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ver the Jast five years, the number and varicty
of products that nclude some form of digital
signal processing (DSP) has grown dramati-
cally. DSP has beeome a key comporent in
many consumer, conmunicarions, medical, and industrial
products, which  use a variety of hardware approaches to
implement PSP, ranging {rom the use of off-the-shelf ni-
croprocessors to field-programmable gate arrays (FI'GAS)
to custom inregrared cireuits {ICs). Propranmiable “DSP
processors,” a class of microprocessars optimized for
DSP, are a popular solution tor several reasons: They can
potentially be reprogramimed in the ficld, allowing prod-
uct upgrades or {ixes, They are often more cosr-etfective
{(and less risky) than custom hardware, particulatly for
low-volume applications, where the development cost of
custom 1Cs niay be prohibitive. And in comparison to
other types of microprocessors, DSP processors often have
atadvantage in terms of speed, cost, and energy efficiency.
T this arricle, we trace the evolution of DDSP proces-
sors from carly architectuves to currene state-of-the-art
devices. We highlight some of the key differences among,
architectures and compare their strengrhs and weak-
nesses. Finally, we discuss the growing class of gen-
eral-purpose processors that have been enhanced to
address the needs of DSP applications.

DSP Algorithms Mold DSP Architectures

Lrom the outser, 13SP pmccs‘qor architecrures have been
molded by DSP algorithuns, lior nearly every fearure
found in a DS processor, there are associated DSP algo-
rithms whose computation is in some way caged by inclu-
sion of this feanre. Therefore, perhaps the best way to
wnderstand the evolution of IXSP architectures is to cxam-
ine typical DSP algorithms and identity how their com-
putational reguirenients have influenced the architectures
of ISP processovs. As a case study, we will consider one
of the most common signal processing rasks, the finire
impulse response (FIR) fiter,

Fast Muitipliers

The IR filter is mathematically expressed as Xe*4, where
& 18 a vector of input data and & 15 1 vector of {ilter coctii-
cients,  For cach “eap” of the filker, a data sanple is mulci-
plicd by a filter covflicient, with the resule added w a
running swm for all of the taps (for anintroduetion w DS
concepts and filter theory, sce [2]). [enee, the main com-

ponent of the VIR fileer algovithm ———— -

isadot product: multiply and add,
muliply and add. "These opera-
tions are not unigue to che FIR fil-
rer algorirthmy in facr,
multiplication {(often combined
with zecumulation of products) is
one of the most commaon opera-
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impulse response (ITR) filrering, and Fourier transforms
also all involve heavy use of multiply-acainmulare opera-
tions. Originally, microprocessors implemented multipli-
cations by a serics of shift and add operations, cach of
which consumied one or more clock eyeles. Tn 1982, how-
ever, 'lexas Insteuments (TTY introduced the first commer-
cially successtul “DSP processor,” the 'TMS32010, which
incarporated specialized hardware to enable irto compute a
mulniplication ina single clock cycic As might be expected,

faster muldplication hardware yields taster performance in
many 18P algoritluns, and {or ‘this reason all modern PSP
processors include ar least one dedicaced single-cycle multi-
plier or combined nwltiply-secummnlate (MAC) unit [ 1],

Multiple Execution Units

In comparison te other types of computing casks, DSP
applications typically have very high computational re-
quiremicnes, since they ofien must execure 1SP algo-
rithuns (such as FIR filicring) o real ame on lengthy
segments of signals sampled ae 10-100 kBHz or higher. So
ISP processors often include several independent execu-
tion wiits that are capable of operating in parallel—for ex-
ample, in addition to the MAC unit, they typically
contain an arithimetic-logic unit (ALU) and a shilier.

Efficient Memory Accesses

Exccuring a MAC i every clock cyle requires imore than
juse a single-cycle MACG unit. It also requires the ability to
fetch the MAC instruction, a data sample, and a filer co-
efficient from memery in a single cycle, Henee, good
DSP performance requirves high memory band-
width- -higher than was supported on the general-pur-
pose microprocessors of the early 1980°, which cypically
contained a single bus connection o memory and could
only make one aceess per clock cycle, To address the need
for increased memory bandwidth, carly DSP processors
developed different memory architecrures that could sup-
pore multiple memory accesses per eyele. The most com-
mon approach {still commonly used) was to use two or
morc separate bauks of memory, cach of which was ac-
cessed by its own bus and could be read or written during
every clock cycle. Often, instructions were stored in one
memorty bank, winle data (or a combination of data and
instructions) was stored in anocher, With this arrange-
ment, the processor could feeech an instrucrion and a data
operand in parallel in every cycle. Ligure L shows the dit-
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ference i memory architecrures for cacly general-puir-
pose processors and DSP processors, Since many DSP
algorithimg (such as VIR filters)y consume two data
aperands per nstruction (e,g., a data sunple and a coefii-
cienty, a further optunizaton conmenly used is to -
clude asmall hank of RAM near the processor core that is
used as an instruction cache, When a small gronp of in-
structions 1s execured repearedly (ie., in a loop), the
cache is loaded with those instrucrions, freeing the -
struction bus to be used for dara terches instead of instruc-
tion fetches— thus enabling the processor to execute a
MAC i a single cycle.

ITigh memaory bandwidth requirements are often -
ther supported via dedicared havdware for caleulating,
memery addresses. These address generationunits oper-
atc in parallel with the DSP processor’s main execution
units, enabling it o access data at new locations in ment-
ary {for cxample, stepping through a vector ot coeffi-
clents) withour pausing o caleulate the new address.

Mamory accesses in DSP algorithuns tend to exhibit
very predicrable parrerns; tor example, for cach sample in
at FIR filter, the filter cocfticients are accessed sequen-
tially fromstart to Anish, thenaccesses start over trom the
beginning of the coethicient veetor when processing the
next input smuple,
computing tasks, such as database processing, where ac-
cesses to memory are less predicrable. DSP processor ad-
dress generation units take advantage of this
predicranlity by supporting specialized addressing
modes that enable the processor to efticiently access data
in the pacerns commonly lound in DSE algorichms. The
most common of these modes is register-indirect address-
ing wirh post-increment, which is used w automatically
increment the address pointer for algorithms where ve-
petitive computations are performed on a serics of data
stored sequentially in memory. Withour this feanne, the
programimer would need ro spend inscroctions explicitly
incrementing the address pointer. Many DSP processors
alses support “circular addressing,” which allows the pro-
cessor toaceess a block of data sequentially and then auto-
matically wrap around to the beginning address—cexactly
the pattern used e access coelficients in FIR filtering,.
Circular addressing is also very helplil in implementing,
(irst-in, first-out butfers, commonly used {or 1/0) and for
IR hltu‘ delay lines,

Data Format

Mast DSP processors use a fixed-point mumeric data type
instead of the floating-poine format most conumonly vsed in
scientific applications. Tn a {ived-poite format, the binacy
poitit (analogous to the decnal pointin base Lo math) is lo-
cated at a fixed location in the data word. Lis is in contrast
to floating-pont formats, i which nombers are expressed
using an exponent and a4 mantissa and the binary poiot es-
sentially “Hoars”
Floaring-point formats allow a much wider range of values

based on the value of the exponent,
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This s in contrast to ather types of

to be represented and virtually eliminawes the havard of
numeric overflow in most applicaticns, DSP applications
typically must pay carclul atention to mmeric tidelicy {e.g,,
avoiding overtlow). Since mumeric fidelity is far more easily
maintained using a tloating-point format, it may scem sur-
prising that most DST” processors use a Gxed-point formac.
In many applications, however, DSP processors face addi-
ticnal constraints: they must be inexpensive and provide
good energy cllicieny. Fixed-point processors rend o be
¢heaper and less power hungry than Hloarng-point proces-
sots at comparable speeds because floating-point tormats
require more complex hardware o inplement,  For these
reasons, there are few floating-point D8P processors,

Scnsitivily to cost and energy cansumption also influ-
ences the data word width used in DS processors. DSP
pracessors rend to use the shortest data word thae will
provide adequate accutacy in their target applications.
Maest fixed-poine DSP processors use 16-bir data words
because that data word width is sulficienr or many 1SP
applications. A few fixed-point PSP processors use 20,
24, or even 32 bits to enable bewer accuracy in applica-
tions rhat are ditficult vo implement well with 16-bicdata,
such as high-fidelity audio processing,.

To ensure adequate signal quality while using
tixed-point dara, DSP processors typically include spe-
clalized hardware to help programmers maintain numeric
fidelity throughou a series of computations.  For exam-
ple, most 1S processors include one or imore “accumu-
lator” registers to hold the results of summing severat
multiplicarion products, Accumulator registers are 1ypi-
cally wider than orther repisters; they offen provide exera
bits, called “guard bits,” to extend the range of values thar
can he represented and thus avoid overflow. Tn addition,
ISP processors ustally include good support for satura-
tion avithhnetie, rounding, and shifting, all of which are
uselul for maintaining numeric fidelity.

Zero-Overhead Looping

DS algorithms typically spead the vast najariry of their
processing time in relatively sinall sections of software that
are executed repeatedly; e, I loops, Flence, maose DSP
processons provide special support tor efticient looping, OF-
ten, aspecial loop or repeat instruction is provided which al-
leyws the progranuner to implement a for-next loogp withour
expending any clock cyeles for updaring and wsting the loop
countet or branching back te the top of the loop, This fea-
wire is olien relerred 10 as “zcro-averhead looping,™

Streamlined 1/0

Finally, to allow low-cost, high-performance inpur and
autput, mast DSP processors incorporate one or more
specialized sevial or parallel /0 interfaces and stream-
lined 170 handling mechanisms such as low-overhead in-
terrupts and direct memory access (DMA) 1o allow data
transfers to proceed wirh littde or no intervention from
the processor™s computational viits.
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Specialized Instruction Sets

DSP processor instruction ses traditionally have been
designed with rwo goals in mind: 1) to make maximum
use of the processor’s underlving hacdware, thug increas-
ing cflicicney and 2) to minimize the amovnr of memory
space required ro store DSP programs, since DSP appli-
cations are often quite cost-sensitive and the cost of
memory contributes substantially to overall chip and/or
system cost, 'T'o accomplish the first goal, conventional
ISP processor instruction ses generally allow the pro-
grammer to specify several parallel operations in asingle
instruction, typically including one or two data ferches
from memory (along with address pointer updates) in
parallel with the main arithinetic operation. With the
sccond goal in mind, instructions are kept shovt (thus
using less program memory) by reswicting which regris-
ters can be used with which operations and which opera-
rions can be combined inan instruction. ‘Lo turther
reduce the pumber of bits required to encode instrie-
riong, D8P processors often offer fower registers than
other types of processors and may use mode biis fo con-
trol some [catnres of processor operation (for example,
rounding or saturation) rather than encoding this infor-
mation as part of the instructions. "U'he overall result of
these fearures is that conventional DS processors rend
to have highly specialized, complicaced, and ivregular in-
struction sets, which is a significant drawback because it
complicates the task of creating efficient agsembly lan-
guage sottware—whether by a programmer or by a
compiler, Why s this inporeant?

Programmers who write software for PO processors,
such as Penrivms or PowerCs, typically don’t have ro
worry much about the ease of use of the processor’s in-
struction set because they generally develop programs in
a high-level language, sucl as C or C+4, Life isn’t quite
se simple tor the DSP processer programmer hecause
high-volume DSP applications, unlike other types of ap-
plications, are often written (or ar least have portions op-
tinized) In asseably language.

There are two main reasons why DISPs aren’t usually
programmed in high-leve! languages. The thst is thar
most widely used high-level languages, such as C, are not
well suited for describing typical DST algontluns. “Lhe
sccond reason is (hat conventional DSP architectures,
with their multiple memory spaces, multiple buses, irreg-
ular instruction sets, and highly specialized hardware, arc
ditficult for compilers to use elfectively, Ttis cecrainly woe
that a compiler can take C source ende and generate as-
sembly code [ a DSP, bur to get elficient code, the pro-
grammer often must hand-optimize the aritical sections
of the program in assembly lainguage. DSP applications
typically have very hiph compurational demands coupled
with steict cost constraings, making program optimization
essential. For these reasons, programmes often consider
the palacability (or lack 1hercof) of the instruction set of a
ISP processor as a key aspect ol its overall desirability.
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The Current DSP Landscape

Conventional DSP Processors

"The performance and price range among; DSP processors
is very wide. In the low-cost, low-performance range ace
the industry workhorses, which are based on conven-
tional ISP architectures, These processors are quite simi-
lar architecturally to the original DS processors of the
carly 1980s. They issue and execute one instruction per
clnck cyele and use the complex, multi-operation type off
insrructions described carlier. These processors rypically
include a single multiplicr or MAC unit and an ALU, but
few additional exccution units, it any, tncluded in this
group are Anatog Devices” ADST-2 Lxx tamily, "Texas [n-
strimeits” TMS320C2xx tamily, and Maotorola’s
DSPS60xx family. These processors generally operate at
around 20-50 MHz and provide good DSP perlormance
while nuaintaining very modest power consumprion and
memory usage, LThey are tepically used in consumer and
tcleconmmunications products that have modest DSP per-
formance requirements and stringent eost and/or coergy
consumprion consrraints, like disk drives and digital rele-
phone answering machinces,

Mid-range DSP processors achicve higher perfor-
mance than the low-cost 1S deseribed above through
a combination of increased clock speeds and somewhat
more sophisticated architectures. 1381 processors like
the Motorola 12SPE63xx and Texas Tostruments
TMS320C54x operare at 100-150 M1Tz and often in-
clude a modest amount of additional hardware, suchasa
barrel shifter or instruction cache, to improve petfor-
mance in common PSP algorithms. Processors in this
class also end to have deeper pipelines chan thelr
lower-performance cousins. (Lipelining is a hardware
rechnique for overlapping the execution of portions of
several instructions to improve inscruction throughput
[6].} These dillerences notwithstanding, however,
mic-range DSP processors are more like their predeces-
sors than they are different; architectural improvements
are mostly incremenral rather than dramatic.  Hence,
this group of DSP processors can still be clagsitied as
having conventional archirectures. By using this ap-
proach, mid-range 18P processors are able o achieve
aoticeably better performance while keeping cnergy and
power consumprion low, Processors in this perfor-
mance range ace typically used in wireless releconmmuni-
cations applications and bigh-speed modems, which
have relatively high compuratienal demands bur often
require low power consumption,

Enhanced-Conventional DSPs

DS processor architeets who want to improve perfor-
mance beyond the gaing atforded by faseer clock speeds
and modest hardware improvements nwst find a way to
getsignificantly more usetul DSP work out of every clock
cycle. Oncapproach is to excend comentional DS archi-
tectures by adding parallel exccution unics, typically a sce-
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ond multiplicr and adder, "Uhese hardware enhancements
ate combined with an extended instruction set that takes
advantage of the additional hardware by allowing mare
operations t© be encoded in a single instruction and exe-
cuted in parallel. We refer to this rype of processor as an
“enhanced-conventional DISP processor™ because it is
based on the conventional D8I pracessor architectural
style rather than an entirely new approach. Wirh rhis in-
creased parallelism, enhanced-conventional DSP proces-
sors can cxecute significantly more work per clock
cycle—lor example, two MACs per cyele instead of one,
Figure 2{a) and (b) comparcs the cxecution units and
buses of a convenrional DSP (the Tucent Technologics
DSPI6xx) to an enbanced-conventional DSP that ex-
tends the DISP16xx architecture (the Lucent 'Lechnol-
opics DSP16xxx),

Enhanced-conventional DS processors typically have
wider data buses to allow then to retvicve more data words
per clock cycle to keep the additional exceation units fed
with data. “They may also use wider instruction words 1o
accommadate specification of additional parallel opera-
riong within 2 single instroction.  Increases i cost and
power consumption due to the additional hardware and
architectural complexity ave largely otfsct by increased per-
formance (and, insome cases, by the use of more advanced
fabrication processes), allowing these processors o main-
tain cost-performarnce and energy consumption similar to
thase of previous generations of DSTs.

Multi-Issue Architectures

Enhanced-convenrional 18P pracessors provide in-
proved performance by allowing maore operations to be
encoded in every instruction. Bue because they follow the
wrend of using specialized hardware and complex, con-
pounc instructions, they sufter from some of the sune
problems as conventiomal 1ISPs: they ave difticult to pro-
gram in assembly linguage and chey are unfriendly com-
piler rargets, With the goals of achieving high performance

and creating an avchireciure thae lends ieself ro the use of
compilers, some newer DS processars use a “multi-issue®
approach. In contrast to conventional and enl:anced-con-
ventional processors, multi-issue processors nse very sim-
ple instructions that typically encode a single operation.
‘Ihese processors achicve a igh level of parallelisn: by issu-
ing and execating instroctions in parallel groups eather
than oneata time. Using simple instructions simplifies in-
struction decoding and execution, allowing, muld-issue
processors Lo execute ab higher clock rates than conven-
tional or enhanced conventional 1NDSP processors,

TT was the fivst vendor to use this approach ina com-
mercial DSP processor. T multi-issue TMS320C062xx,
introduced in 1996, was dramatically faster than any orher
ISP piocessor available ar the tinwk. Ocher vendors have
sitee [ollowed suit, and now all foar of the major DS pro-
cessor vendors (T Analog Devices, Motorola, and Lucent
Techmologics) are employing nwlti-issue architcctues for
their latest hiph-performance processors. The two classes
ot architectures that execute muldple instructions in paral-
lel are referved to as VLIW {very long instruction word)
and superscalar, "These archirectures are quite similar, dit-
fering mainly in how instructions ave grouped for parallel
execution.  With one exception, all cocrent multi-issue
DSP processors use the VIIW approach.

VLIW and superscalar architectures provide many ex-
ceution units (many more than are found on conven-
tional or even enhanced couventional DSPs), cach of
which executes its own instruction. ligare 3 shows the
cxecution units and buses of the TMS320C602xx, which
contains eight independent exceution units. VLIW DSP
processors typically issue a maximum of between four
and eight instructions per cleck cycle, which ace ferched
and issued as part of one long super-instruction—hence
the name “very long instruction word.” Superscalar pro-
cessors Lypically tssue and exceute fewer instructions per
cycle, usually between two and tour.

In a VLIW architeeture, the sssembly language pro-
grammer {or code-generation tool) specifies which in-
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structions will he executed in parallel,  Hence,
instructions are gronped at the dme the progrant is as-
sembled, and the grouping does not change during peo-
gram execution. Superscalar processors, in contrast,
conrin specialized hardware that determines which in-
seructions will be exceuted in parallel based on data de-
pendencies and resotrce contention, shitting the burden
of scheduling parallel inseeacrions from the progranmer
to the processor, The processor may group the sathe sct
ot instruetions differently at different times in the pro-
granv’s execution; for example, it may group instructions
ane way the first rime it exeautes a loop and then group
them ditterendly forsubsequent iterations, The ditterence
in the way these two types of avchitectures schedule in-
structions [or parallel execution is povtant in the con-
text of using them in real-time DSP applications.
Recause superscalar processars dynamivally schedule
patallel aperations, it may be difficult for the progranyner
to predict exactly how long a given sepment of sottware
will take to execute, "The exccution time may vary based on
the particular data aceessed, whether the processor s exe-
cuting a loop for the first fime or the thivd, or whether it
has just {inished processing an jncersupe, ©r example, Ui
uncertainty in execurion thmes can pose a problem for DSP
software developers whao need to guarantee thar real-time
application consrraints will be met in every case,  Mea-
suring rhe execution time on hardware doesin’ solve the
problem, since the execution time is often variable. Derer-
mining the worst-case timing requivements and using
rthem to ensure that real-time deadlines are met is another
approach, bur this tends o leave much of the processor’s
speed untapped,  Dynamic features also complicare sofi-
ware optimization, As a rule, DSP processors have eradi-
tionally avoided dynamic features (such as  superscalar
execution and dynamically loaded caches) for just these
reasons; this may be why there is coerently only one exam-
ple ofa commercially available supersealar 1SP processor,

Although their insrructions are very simple and typi-
cally encade only one operation, most current VIIW
processors use wider instruction words than conven-
ricnal D8P processors—TLor example, 32 bits instead of
16. (Because there is only ome corrent example of a com-
mercial supcrscalar ISP, it is diflicalt w generalize
about this class of architecture.) There are nuuty reasons
tor using a wider instricdon word, [ VILEW archirec-
rures, 1 wide instruction word may be required to spee-
ify information about which functional unit will execuze
the instruction, Wider instructions allow the use of
larger, more winfarn register sets {rather than the small
sets of specialized registers commaon among conven-
tional NSP processors), which in turn enables higher
performance. Relatedly, the use of wide instrucrions al-
lows a higher degree of consistency and vegularicy in the
instruction sct. These instructions have few restrictions
on register usage and addressing mades, making VIIW
processors better compiler targets (and casier to pro-
gram in asseimbly language). There are disadvantages,
however, to using wide, simple instructions. Since cach
VLIW instroction s simpler than a convenrional D8P
processor instrucrion, VLW processors tend to require
may more instructions to perlorm a given task, Com-
Dined with the fzer that the instruction words are typi-
cally wider than those tound on  convensioval 1S
processors, this characteristic results in relatively high
program memoery usage. ITigh program memory usage,
in turn, may result in higher chip or system cost becanse
of the need tor additdonal ROM or RAM,

When aprocessor issues multiple insteuctions per eycle, it
must be able to detenmine which execudion unic will process
cach instruetion, Iraditionally, VLIW processors have used
the position of eacl instruction within thie super-instruction
o determine to where the instruction will be routed, Some
vecent VLIW architectures do not use positional super-in-
steuctions and instead include routing informartion within

cach subinstruction,

To support execution of mul-
tiple parallel instructions, VLIW

-
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of the definifion of a “DEL processor.” For cxample, the
TMSE320C062xx does not include zero-overhead looping
instroctions; i requires the processor ro explicitly per-
torm rhe operations associated with mainraining a loop.
"Uhis does not necessarily result in a loss of pertoymance,
however, since VLTW-based processors ave able o exe-
cute many instructions in parallel. The operations necded
to maintain a loop, lor cxample, can be excened in paral-
lel with several arithmetic computations, achieving the
same effecr as i dhe processor had dedicared looping

hardware operating in the background. "LUhe advantage of

the multi-issue approach is a quantum increase in speed
with a simpler, meowe repular architectare and instruction
set that lends itself o eflicient compiler code generadion.
VLIW and superscalar processors often sofler {rom
high energy consumption relative to conventional ISP
processors. [n general, multi-issue processors are de-
signed with an emphasis on increased speed rather than
energy efticiency, These processors often have more exe-
curion units active in parallel than conventional 1S pro-
cessors, and they require wide on-chip buses and memory
banks to accommadate multiple parallel instructions and
tos keep rhe mulriple execationunirs supplied with daca.
Because they oftew have bigh memory usage and en-
crgy consumption, VLIW and superscalar processors
have mainly targeted applications wlhich have very de-
manding computational rcquircmcnl"; but are not very
sensitive to cost or energy clficiency.  For example, a
VLIW processor might be nsed ina celtular base station,
but net in a portable cellular phone. One notable excep-
tion is the recently announced VIIW archirecture {rom
Tucent's and Motorola’s StarCore partnerslip, the SC140,
which is expecred 1o have sufficicatly low enerpy con-
sumption (o enable its use in portable products,

SIMD
SIMIY, or single-instruction, multiple-data, is not a class
of architecture itsell, but is instead an architectural wech-
nique that can be used within any of the classes of archi-
tectures we have described so . SIMD improves
performance on some algorithuns by allowing the proces-
sor to execute mukiple instances of the same operation in
parallel using different data, For example, an STMLY mul-
tiplication instruction could pertorm two or more multi-
plicarions on ditferent sets of inpur operands in parallel in
a single clock cyele. This technique can greatly increase
the rate of compuration for some vecror opera- [
tions that are heavily used in multimedia and
signal processimg applications.

On DSP processors with STMD capabilitics,
the underlying hardware that supports SIM1Y op-

set ot execution units in the ADSP-2T16x includes a MAC
unit, ALU and shifier, and cacl has its own set of opeand
registers, The augmented architecture can isste 2 single in-
struction and exceure it in parallel i beoth data paths using
difterent daa—cMectvely doubling is performance in some
algorithins,

In contrast, instead of having mulriple sets of the same
execution units, some DS processors can logically splic
their exceurion units (e.g8., ALUs or MAC unis} into
multiple subunits that process narrower operands. "These
processory treat operands iy long (.o, 32-bit) registers
as multiple short operands {¢.g., as two 16-bit operands
or four 8-bit operands).  Perhaps the most extensive
SIMD capabilities we have sceninca DS provessor to
date are found 1 Analog Devices® TigerSTTARC proces-
sor, PigerSHARC is a VLIW acchitecture and combines
the rwo types of STMD: one instruction can control exe-
cution of the processonr’s two sets of exceution units, and
this instructdon can gpecily a splic-cxecution-unit (..,
split-ALT or split- MAC) operation that will be exceured
in cach set. Using rhis hicrarchical SIMDY capabiliry,
TigerSTIARC can exceute cight 16-bir multiplications
per cycle, for example, Figuee 4 shows LigerSTTARCs
STMIY capabilitics.

Making eflective use of processors” SIMID capabilitics
can require sipnificant elfort on the part of the programnier.
Programmers olten must arrange data in memory so that
SIMUD processing can proceed ac full speed (e, arranging
dara so thar it can be retrieved in groups of four operands at
atime} and they may also have to re-organize algorithms to
make maximum use of the processor’s vesources. SIMD s
ouly clieetive in algorithuns that can process datain parallel;
tor algorithms that are inherently serial (for example, algo-
vithms that use the result of one operation as an fnput fo the
next operation), SIMDY is generally not of ase.

Alternatives to DSP Processors

High-Performance CPUs

Many high-cnd CPUs, such as Pentivms and PowerPCs,
have been enhanced ro inarease the speed of computa-
tions associated with sipnal processing casks, 'Fhe most
common maodification is the addition of STM1-based in-
struction-set extensions, such as MMYX and SSI for the
Pennium, and AltiVece for the PowerPC, This approach is
a gnod one for CPUs, which typically have wide re-
sorces (buses, registers, ALUS) which can be teeated as

SIMI MAC Inslruction

erations varics widely. Analog Devices, for exam-

ple, modificd rheir basic conventional
tloating-poine ISP archirecture, rhe
ADSP-2106%, by adding a sceond set of execurion
units thiat anuly duplicate the original ser, The |
new architectute is called the ADSP-2T16x. Each
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multiple smaller resources to increase performance. For
cxample, a CPLY with a 64-bir data bus, 64-bit registers,
and a 64-bit ALY can be treated as having four tines as
many 16-bit data buses, registers, and ALUs—resulring
in up to four times the performance on 16-bit data (the
data size most often used in DSP).  Image processing,
which tends to be based on 8-bit data, can be sped up
cven further. Using this approach, general-purpose pro-
cessors are often able o achieve performance on DSP al-
gorithms that is beteer than that of even the fasrest 1S
processors. ‘This sueprising result is partly due to the ef-
fectivencess of SIMD, but also because many CPUs oper-
ate at exteemely high clock speeds in comparisen to DSE
processors; high-performance CPUs typically operate at
upwards of 500 MITz, while the fastest DSP processors
are in the 200-250 MHz range. Given this speed advan-
tage, the question natovally arises, “Why use a DSP pro-
ceasor at ally”

There are a numiber of reasons why DST processors are
still the solution of choice for many applications.  Al-
thongh other types of processors may provide similar {or
better) speed, DS processors often provide the best mix-
ture of pertormance, power consumption, and price. An-
other key advantage is the availabilicy of DSP-specific
development tools and oft-the-shelf DS software com-
penents, And for real-time applications, the supcrscalar
architectures and dynamic features common among
high-performance CPUs can be problematic,

DSP/Microcontroller Hybrids

There are many lower-cost gencral-purpose proces-
sors, referred to as “microcontrollers,” that are de-
signed to exccute control-oriented (decision-making)
tasks etficiently. These processors are oftenn used in
control applications where the computational require-
ments arc modest but where factors that inflnence
product cost and rime-to-market, such as low program
memory use and the availability of efficient compilers,
arc imporrant,

Many applications require a mixture of control-ori-
ented software and DSP sottware, Anexample is the digi-
tal cellular phone, which must implement both supervisory
tasks and voicc-processing tasks,  Tn general,
micracontrollers provide good performance in controller
tasks and poor performance in DS tasks; DSP processors
have the opposite chavacreristics. ¥lence, until recently,
combination controlfsignal processing applications were
typically implemiented using two separate processors: a
micracontroller and a DSP processor, Tn recent years,
however, a number of microcontreller vendors have begun
to oflfer DSP-cnhanced versions of their microcontrollers
as an alternative to the dual-processor solution, Using a
single processor to implement both types of software is at-
tractive, because it can potentially:

A Simplify the design task,
A Save cireoit board space,
& Reduce total power consumption, and
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A Reduce overall system cost.

Microcontroller  vendors such as Hitachi, ARM, and
Texra have raken many ditferent approaches to adding
DSP functionality to existing microprocessor designs,
borrowing and adapting the architectural leatures com-
mon among D8I processors. Many of these hybrid pro-
cessors achieve signal processing performance that is
comparable to that of low-cost or mid-range TYSP proces-
sors while allowing re-use of software wrirten for the
original microcontroller arclatecture,

Conclusions

DSP processor architectures are evolving to meet the
changing needs of DSP applications, “Fhe architectural
homogeneity that prevailed during the ficst decade of
commetcial D8P processors has given way to rich diver-
sity. Some of the forces driving the evolution of DS pro-
cessors roday include the perennial push for increased
speed, decreased energy consumption, decreased mem-
ary usage, and decreased cost, all of which cnable DSP
processers to better meet the needs of new and existing
applications. Of increasing intluence is the need for archi-
tectures that facilitare development of more efficient
compilers, allowing DST applications wo be written pri-
marily in high-level langnages. This has become a focal
point in the design of new D8I processors because DSP
applications are growing too large o comfortably imple-
meie (and maintain) in assembly language. As the needs
of DSP applications continue to change, we expect to see
a continuing evolurion in DSI* processor archirectures.
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O e of the key characteristics of
i processor is its perforoance,
Performance can be evaluared in sev-
eral dimensions, including the num-
ber of cycles required to execre a
given kask {which indicates archires-
twnal efficiency), speed, cocrgy con-
sumption, and memory usage. Inan
cffert to provide meaningfid com-
pavisons of processor performance,
BIYTL has developed its own suite of
DS henchmarks, which we have im-
plemented and hand-optimized inas-
sembly language on victuadly every
commercial DS processor carrencly
available. In Higs. 5 through 7, we
present sample DS benchmatk re-
sults {or a selection of processors, il-
lustrating some of the concepts we
have discussed carlier, Note, for ex-
ample, that the VLAW DSP proces-
sors execute RIYTTs block FIR filker
benchmark using far fewer cycles
than the conventional DS proves-
sors and reguive much Jess ime to ex-
cente the benchumark, bur require
more program memory. Note also
that when comparing  processor’s
speeds, MIPS eatings (that is, mil-
lions ol instructiens per second, not
Dheystone MIPS) are peor indica-
tors ol relative performance, because
they do not measure how mnch work
is accomplished in each cyele |7].
For exumple, VLIW pracessors reod
tor have high MIPS ratings relative to
conventional DSP processors because
they sue and exceute multiple -
seructions per cycle, bor theic perfor-
mance i penerally lower than what
might be expecred based on their rela-
tive M1PS ratings because they use
simple instructions and require many
more of them to execnte & given task.
As DS architectures diversify, com-
paring performance across architoc-
tures becomes more ditficult—but it
is a crucial part of choosing a proces-
sor for an application.
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AR ADSE-2106x {Conventional)

AN ADSP-2116x
{Enhanced Cenventional/SIMD)

LS| Legic LSI1400 (Superscalar}

Lucent DSP16xx (Conventional)

lLucent D3P 16xxx (Enhancad Convantional)
Motorala DSPSE3 (Convantional)
StarCore SC140 (VLIW).

TI TMS320C54x {Convenlicnal)

TI TMS320C62xx [VLIW)

Hitachi SH-DSP {Hybricl)

lntel Pantium [ {CPL, SIMD).

1488

& 5. Cycle counts for BOTI's block FIR filter benchmark,

ADBP-21065L (60 MHz, 60 MIPS)

ADSC-21160 (100 MHz,
100 MIPS Projected)

LS1400 (200 M1 1z, up 10 800 MIPS)
DSP1620 {120 MHz, 120 MIPS)
DSP16210H {120 MHz, 120 MIPS)

DSPSE3T (150 MHz, 150 MIPS)

SC140 (00 M1z, op to
1800 MIPS Projoctod)

TME320YC548 (120 Ml Iz, 120 MIPS)

TS32006202
(250 Mz, up to 2000 MIPS)

SH-DSP {66 MHz, 66 MIPS)

Pentiurn {1l {850 Ml iz)

A{ISP-2106%
AIDSP-2118x
LS1400
DSP16xx
DSP16xxx
NEPS563xx
8C140
TMS320C54x%
TMEI20CE2xx 548
SH-D3P

Pantium 11l

& 7. Program memory usage for 830TYs bfock FIR filter benchimark (bytes).
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