features are illustrated by
programming examples.

I. INTRODUCTION

OICEBAND modems operating at bit rates of 4800

bits/s and higher have become one of the most im-
portant applications of programmable digital signal
processors (DSP) {1]-[3]. A single DSP with adequately
high computational throughput can be time-shared to per-
form all modem signal processing functions such as filter-
ing, modulation, demodulation, and adaptive equalization
[2]-{3]. Perhaps the greatest advantage of programmable
DSP technology is its flexibility, which permits sophisti-
cated modem structures and techniques to be implemented
with ease.

Over the past decade, while modem performance and
transmission rate have increased, there has also been a
trend toward incorporation of multiple modes of operation
and an increasing number of user-oriented features into
high-speed modems. Such fully featured “systems” mod-
ems are aimed at so-called “premium end-users” who
typically require a large but efficient, reliable, and cost-
effective data communication network based, at least par-
tially, on leased voiceband telephone links.

In order to understand the features and architectural
requirements of systems modems, consider the simplified
network configuration of Codex 2600 series modems shown
in Fig. 1. The point-to-point modems provide a transmis-
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sion rate as high as 16.8 kbits/s over conditioned lines. An
adaptive rate system implemented in these modems maxi-
mizes throughput by continually sensing telephone line
parameters and operating at the highest rate which can be
supported by channel conditions. Built-in time-division
multiplexers allow up to six synchronous or asynchronous
data terminal applications to share the single high-speed
link.

Multipoint or multidrop links are economically attrac-
tive for interactive systems, such as airline reservation or
credit card authorization, in which a large database must
be accessed for a relatively short time by a number of
remote stations. The central site “master” modem trans-
mitter broadcasts inquiries, or “polls,” from the communi-
cations control unit of a host computer. Addressed to
successive remote terminals, these polls are received via
“slave”” modem receivers. As each remote terminal is polled,
it responds via the “slave” modem transmitter which sends
a short preamble followed by the data message. Reduction
of the length of this preamble is an important factor in
determining the link efficiency. Thus the “master” receiver
can quickly adapt to receive typically short bursts of data
from a number of transmitters over different channel char-
acteristics. Rate information imbedded in the preamble
enables different “slave” modems to transmit data at se-
lectable rates of 9600, 7200, and 4800 bits/s. “Slave”
modem receivers are able to “train on data,” that is, set up
without the help of a preamble or training sequence from
the “master” modem transmitter. This enables remote lo-
cations to be added to a multidrop link without disruption
of the system already on line.

A network manager or control system connected to the
central site modem through a special terminal interface,
enables monitoring, troubleshooting, self-test, and recon-
figuration of the network from a central location. Network -
control information is carried to and from remote mod-
ems via a secondary channel in the low-frequency portion
of the telephone-line spectrum. Typically, 110 bit/s
frequency-shift keying is employed. All modems perform
on-line monitoring of the received signal quality and
modem-terminal interface signals. Telephone-line parame-
ters are deduced from the received signal and alarms are
sent to the central site controller if a particular disturbance
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Fig. 1.

exceeds a selected threshold. These and other network
management functions built into the modems can be used
to rapidly diagnose faults and provide corrective actions
from the central site in the network, without requiring
operator assistance at the remote locations.

Let us now consider a simplified functional block di-
agram of a modern high-speed voiceband modem shown in

Fig. 2. Such modems almost universally use phase-shift
keying (PSK) for lower speeds, e.g., 4800 bits/s and com-
bined phase and amplitude modulation, or equivalently,
quadrature amplitude modulation (QAM) [4], for higher
speeds from 9600 bits /s to 16 800 bits /s. At the high rates,

where noise and other channel distortions become signifi-
cant, modems using coded forms of QAM such as trellis-
coded modulation [5], [6] are being introduced (e.g., in the
Codex 2660 shown in Fig. 1) to obtain improved perfor-
mance.

Referring to Fig. 2, the incoming bit stream is scrambled
or randomized to remove repetitive data patterns and
spread the transmitted signal power density almost uni-
formly across the band. A 9.6 kbit /s QAM modem sends 4
bits /symbol interval. The symbol rate is 2400 baud. In
each symbol interval, the encoder maps 4 bits into one of
16 possible signal points, or pair of rectangular coordi-
nates, which are then filtered and used to modulate the
in-phase and quadrature cosine and sine carrier signals. At
the receiver, after filtering, adaptive equalization, and de-
modulation, a pair of received coordinates is generated.
The decision circuit selects the signal point that is closest to
the received point. The selected point is then decoded and
descrambled to produce a replica of the transmitted bit
stream. The decision circuit also generates error signals

Simplified data communication network.

that are used to update the coefficients of the adaptive
equalizer and the demodulator phase angle. Other func-
tional elements of the receiver which involve signal
processing are timing recovery, automatic gain control, and
received line signal detection. Receiver setup, or initializa-
tion of its adaptive elements, is typically* accomplished
during a training period. A known training signal is
transmitted and a synchronized version of this signal is
generated in the receiver to acquire information about the
channel characteristics.

Note that analog circuits are required only for the tele-
phone line interface, the associated filters, gain adjustment,
digital-to-analog and analog-to-digital converters. Virtually
all important functional elements are implemented using
digital signal processing with a total computational re-
quirement of well over a million arithmetic operations per
second.

Recognizing the severe computational burden associated
with modems and a number of other signal processing
applications, most first-generation commercially available
VLSI DSP circuits [7]-[11] provide for very fast multiplica-
tion and accumulation. However, these devices generally
lack good address-generation capability, a flexible and
efficient microprocessor interface, and the ability to con-
nect sufficient external program and data memories [12].
Lacking these capabilities makes these DSP chips less than
suitable for systems modem products, which must support
multiple modes of operation, built-in network manage-
ment, circuit quality monitoring, and multiplexing func-
tions. : :

This paper describes the architecture of a custom DSP
chip set, called the signal processing element (SPE), de-
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veloped during the 1978-1982 time period. Teaming the
SPE with a Motorola MC68000 16-bit microprocessor re-
sults in a powerful and flexible base for the Codex 2600
series of systems modems. The dual-processor loosely-cou-
pled architecture of the modem, shown in Fig. 3, is sup-
ported by the flexible microprocessor interface of the SPE.
Each processor is assigned only those tasks that are best
suited to its capabilities. The microprocessor performs

control, management, and data movement functions, and
provides for front-panel and terminal interface capabilities,
while the SPE executes all the signal processing tasks
including extraction of circuit-quality information.

Novel features of the processor in the areas of arithmetic
functions, addressing modes, and program flow control are
emphasized and illustrated by programming examples. A
unique SPE-host microprocessor interface is also described.
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II. THE SiGNAL PROCESSING FLEMENT (SPE)

The SPE is a custom digital signal processor having its
own instruction set and operating its own program. De-
signed to operate loosely coupled with another processor,
the SPE periodically communicates with the host to transfer
data and signal processing task information. Interprocessor
communication is generally initiated by the host processor
through a unique host interface.

The SPE is based on two custom integrated circuits. The
first of these is the MAR or “Multiplier-Accumulator-
RAM?” circuit. The MAR is the arithmetic engine of the
SPE having a two-cycle pipelined multiply accumulator
and 256 words of on board data memory. It is capable of
performing 32 arithmetic functions and has a very flexible
data movement facility.

The SPC or signal processing controller circuit generates
the necessary signals to control the MAR, external data
memory and any input/output devices which may be
connected to the SPE data bus. Two MAR’s can be simul-
taneously controlled by a single SPC for complex arith-
metic operations. The SPC is also responsible for all data
address generation and program flow control.

The basic SPE operations fall into essentially four cate-
gories: arithmetic, data-structure control, program-struc-
ture control, and host operations. Program control and
host operations lie in the domain of the SPC while arith-
metic is performed by the MAR. Data-structure control is
a shared activity in which the SPC maintains addressing
parameters while the data structure resides in the MAR
memory.

The remainder of the paper will focus on the architec-
tures of the MAR and SPC chips.
III. THE MULTIPLIER-ACCUMULATOR-RAM
CIrcuIT

The MAR, depicted functionally in Fig. 4, is a single-bus
arithmetic engine operating at a 300 ns bus-transfer cycle.
It is segmented both functionally and physically into two
major components, the RAM and the Arithmetic Unit
(AU). A 16 X 16-bit two-cycle pipelined multiplier with 40
bits of accumulation is at the heart of the AU. Arithmetic
operations are determined by a five-bit function field (FO-
F4) which is supplied to the MAR by a controller, such as

the SPC, on each instruction cycle. The on-board, 256-loca-
tion RAM (256 X 16) provides for the storage of operands
and results of arithmetic operations. These operands can

also reside in the various on-chip registers or be communi-
cated from the external data bus. A six-bit control field
(CO0-C5) designates the data movement on each instruction
cycle. This field must also be supplied by the controller on
each instruction cycle. Although the MAR is intended for
high-speed synchronous operation with the SPC circuit
providing control, it may also be used as an asynchronous
peripheral to an MC68000-type microprocessor.

Overall MAR ‘operation may be viewed as follows. Dur-
ing each instruction cycle, the MAR decodes its function
and control fields and performs both a data transfer and a
function. Data transfers can occur either totally internal to
the MAR, e.g., between registers or using the internal
memory, or these transfers can involve components exter-
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nal to the MAR connected on the data bus (DB0-DB15).
Functions can simply set one of the many MAR modes or
initiate an arithmetic operation, which is completed during
subsequent instruction cycles. The multiple-cycle nature of
arithmetic operations does not impose a severe throughput
penalty on the SPE because the well-structured computa-
tions found in digital signal processing tasks are well-suited
to pipelining.

The MAR has several modes that may be programmed
into a MODE register and altered dynamically. Two sig-
nificant modes are INTEGER and FRACTION. In the
former case, all operands and results are treated as integer
quantities, while in the latter mode, fixed point quantities
are assumed. The radix point is implied to the right of the
least significant bit of the X, Y, and AL registers in
INTEGER mode. Alternately, it is assumed to be to the
right of the most significant bit of X, Y, and AH in
fractional mode. The data formats and individual bit
weights are shown in Fig. 5 for each case. AX serves as an
extension for the 32-bit accumulator formed by 4H and
AL, thus providing a full 40 bits of accumulation. This
feature is of great utility in avoiding intermediate overflow
during long sequences of accumulations.

The arithmetic unit shown in Fig. 4 embodies a two-cycle
radix-4 Booth Multiplier [13]. The choice of two-cycle
operation merits some comment since multiplication-accu-
mulation is the most common operation in signal processing
and its rapid execution, e.g., in a single cycle, is of utmost
importance. First, note that the MAR architecture has only
a single bus for data transfer to its operand registers X and
Y. This choice was made consciously in order to limit the
die size of the chip. Since multiplication is a dyadic oper-
ation requiring two operands per operation, two cycles are
necessary to set up the operation using the single data bus
in the MAR. These two data transfers can occur concur-
rently with the multiplication in a pipelined fashion without
any significant throughput degradation, provided that there
are many such operations to perform in sequence. This is
often the case of DSP tasks such as filtering. To illustrate
this point, consider the execution of a finite-impulse re-
sponse (FIR) filter.

Ag YPP Cl1 ; Ye- C1
-1 d -1 -1 MPY A 3 XeA start multiply
z - z YPP C2  ;Y<-C2
MAC A 3 X<-A , start mul-acc
YPP C3
MAC A
1 cz Cn .

YI;P Co
MAC A

Nor
NoOP

3 Two NOPs to complete
; final multiplication
; results are now in accumulator

n
8= 3, Gy
=

Fig. 6. FIR filter implementation.

Fig. 6 depicts an FIR filter and the sequence of MAR
operations necessary to realize that filter. The input sam-
ples to the filter are denoted { A, }, the outputs are { B, }
while the coefficient set is {C;}-;. Inline code with im-
mediate reference to the operands is written to illustrate
the operation of the AU, however in practice, the code
would simply be a short loop with the addresses of the
operands being supplied by the SPC. The instructions are
self-explanatory: YPP refers to loading the Y register,
MPY refers to loading the X register and initiating a
multiplication (Acc = X*Y), and MAC means load the X
register and initiate a multiply-accumulate (Acc= Acc
+ X*Y). Referring to the code, the second instruction
schedules the first multiplication which takes place during
the third and fourth instructions and initializes the accu-
mulator. While the multiplier is busy during these two
cycles, the next operation is set up by loading the filter
cocfficient into Y, the sample into X, and initiating a
multiply-accumulate. This operation starts at the end of the
fourth instruction which is, conveniently, when the multi-
plier becomes available. The remaining instructions in the
filter code are identical to the third and fourth instructions
that form the FIR filter kernel. After the last tap of the
filter is computed, two cycles are required to allow the final
operation to complete. This is the only penalty associated
with the pipeline and can often be avoided in a real
application by starting another operation. An nth-order
FIR filter can be executed in 27 +2 cycles. The penalty
attributed to the two-cycle multiplier is insignificant for
large n because the architecture is fundamentally limited
by the single data bus. ‘

A rich complement of operations is supported by the
MAR AU. These are listed in Table I. Of particular
interest to note are the many multiplication modes, includ-
ing a facility for rounding to enhance numerical stability of
various DSP algorithms, and MAX, MIN, and ABS. Space
does not permit describing each instruction in detail, so
only some of the unique features will be covered.

The FIR filter example indicates that a two-cycle penalty
is incurred whenever the multiplication pipeline is dis-
turbed. This penalty was kept to a minimum in the
example by ensuring that the pipeline could be maintained
throughout the calculation. Additional architectural fea-
tures have been incorporated in the MAR to ensure that
the pipelined operation can be readily realized for other
DSP tasks as well. One such innovation is the concept of
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TABLE1
MAR OPERATIONS
MATHEMATICAL
OPERATION MNEMONIC MODE DESCRIPTION
DIFFERENCE DIF (Y/2 - X/2) ~ Y and X
MULTIPLY MPY, DMP X+ YA
MULTIPLY-ROUND | MPR, DMR FRAC 27 X .Y ~A
INTG FXxY>A
MULTIPLY- MAC, DMA A tX*Y+A
ACCUMULATE
ADD ADD A+ X -+ A
SUBTRACT suB A -X + A
COMPARE cHP MAG = 0 An -~ X ; sign+$
MAG = ] |am] - IX| ; sign + S
MAX IHUM MAX Ax + 1+ Ax: [coMpARe]]
if S =1: X+ Am,-AX > An
MINIMUM MIN AX + 1~ AX: [COMPARE]]
if S =0: X +Am, AX + A
NEGATE NEG - X - A
ABSOLUTE ABS ACC =0 xl > A
ACC =1 A+ |x -~ A
SIGN MULTIPLY | MSY ACC = 0 X « sign(Y) = A
ACC =1 A X « sign(Y) + A
LOGICAL AND AND X - Am > Am; 0+ An & AX
EXCLUSIVE OR EOR X@® Am > Am; 0 » An & AX
DIVIDE DIV FRAC AH (MSB) ~ M
2% A+ X+ M2 5
(16 times)
INTG Undefined

+ in PLUS mode, - in MINUS mode.

+: Except DIVIDE:
+ifM=1, - if¥=20

DIVIDE:

Am: AH in FRAC mode, AL in INTG mode
An: AL in FRAC mode, AH in INTG mode

delayed multiplication operations, DMP, DMR, and DMA.
These operations are not executed when specified in the
program, rather they are triggered by the occurrence of
another instruction in the code. Both DMP and DMR are
triggered by the storing of the accumulator, while DMA is
triggered when the accumulator is loaded. The utility of
delayed operations is best demonstrated by example.

Consider the Schur product of two n-component vectors,
A and B, defined as follows: '

P=AoB = (AOBO, A,B,, A,B, - -A,,_an_l)
where

A= (AO’ Ay, Az' ’ 'An—l)
B=(B,,B,B, - B,_j).

Since each component product.of P must be saved,
using the normal multiplication instructions would be ex-
tremely slow since a two-cycle penalty would be incurred
after each component calculation, thus requiring five cycles
per component (including the storing of the accumulator).
The delayed multiplications proved a convenient mecha-
nism for realizing this vector product without interrupting

YFP Ay 1Y <-Ag

MPY By ; X <- Bg and start Multiply

YPP Aq s Y<- Ay

DMP B; ; X<- B and set delayed multiply
SAH Py ; save Pg=A(B and start delayed multiply
YPP Ay Y <Ay

DMP B, '

SAH Py ; save Py and start P calculation
YPP AN

DMP By

SAH Py, ; save Pyy_1 and start final multiply
NOP '

NOP :

SAH PN ; done

' Fig. 7. Calculation of P — 40B with delay multiplication operation.

the multiplier pipeline. Fig. 7 shows the code for the Schur
product. Once again, it is shown inline for simplicity. The
first two instructions initiate the pipeline and so a normal
multiplication is used to calculate P,. The next multiplica-
tion (for P;) is set up while the first one is being executed,
using the delayed multiplication operation, DMP. This
operation is triggered with the storing of P, (SAH instruc-
tion) and completes during the next two cycles when the
calculation for P, is being set up. Therefore, instructions
three—five form the kernel of the calculation. Again, two
NOP cycles are required at the end of the calculation to
flush the pipeline, resulting in a total of 3n 42 cycles for
calculating the Schur product. This compares favorably to
the 5n cycles that would have been necessary without the
delayed multiplication feature.

~ The delayed multiply-accumulate, DMA, instruction is
equally valuable in computing

Z,=AB,+W, i=0,2,---,n-1.

The program realizing this calculation is given in Fig. 8.
Notice that each product, 4,B,, is set up using a DMA
instruction during the calculation of Z,_,. Upon comple-
tion of the latter calculation, Z,_, is stored away and the
value of W, is loaded into the accumulator. This triggers
the next computation (Z,) and the kernel repeats. A total
of 4n+2 cycles are required as compared to the 6n that
would have been necessary without DMA.

Metrics such as (X — Y)? and |X — Y] are easily calcu-
lated using the difference functions of the MAR. Basically,
the YDIF instruction is a load Y register function, however
its operation also affects the X register. When the X
register is loaded following a YDIF operation, for multi-
ply, absolute value (ABS) or other instruction, the MAR
calculates the quantity (Y — X)/2 and loads it into both
the X and Y registers prior to executing the operation that
was specified when X was loaded. Hence, that instruction
occurs with the modified values of the X and Y registers.
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LAH W ; ACC <- Wy

YPP Ao 1 Y<-Ag

MAC By ; start Zg calculation

YPP Aq ;setup Zy

DMA B, ; calculation with delayed MAC

SAH Z ; save Zg

LAH W, ; ACC <- W and trigger Z calculation

YPP AN

DMA By

SAH ZNa

LAH WN

NOP

NOP

SAH Zy ; done

Fig. 8. Calculation of Z=A0B + W with delayed multiply-accumulate

operation.

For example, the code

YDIF A; Y < A and set difference mode
MPY B; X,Y < (A— B)/2 and start multiply
NOP

NOP

calculates (4 — B)?/4 and furthermore, this operation may
be pipelined to calculate a sequence of such metrics, as
would be necessary, for example, in a maximum likelihood

detector for a modem. The purpose of scaling the operands
is to avoid overflow.

1IV. DuaL MAR STRUCTURE

Two MAR’s may be used simultaneously under the
control of a single SPC in a manner which is particularily
effective for complex valued calculations, such as those
occurring in high speed QAM data modems. For reasons
that will be apparent, one MAR is called the real MAR, or
MAR.R, while the other is referred to as the imaginary
MAR, or MAR.L Since both MAR’s can operate concur-
rently, the SPC specifies on each instruction cycle whether
the function is intended for one of the two MAR’s or for
both. We will utilize instruction qualifiers .R, .I, and .P to
indicate whether the function pertains to the real, imagin-
ary, or both MAR’s, respectively. In general, the real part
of a complex operand is stored in the memory of MAR.R,
while the imaginary part is stored at the corresponding
location in the memory of MAR.I. Complex valued ad-
ditions are now easily performed as follows.

LAH.P MP(a);
ADD.P MP(b);

Load accumulators with first operand

Load X regs with 2nd operand and
ADD

In this example, the same functions are executed by each
MAR. MP refers to the internal memories of the two
MAR’s. The real MAR uses its memory, (MR), and the

SPC SPC
MAR MAR MAR MAR
MEM MEM MEM MEM
X AX X AX X AX X AX
Y AH Y AH Y Al Y AH
» AL ) AL D AL MD AL
ST ST 5T ST

Fig. 9. MAR: data movements.

imaginary MAR uses its internal RAM, (MI), (MP is
merely a convenient notation for parallel memory). A
single address field is supplied by the SPC to both MAR’s,
hence it is necessary to store the real and imaginary
components of the operands at corresponding memory
locations. The first instruction loads the real part of “a”
into the real accumulator (referred to as AR) and the
imaginary part into Al. The second instruction loads by
into XR and b, into XI and initiates an addition in each
MAR. At the end of the addition, the accumulators AR
and Al will, respectively, contain (ag + bg) and (a, + b;).
The accumulators can then be stored into corresponding
memory locations in MR and MI with a single instruction.

Complex multiplication is somewhat more complicated
because it is necessary to exchange data between the two
MAR’s. The rich complement of data movements afforded.
by the control field of the MAR provides the needed utility
to accomplish this task. Fig. 9 indicates some of the
possible data movements that are available in a two-MAR
structure being controlled by an SPC. There are actually
more than 30 different data movement possibilities. Notice
that inter-MAR communication as well as data exchange
with the SPC is supported. In order to explain how to
perform complex multiplication, it is also necessary to
introduce another load Y instruction, which is useful for
parallel operations. Remember that only a single function
can go to the two MAR’s on each cycle, e.g., both MAR’s
can be made to add. However, as with complex multipli-
cation, it is often necessary to make one MAR add while
the other one subtracts. In effect, both MAR’s execute the
same operation but with different signs. The YPM.P in-
struction is helpful here because, while it loads both YR
and Y1 simultaneously, it tags one of them with a minus
sign (the data are not changed however). Thus, executing
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YPPP MR(a) s YR, YI<-a,
MPYP MP(bsb;) ; AR <- acby Al <-ach;
YPM.P Mi(aj) ; YR,YI <- aj except YR tagged negative
MACR MiI(b) - ; AR <- acby - ajb;
MAC.I MR(by) i Al <- aghj + ajby
NOP ; results will be valid
NOP ; after last NOP
SAHP MP(result) ; save in parallel
Legend:

- MR, MI refer to the internal memories of the real and imaginary MARs respectively
while MP refers to each MAR accessing its own memory simultaneously
- MR(a) refers to the contents of MR at address ‘a’
Fig. 10. Complex multjplication with two MAR’s.

MAC will result in addition in one of the MAR’s while a
subtraction actually occurs in the other. Fig. 10 shows the
code for the single complex multiplication

(ag+ia;)(bg+ib;) = (agbg—asb;)+i(agb; +a;bg).

Notice how MAC is used together with YPM to compute
the sums in the components of the complex product.
Further note that the MAR’s can use operands from each
other’s memories as well as they do out of their own
because of the control field. Complex multiplication can be
readily pipelined to realize an rth-order complex FIR filter
in 5n +2 cycles. Such filters are common in QAM modems
[14] since the received signal is separated into its inphase
(real) and quadrature (imaginary) components.

The MAR is a very powerful arithmetic engine and is
mated with an equally powerful controller which we shall
now describe.

V. THE SIGNAL PROCESSING CONTROLLER (SPC)
CIrcuIt

The SPC, the second custom chip of the SPE, is a
controller that executes a program written in its own
powerful instruction set. Apart from the control of the two
MAR’s via the F, C, and A lines, the SPC is responsible for

data structure maintainence, program control, peripheral -

control, and communication with the host processor. The
architectural philiosophy employed in the design of the
SPC is simple to state: Arithmetic capability is of relatively
little value if the overhead tasks involved in data structure
maintenance, program flow, etc., hamper the ability to
keep the arithmetic engines busy. Hence, the SPC has a
large part of its real estate dedicated to rapidly performing
housekeeping chores in order to keep the MAR’s busy.
This philosophy sets the SPE apart from commercially
available DSP chips and also accounts for the high ef-
ficiency of its architecture in actual modem applications
(by efficiency, we mean the ratio of the achieved multipli-
cation rate in an application versus the raw multiplication
rate of the chips).

Fig. 11 provides a simplified block diagram of the SPC.
It essentially has three external interfaces—the program
memory, SPE, and the host interface. The program mem-
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Fig. 11. SPC circuit.
ory interface is a dedicated parallel path to the SPE
program store. A program address (PA0-PA12) is output
on each cycle and an instruction is retrieved from the
program memory. The SPE interface provides for data and
control information within the SPE. A 16-bit data bus
(DB0-DB15) is the major data path to which the MAR’s,
external memory, and external devices are connected. Con-
trol of these devices is provided on each instruction cycle
via the F, C, and A lines. The former two are the function
and control lines of the MAR’s and also carry information
related to external memory and devices, while the A field
provides the addresses for both internal and external mem-
ories. Two edge-triggered interrupts into the SPC allow for
exception processing. The final interface is a rather unique
host interface that provides for a low-overhead asyn-
chronous communication path with the host processor. The
host can send both data and instructions to the SPC
without the need for any special hardware such as dual-port
RAM’s. This facilitates SPE program and data control
from the host.

It is difficult, in the limited space, to describe all the
intricacies of the SPC instruction set or of its functional
blocks. We will, therefore, highlight some of the more
unique addressing modes and program flow constructs.
The host interface will also be briefly described. These
terse descriptions will serve to demonstrate the ability of
the SPE to efficiently handle the aforementioned
housekeeping chores thereby enhancing processor
throughput through architectural innovation rather than
circuit speed.
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A. Program Flow Control

Program flow control is a major source of overhead in
programmable machines. The SPC reduces this overhead
through various program control structures available to the
programmer (to be described). In addition, program in-
struction fetch, decode, and execution are pipelined for
throughput enhancement. This works well for most DSP
tasks where the code is inline, but conditional branching,
however infrequent, disturbs the pipeline. The SPC branch
instructions are delayed by one cycle, thus allowing the
formation of condition codes that influence the branch.
Any single cycle instruction may be inserted in the code
during that cycle, otherwise an NOP is used and the cycle
is wasted. The burden of managing the pipe resides with
the programmer. Undelayed jump instructions are also
available for unconditional branches and situations where
future results do not affect the branch.

To demonstrate some of the SPC’s program flow control
capability, consider the overhead associated with looping
structures and procedure calls. Loops are implemented in
conventional Von-Neumann architectures by decrementing
a loop counter and testing for zero at the end of every
iteration of the loop body. These calculations often utilize
the arithmetic facilities of the processor, thus preventing
the occurence of any useful calculations. The time spent in
maintaining the loop variable is thus overhead. Similarily,
procedure calls and returns entail overhead in updating the
program addresses. Unfortunately, these program control
mechanisms (as well as others) cannot be dispensed with
since they are invaluable in conserving code space and
generally expedite program development. The SPC pro-
vides hardware support of these and other program control
structures. Hence, flow control variables such as loop
pointers and counters can be updated concurrently with
useful calculations, thereby avoiding any speed degrada-
tion. Basically, the SPC trades hardware for throughput.

Signal processing algorithms are very computation inten-

sive and generally consist of small kernels of code that are

executed repetitively, ie., the algorithms are best imple-
mented as a_set of nested loops that occupy most of the
processor’s time. The SPC provides a single-cycle LOOP
instruction that efficiently implements a looping construct.
At the beginning of a loop, the starting address is pushed
onto the SPC stack. One of the register file (RF) registers
(Fig. 11) serves as the loop counter and is initialized to the
number of iterations (minus 1). Every time the LOOP
instruction is encountered, the register is automatically
decremented and tested and if the loop has not expired, a
branch is generated to the loop start address stored on the
stack.

The innermost loop of a nested set of loops is executed
most frequently so any overhead in this loop generally has
a substantial performance impact on the overall program.
Recognizing this, a single-level full hardware looping facil-
ity for the inner loop was added to the SPC. Depicted in
Fig. 12, it consists of two dedicated registers. One of the
registers serves as the loop counter just as an RF register
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Fig. 12. DO LOOP hardware architecture.

did previously. To set up the loop, the second register
shown in Fig. 12 is loaded with the address of the last
instruction in the loop, and the start address of the loop is
stored on the stack. The program counter is constantly
compared to this latter register via a hardware comparator.
When the last loop address is encountered, the loop coun-
ter is decremented and the program counter is ap-
propriately adjusted, thus avoiding the need for an explicit
LOOP instruction. _

The SPC looping constructs incur some overhead to
initialize the registers prior to commencing a loop, however
they avoid the much greater overhead of updating and
checking the register values at each iteration.

B. Data Structure Maintenance

We have identified program flow control as a major
source of overhead. Data structure maintenance represents
another large housekeeping task that detracts from
processor throughput. The SPC is tasked with maintaining
pointers to all the data structures that reside either in the
internal memories of the MAR’s, or in the SPE external
memory. These pointers are updated according to some
predetermined rule every time the data structure is accessed.
As with program flow variables, updating pointers detracts
from the time that would ordinarily be spent performing
useful calculations unless the updates can be performed
transparently. The SPC has special circuitry to provide for
pointer modification concurrently with data structure
access, thus avoiding much of the overhead. Furthermore,
the SPC supports a rich set of update options that cover
the majority of addressing mechanisms used in signal
processing,.

An increasing number of addressing modes have become
common in modern computers owing primarily to the need
for efficiently handling the many data structures common
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to file maintenance and operating system needs. Similarly,
DSP algorithms are supported by data structures that
demand efficient access and address maintenance that is
made possible through efficient addressing modes. Gener-
ally, the prevalent modes in general-purpose computers,
i.e., base addressing, indirect addressing with post- or
pre-modification, immediate addressing, etc., are also com-
mon to DSP tasks (since some of the data structures are
the same as occur in general-purpose computing). How-
ever, DSP algorithms also have some special needs that are
not met by limited post-modification strategies found on
general-purpose processors. For example, circular buffers
are very common data structures in signal processing.
Conventional addressing modes cannot efficiently support
this structure without an explicit magnitude comparison
and branch at each access. The SPC handles circular
buffers very effectively with its modulo addressing mode.
A circular buffer is implemented as a contiguous block
of memory locations. Data are entered into the buffer at
sequential addresses until the end of the block is reached,

at which point the pointer is reset to the buffer start

address. A second pointer operating in a similar manner
may be used to unload data from the buffer. The modulo
addressing scheme implements a standard post-increment
or decrement by one on each access, followed by a hard-
ware comparison to the buffer-end address. If the end of
buffer is reached, then the pointer is reset. ’

The update is simply stated as

new_address = (old_address - base_addr + 1) mod M
+ base_addr

where M is the buffer length and base_addr is the base
address of the buffer. The buffer lengths must be stored in
one of four available modulo registers that are part of the
special register file (SRF) (Fig. 11). Hence, buffers of
different lengths may be realized. The base address of the
buffer is restricted to 2% boundaries, such that k > M, in
order to avoid the need for explicitly storing the base

address, and to facilitate the address update. Once again, -

hardware has been traded for throughput by performing
housekeeping chores concurrently with useful tasks.

Another example of an uncommon address update
mechanism can be found in the need to perform deci-
mation filtering. A contiguous block of memory locations
once again serve as the data structure, however every Nth
location is read on successive accesses instead of every
consecutive one. The postincrement /decrement by N mode
handles this case transparently. Several values of N may be
stored in the offset register of the SRF.

C. SPE -Host Communications

As described earlier, delivering data between a terminal
and the telephone line requires much processing which is
segmented among the two processors shown in the systems
modem architecture of Fig. 3. The host microprocessor

maintains overall control, assigns specific tasks to the SPE,
supplies data, and collects results.

The following attributes of the interface between the two
processors are desirable in order to take maximum ad-
vantage of the dual-processor architecture: a) permit paral-
lel processing, i.e., both processors should be able to per-
form their functions simultaneously with low overhead for
interprocessor communication, b) flexibility with regard to
the number of tasks that may be assigned and the number
of data transfers that may be performed, c) accessibility of
the signal processor data memories to the host processor-
for diagnostics, and d) low complexity and cost of interface
circuitry. '

Traditional techniques for interprocessor communication
include the use of interrupts with data latches or first-in-
first-out (FIFO) buffers and dual-port memories with
semaphore registers. These techniques satisfy some of the
desirable interface attributes listed above, but typically
either the processor overhead, or the flexibility, or the
complexity is unfavorable.

SPE-host communication is realized w1thout the need for
external FIFO buffers or dual-port memories. The host
and SPE data buses are connected via a tristate-bus trans-
ceiver as shown in Fig. 3. This transceiver, which is mapped
into the SPE I /0 device address space, may be enabled by
the SPC to effect a data transfer between the two processors
in either direction. Apart from this data-bus connection,
the SPC receives address and control signals from the host

‘MPU (see Fig. 3) which allow the host to address the SPC

at one of 64 addresses. Each address invokes the execution
of a different host command by stealing an SPE instruction -
cycle at the end of the instruction currently in process. The
SPE program execution is resumed upon completion of the
host command.

Generally, host commands facilitate the manipulation of
data structures for passing data and tasks between the two
processors. Since the host exercises overall modem control,
it maintains software-implemented state machines accord-

“ing to which, specific signal processing tasks are passed to

the SPE to perform different algorithms. In effect, signal
processing functions appear as high-level macros. Tasks
and data from the host can be stored in input queues, and
results of the tasks performed by the SPE can be collected
in output queues. Host commands permit asynchronous
access by the host to these circular queues, which reside in
SPE data memories and are easily maintained using the
address registers and addressing modes of the SPC. This
extremely versatile interface, established using a minimum
of external circuitry, allows both processors to be utilized
in parallel to nearly their full capacity.

The 64-host command supported by the SPE can be
divided into three groups. The first group enables data
transfers between the host and MAR memories, or external
memory, using one of eight SPC RF registers for indirect
addressing with optional post incrementing. The second
group of host commands permit the host to read or write
one of eight registers in the SPC register file. The last
group of host commands, such as test and set, read pro-
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gram counter (PC) and halt, write PC and execute (jump),
read program memory and increment PC, single step, etc.,
have been included to aid in SPE program development,
diagnostics, and monitoring.

VI. CONCLUSIONS

We have described two custom chips, the MAR and
SPC, which have been designed to facilitate complex signal
processing tasks prevalent in high-speed telephone-line
modems. Our approach has been to divide the modem
tasks between two loosely coupled processors: the SBE is
devoted to the computationally intensive signal processing
algorithms, while the host performs control tasks. A flexi-
ble host interface provides an efficient communications
link between the processors.

The MAR architecture uses instruction pipelining and a
powerful data movement structure to overcome some of
the inefficiencies of a single-bus architecture. Several spe-
cial instructions, e.g., delayed multiplication, are key to
maintaining a full pipeline during several common signal
processing tasks. Throughput is enhanced by providing
powerful instructions such as MAX that perform oper-
ations traditionally requiring several instructions. Further-
more, two MAR’s may be conveniently connected in paral-
lel to perform complex arithmetic.

‘The SPC complements the MAR arithmetic capability
with a powerful instruction set that facilitates the imple-
mentation of data and program control structures. To-
gether, the SPC and MAR exploit several architectural
innovations that improve the throughput of the signal
processor. These features are essential in a programmable
environment since instruction and control overhead often
limit the utility of even the fastest arithmetic units. The
SPE averages 2 million delivered operations (e.g., multipli-
cation) per second for modem algorithms, which compares
favorably to the raw rate of 3.33 million/s possible with
the arithmetic unit. Our conclusion, therefore, is that signal
processors benefit from more architectural features than
simply a fast multiplication facility. Furthermore, the SPE
can be substantially enhanced with a single-cycle multiplier
supported by two operand buses afforded by modern pro-
cess technology.
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