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Abstract

For thejoint ACM/SIGDA - IEEE/DATC workshop on lligh-Level
Synthesis [1] a number of benchmarks have been proposed. The weve
digital fllter (WDF) benchmerk hs been used for silicon synthesis. The
hardwired target architectures of CATIIEDRAL-I and III have an ap-
plication range dependent on the required throughpui. The processor

bmed target erchitecture of CATHEDRAL-II is mainly useful when
versitile funciionlity (e.g. decision-making) is required. All of the
OAI'H$DRAL-tools start from highJevel signal flow graph specifica-
tions and perform the synihesis down to layout, The conclusions are

that speciffc terget erchitectures and their compilers have their range

be specified at an even higher behavioral level, i.e. frequency chatacter-
isitics and signal to noise ratios.

1 Introduction
At IMEC research is performed in the area of eutomatic synthesis meth-
ods for DSP applications. An overview ofthe synthesis approaches taken
in ihe CATHEDRAL systems is given in [2]. First we will discuss the
benchmark chosen. Section 3 illustates ihe importance of optimization
conside:ations at the algorithmic level of the benchmark. The resulting
signel flowgraph is synthesized in hardware according to three architec-
tural implementetion strategies: (1) CATHEDRAL-I [3] : bii-serial im-
plementation. (2) cATHEDRAL-II [5] : customized micro-programmed
multi-processor architecture (3) CATHEDRAT-III [6] : hardwired bit-
sliced implementetion. In sections 4, 5 and 6, each CATHEDRAL sys-

iem is briefly discussed.

2 The benchmark chosen.

The wave digital filter benchmark (true ladder type [13]) [1,10] has been

chosen for illustraiing automatic synthesis with the set ofCATHEDRAL
silicon compilers. The true ledder filier topology is given in ff9. 1.

Figure 1: 5'[ Order Tlue Ladder Wave Digital Filter Benchmark
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Figure 2: Specifications and a satisfying transfer function of a 5th order
PCM lowpros filter.

As the digital filter benchmark is not suficiently apeciffed, we pro-
pose to use the speciffcatious of a speciffc fifth order fflter c.q, the 5t[
order PCM fflter according to specification CCITT G712 PCM. This
speciffcation mainly consists of a pmsband ripple from OHz to 3kHz
ol +l- 0.125 dB and a stopband attenuation of -14 dB from 4'0kHz
and -32 dB from 4.6kHz. Fig.2 illustrates the fflter speciffcations and a

satisfying transfer function. For the calculations we assumed a sample

frequency of 16kIIz. We set forward a data word length of 20 biis to
be taken for the operations. In the next section the resuliing signal
to noise figures u celculated by DSP-DIGEST [2] are given. It would
however bc better that a speciffc signal to noise ratio wu given and that
es & consclluence the word length (and the resulting hardwere) con be

optimired to the requirements.

Figure 3: 5th order WDF filter synthesized by FALCON

3 High-level Design with DSP-DIGEST.

3.1 Filter approximation and synthesis
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The frequency response of the wave digital fflter [10] proposed in [1]
hs been derived [13,11] from a 5'n order analog reference filter [12] and

computed with the DIGEST analysis program [4'21] and fft into ihe
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bounds. It should however be stressed that the implementaiion offfg.1
in a "true ladder" form (refened to at LAD) is very ine{ficient. Indeed,

it is e,g. non-canonicel u it contains ? delays for e 5tn order tesponse. In
order to illustrate this, en alternative realisation hes been designed with
the WDF synthesis tool FALCON [14]. The result is a canonical 5th

order lattice fiIter with circuletor sections (Fig.3) (refened to as C IR )' It'
hs been designed with the same frequency specs as in fig. 2. This CIR
structure exhibita many advantoges: the arithmetic complexity is much

smaller, the sceling properties are more favourable [13], ihe bit-seriol
delay management is simpler (see below) and all the other desirable
properties of WDF's (such as reduced coefficient sensiiivity and the
ebsence of limit-cycles under certain conditions [13]) continue to hold'

A.2 Coefficient optimisation

The ffrst step in the implemenietion requires the representation of the
nominal real-valued coefficients wiih a limited number of bits. When
a shift-add bmed realisaiion is adopted, the CSD-code [19] leads to a

very compact result in terms of hardware. Area consuming multiplica-
tions ere substituted by reduced shifts and add/subsiracts. As every

non-zero bit eventually corresponds to some implementation cost, the
total number of CSD-bits have to be minimized. The problern of find-
ing the optimal coefrcient set within the frequency constraints is very

hard. This optimisation task has been solved with the simulated an-

nealing broed CAD-tool CAUCASIAN [20]. The resulls lor the 2 lill,cr
structures is shown in Table 1.

Finally, ihere is also the possibility to investigate the actual worst-
case quantisation efects due to correlated errors, usually referred to as

limit-cycles. For this purpose, the CAD-tool SAILPLANE [4'20] has

been applied. It executes a simulated-ennealing based search for the
worst-cue ffnite word-length efects. When the default two's comple-

ment value truncation is usumed, worst-case zero-input limit-cycles of
magnitude 1 and period 4 to 14 have been deiected in LAD. For CIR
only constant limit-cycles ofamplitude t have been found. Hence, even

if the requirements to eliminaie these limii-cycles [13] ere not incorpo-
rated, the quantisation effects tend to remain quite small, due to the
favourable properties of the WDF structures.

In the next sections alternative erchitectural implementations are

discussed. They all start from the optimized signal flowgraphs, CSD-

coeficient representation, and a word-length of 20 bits. Teble 3 gives

an overview of the results of the synthesis in the diferent Cathedral
approaches. The sample frequency is the maximum word sampling fre-
quency that hm been obteined for the adapted benchmark specifications
(coeficients, word lengths). The chip area is given for a 3pm CMOS
nwell technology and does not include bonding peds.

Wherer digital filters are normally intended to operate st a spe-

ciffc sampling frequency, we have indicated in table 3 the muiurum
sample frequency thet can be obtained in the several implementation
techniques. The frequency values in the speciffcations have to be scaled

accordingly.

ladder

The CAD tool DIGEST ellows to compute "templates" [2] which collect

most of the information which is needed to determine an appropriate,
optimal wordJength (WL) for the signal nodes. In Table 2, ihe template
charts for the output nodes in the 2 fflters are compared for a proposed

Table 1: Muliiplier coefficients in CSD notation for the two alternative

filter implementations

wordJength of 20 bits. Value truncation is used for quantization' At
ihe LSB;ide, the siaiistical noise contributions (R) amount to less than

1 quontisation unit (q.u.). Hence only I bit is aflected. Also the total,

worst-case error bound (E) under arbitrary input exciiation conditions

has been computed wiih LIMCYC [4,21], which tekes correlated efects

into account. The results show that in the proposed LAD filier 2 more

biis can be afrected by worst-case errots than in CIR. At the MSB

side, protected sign bits (S) ate necessory to avoid overflow at the most

criticel internal nodes. For this purpose the L1-norm in the time-domain

(L) is used. In this cme, the CIR realisation requires only 3 bits, wherem

the LAD necessitates 5 bits. When these 2 ffnite wordJength efrects are

tahen into account, the signal-to-noise (SNR) ratio amounts to 96 dB

for CIR and only 84 dB for LAD. The CIR alternative is clearly more

fevorable in tcrms of required word lengths for equal SNR' Dependent

on the actual SNR requirements, ihe WL ffgures have to be adapted'

LAD
CIR

sssLLL####il#####EEER
ssLL######f#f#*##fER

1 alu
2 alu's
1 alu,
1 mult

Table 3: Results of the severel synthesis methods.

4 CATHEDRAL-I: bit-serial digital filter
implementation.

CATHEDRAL-I 13] is an automatic synihesis system targeted towsrds
bit-serial digitel fflter implementations. Besides highJevel synthesis

and optimization tools, CATHEDRAL-I provides an eutomatic nrap-

ping into a bii-serial hardware implementetion. The layout is generated

using standard cell place end route techniques [22] with e library of only
20 cells.

Due to the long critical loop in the algorithm of the LAD benchmark
thet ws proposed, delay menagemeni [3] of the bit-serial architecture
required to use 38 bits instead of 20 bits. This results in a maximum
sample frequency of500kHz. Due to the faci that bitr-serial architectures
are hardwired and only 1 bit operations are implemented, the resulting
chip erea is the gmollest of the three target architectures envisioned.

The problem of the long loop of operations can be avoided if the more

tractable, implementation CIR structure is used. In the CIR structure
a sampling frequency of 1000kHz see tabel 3 can be obtained, satisfying
to the s&me initial speciffcetions of the fflter without increuing the word
length.

ffg. 4 and 5 resp. show the layouts generated for the LAD and CIR
implementations of the 5ti order PCM fflter.
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Table 2: Finite word lengih templates for two filter sttuctures



Figure 6: I ALU Datapath generated by CATHEDRAL-II

Figure 4: LAD benchmerk generated by CATHEDRAL_I

5 CATHEDRAL-II: customized multi pro-
cessor architecture synthesis.

The CATHEDRAL-II compiler end its methodology have been described

in [5]. CATIIEDRAL-II addresses highly complex DSP-applications
with sample rates from a few kHz to I MHz. Algorithms in this range

Figure 5; CIR benchmark generated by CATHEDRAL-I

are characterized by a high versatility in their functionality, cornbining
arithmetic end decision mahing operations. For this temon, a flexible ar-

chitectural style is required. The application range is much wider than
digital filtering: current applications include echo-cancellation, pitch-
extraction for speech, adaptive inierpolation of audio signals, singular
value decomposition, end control functions for Compact Disc.

CATHEDRAL II synthesizes multi-processor architectures [7], start-
ing from an applicative description. For every Processor, a customized

data path can be generated, composed of predeffned perameterizable
execution units (EXU's) or modules that are stored in a library. These

EXU's communicate via dedicated bus interconnections. The layouts of
the EXU insiances are built by a module generator tool [9], combining
symbolic layout ofthe leafcells with procedural composition techniques.

In the current dcffnition of the target architeciure, the following EXU's
are included: a general ALU, a multiplier/accumulator, a comparatol
unit, an address ALU, a normalizer unit, RAM, ROM, and FIFO's.
A prototype paraneterizable module library has been designed in 3p

CMOS and is operating at a 10 MHz clock. The data paths in each

processor are controlled by a powerful nicrocoded controller, allowing
for fst dccision making and rnultiple branching (e.g. loop constructs).

The CATHEDRAL II prototype is an interactive system, that allows

to generste and compare several alternative designs in a short time

[16], and finally produce layouts. The architecture synthesis system

contains a rule-based rnapping program [17] to transform ihe behaviorel
specification into a processot data path, and a number of optimization
tools, e.g. e microcode compiler to schedule the microcode and perform

hardware bindings If 8].

In Table 3, the design ffgures for ihe LAD and CIR benchmark are

shown, Three alternative processor implementations have been gener-

ated, by interactively allocating a diferent number of ALU's Auto-

matically generated dete paths for LAD are shown in ffgures 6 and 7'

For every alternative, an optimized binding of operetions to ALU's is

computed automatically. The trade-of between the allocaied hardware

and thc obtained machine-cycle count is indicated. A fourth dcsign

containing e parellel multiplier rcquires a much larger areo.

Two shortcomings in the current CATHEDRAL II prototype heve

resulted in slightly suboptimal designs. First of all, the current version

doesn't exploit the CSD-coding of multiplication coeftcients. Further-
more, at the moment the scheduler doesn't optimally exploit pipelines
in the system. However, due to the long citical path in the block di-
agram of the LAD benchmark fflter, pipelining possibilities are lirnited
anyway. The scheduling for CIR results in much less processor cycles

than for LAD.

Figure 7: 3 -A,LU Datapath generated by CATHEDRAL-II.

6 CATHEDRAL-III fmplementation
The CATHEDRAL-III system [6] is oriented towards hailwired bit-sliced,
archileclures [23], which are intended for the implemenietion of algo-
rithms in real-time video, inage and comrnunication dornain, with sam-
ple rates ranging from 1 MHz to 40 MHz. The synthesis tmk for this
kind of architecture can be divided into two subtasks, lhe lranslalion
and the crrembly task.

During the translation step, a high-level description of the algorithm
is franslated to a Signal Flow Graph (SFG) suited for a hardwired bit-
parallel architecture. For this architecture, in order to meet the high

Figure 8: Floorplan layout representation of LAD benchmark synthe-
sized by CATHEDRAL-III

speed requirements, typically each operation is mapped ou a separate
functional building block (FBB). The compiler maps arithmetic expres-
sions of the algorithm into I structure of operations which can be eval-
uated with as much parallelism as is needed.

In the subsequent assembly task, which starts from a SFG descrip-
tion, a layout is generated taking both performance, lagout and. area
conrlrcdaJr into account.

In ihe LAD benchmark, optimization at the register transfer level,
which is based on retiming, did not inprove anything. Neither did
the optimization at the floorplanning level which tries to reorder the
positions of the FBB's. Topological optimizations which attempt to
transform the SFG in such a way ihat the performence increases, have
not been applied. Only the optimization at the functional level has been
successful: all simple adders have been replaced by faster carry bypass
addos. Fig. 8 shows the floorplan layout ofthe data path.

As indiceted in table 3, the CIR alternaiive filter is more efficient
in terms of chip aree and performance. The floorplan layout is given
in ffg. 9. The smaller critical loop in CIR is also favourable for the

H.,-rl



Figure 9: Floorplan layout representation of CIR benchmark synthe-

sized by CATHEDRAL-nI

attainable sampling rate. The gain in sampling rate is not, that better
in CIR because a large part ofthe critical delay path still runs through
the carry ripple ofthe 20 bits adders.

7 Conclusions

In this paper we discussed the implementation of two WDF benchmarks
that have been designed with three architecture specific silicon cornpil-
elg.

The design time for high level synthesis end optimization is roughly
one day. For each of the three synthesis systems, the elapsed design
cycle starilng llom ihc apeclflcatlons down to th€ dptlmlzed slgnd flov
graph is another 1..2 days. For the architecture and layout generation
(including the eveluation of the irade-offs), the design time ranges from
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,Abstract

For the joint ACM/SIGDA - IEEE/DATC workshop on High-Level

Synthcsir [t] a numbct of bcnchmarks have becn propored. The wave

digitel flltcr (WDF) benchmark has bccn ured for cilicon syntheris. The
hardwircd torgct orchitecturea of CATHEDRAL-I and III have an ap
plication range dcpendcnt on the required throughput. The processor

bued target orchitecture of CATIIEDRAL-II is meinly useful when

CATHEDRAL-tools start from highJevel signal flow graph speciffce-

tionr and pcrform the synthesis down to layout. The conclusions are

thet rpccific target architectutes end their compilere have their range
ofapplication. It ic olso concluded that digital fflter realizationg should
be spcciffed at an even highet behavioral level, i.e. frequency character-
isiiicc and signal to noise retios.

I Introduction
At IMEC rcscerch io pcrformed in the area of autometic synthesis meth-
oda for DSP applications. An overview ofthc synthesis approaches talcn
in the CATEEDRAL systcmr is givcn in [2]. First wc will discuss the
bcnchmark chosen. Scction 3 illustates the irnportence of optimization
considcrationr at thc algorithmic level of the benchmark. The tesulting
rignal flowgraph is synthcsized in hardware according to three architcc-
tural implcmcntetion rtrategies: (f ) CATIIEDRAL-I [3] : bit-serial im-
plcmentation. (2) CATIIEDRAL-II [6] : customired micro'programmed
multi-processor architecture (3) CATHEDRAT-III [6] : hardwired bit-
sliccd implcmcntetion. In sectionr 4, 5 and 6, each CATHDDRAL ays-

tem ia briefly discugsed.

2 The benchmark chosen.

The wavc digital ftlter benchmarl (true ladder type [13]) [r'r0] hes been

choscn for illustrating automatic synthesis with the set of CATIIEDRAL
rilicon compilers. The true ladder filter topology is given in fig. 1.

Figure l: 5tf, Otder Tlue Lsdder Weve Digital Filter Benchmark

'Profcmor at Kath. Uilv. Lcuvcn
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Figure 2: Specifications and a satisfying transfer function ofa 5'[ order
PCM lowpass fflter.

As the digital fflter benchmark is not suftciently specified, we pre
posc to use the speciffcations of e spcciffc fffth order fflter c'q. the 5'[
order PCM fflter according to speciffcation CCITT G712 PCM' This
specificetion mainly consists of e passband ripple from OHz to 3tHz
of +/- 0.126 dB ond e stopband attenuation of -14 dB from 4'0kHz
and -32 dB ftom 4.6klls. Fig.2 illustretes the filtet specifications and e
setisfying tronsfer function. Fot the calculations we assumed a sample

frequency of 16kHz. We set forward a deta word length of 20 bits to
be taken for the operations, In the next section the resulting signal
to noisc ffgurcs as calculated by DSP-DIGEST [2] are Siven' It would

howevcr bc better that e specific signal to noise retio wes given end that
aa a conrcqucncc thc word lcngth (and the resulting herdwere) can bc
optimizcd to thc rcquircmcnts.

Figure 3: 5tf, order WDF ffltcr synthesized by FALCON

3 High-level Design with DSP-DIGEST.

3.1 Filter approximation and synthesis

Thc frequcncy responEe of the wave digital ffltet [f0] proposed in [f]
hes been derived [13,11] from a 5l[ otdcr anelog reference filter [12] and
computcd with thc DTGEST analysis program [4,211 and fft into the
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boundr. It should however bc stressed thet thc implementation offfg.l
in a ntrue laddcr" form (referred to at LAD) is very inefrcient. Indeed,
it is c.g. non-cononical as it contains 7 delays for e 6rf, order rcaponee. In
order to illurtrate this, an oltctnative reolisation has been dcrigned with
the WDF lynthelir tool FALCON [14]. The result is e cenonical 6th

order letticc fflter with circulator sections (Fig,3) (refer"ed to ar CIR). lt
has bccn designed with the some frcquctrcy specs as in fig. 2. This CIR
ctructurc crhibitr many advantogca: thc Brithmctic complexity ia much
cmellcr, the scaling propertier ate morc fevouteble [13], th€ bit-aerial
delay management is simpler (see bclow) end all the other desireble
propcrtics of WDF's (ruch as reduccd coefrcient renritivity end thc
abcencc oflimit-cycla under certein conditions [13]) continuc to hold.

3.2 Coefficient optimisation
The ffrst rtep in thc implemcntation requires the represcntation of the
nominal rcal-valued coefrcients with I limited number of bits. When
a shifFadd based realisation is adopted, the CSD-code [19] leeds to a

very compoct reatlt in terms ofherdwarc. Area conauming multiplica-
tions arc subgtitutcd by reduced shifts and add/substracts. As evety
non-rcro bit evcntually corresponds to some implementetion cost, the
total number of CSD-bits heve to be minimized. The problem of ffnd-
ing thc optimal coeficient set within the frequency constraints is vcry
hard. I'hir optimisation tark has bccn golvcd with thc simuloted on
nealing besed CAD-tool CAUCASIAN [20]. The results for the 2 fflter
structures is shown in Teble 1.

3.3 Word-length determination
The CAD tool DIGEST allows to compute "templatesn [2] which collect

most of the information which is needed to determine en eppropriote,
optimal word-lcngth (WL) for the signal nodes. In Teble 2, the template
charts for the output nodes in the 2 filters ere compared for a ptoposed

Teble l: Multiplier coefrcients in CSD notetion for the two alternative

fflter implcmentations

word-length of 20 bits. Velue truncation is used fot quantiletion' At
the LSB ride, thc statistical noisc contributions (R) amount to less then

1 quantiration unit (q.u.). Ilcnce only 1 bit is affcctcd. Alco the totel,

worrt-ccge qrtor bound (E) under erbitrary input cxcitation conditions

hac bccn colnputed with LIMCYC [4,2t], which takes correleted efrects

into account. The rccults show thet in the propored LAD fflter 2 more

bits can bc afected by worst-cxe errors than in CIR' At the MSB

side, ptotectcd sign bite (S) ere necessary to avoid ovctflow at the most

critical intcrnal nodes. For this purpose the Ll-notm in the tim+domain
(L) is used. In this case, the CIR reolisation requites only 3 bitg, whereas

thc LAD nccessitates 6 bits. When these 2 ffnite wordJcngth cffccts ere

talcn into account, the signal-tonoire (SNR) tatio amounts to 96 dB

for CIR and only 84 dB for LAD. The CIR alternative is clearly morc

favorablc in tetmg of required word lcngths fot cqud SNR' Dcpcndcnt

on the actuel SNR requircmentr, the WL flgurce have to bc adepted'

LAD
CIR

sssLLL###**#####EEER
ssLL*f**##*###ilil*#ER

Finalln there ir alro the porsibility to investigete thc actual worst-
carc quantiration cffcctr duc to correlated errora, urually refcrred to as

limit-cyclo. For thir'purporc, thc CAD-tool SAILPf,ANE [4,20] has
becn applied. It erecutcc a gimulatcd-cnnealing bared rearch for thc
wotot-carc flnitc word-length effectc, Whcn thc dcfault twotr comple-
mcnt valuc truncation ir asrumed, worct-crsc lcro'input limit-cyclcr of
magnitudc 1 and pcriod 4 to 14 havc bccn dctcctcd in LAD. For CIR
only conrtant limit-cyclcr ofamplitude I have bcen found, Ilence, evcn
if thc rcquircments to cllminate thcre limit-cyclec [13] are not incorpo.
rated, the quonticction efects tcnd to rcmain quitc emall, duc to the
favouroblc properties of the WDF sttuctureg.

In thc ncrt sections alternativc crchitectural implcmentations ere
discusacd. They cll stert ftom thc optimircd signal flowgraphs, CSD-
coefrcient representation, end a word-lcngth of 20 bits. Teblc 3 givee
an overview of thc rcrulta of thc synthesis in the difrerent Cethedral
epproaches. The ramplc ftequency is the marimum word sampling fre-
quency thet has been obtained for the adapted benchmert specifications
(coefffcients, word lcngths). The chip aree is given fot a 3pm CMOS
nwell technology end does not include bonding pads.

Whcreas digital filters are notmally intcnded to operate at a rpo'
ciflc rampling ftequency, ne hovc indicated in table 3 the meximum
rample frequency thet can bc obtaincd in the several implementetion
techniqucs. The frequency values in thc spcciffcetions have to be scaled
accordlngly.

Teblc 3: Results of the rcveral synthcsis mcthods.

4 C.ATHEDRAL-I: bit-serial digital fllter
implementation.

CATHEDRAL-I [3] is an automotic oynthesis system targeted towardr
bit-seriel digital fflter implcmcntationr, Besides highJcvcl syntheric
and optimiration toolr, CATHEDRAL-I providea an automatic map
ping into a bit-scrial hardwate implenicntation. Thc layout is generatcd
ueing stondard cell placc and route techniques [22] with a librety of only
20 cclls.

Duc to thc long critical loop in thc algorithm of thc LAD bcnchmark
thet wac propoecd, dclay managemenf [3] of thc bit-rcrial architecture
rcquircd to use 38 bits instcad of 20 bitr. Thig rcsultg in a marimum
aomple ftcqucncy of 600lEr. Due to the fact that bit-rerial architccturo
are hardwircd end only I bit opctotions are implcmcntcd, the rcculting
chip orca ic thc rmallert of the threc target architcctures envicioncd'
Thc problcm of thc long loop of opetations can bc avoidcd if the more
tractablc, implemcntation CIR gtructurc ig used. In thc CIR structure
a sampling frequency of l000kHr sec tabel 3 can be obtained, satiofying
to the same initial rpeciffcations of the filter without increasing the word
length.

ffg. 4 and 6 resp. show the layouts generated for the LAD and CIR
implcmentetiona of the 6'n order PCM fflter.

filter LAD filter CIR

mult.
node

csD
value

mult
node

csD
value

mult,
node

CSD
value

mult
node

csD
valuc

4

13

t7
2L

0.1
0.1
0.01
0.10-1

45
33

39

43

0.1
1.00-l
0.10001
1.0-100-1

4

I
L4

19

0.010-1
0.001
0.0100-1
0.10-l

24

28

0.01
0.1

T^^t_ AIF.
freg.
lHr

freq.
MIIr

(A)
mm2

les dete
peth

frtfrabox length

6.4
42.3
36.E

36.8
4.8

C.I
c-u
c-II
c-il
c-uI

3E

20
20
20

20

500
222
400
600

6000

2g

10

t0
10

5

3.2
s.4

14.3
18.4
24.0

38
46
26

20

1

bit-ser.
1 elu
2 alu's
3 alu's
bit-par.

CIR circulotor based filtet benchmerl,

freq.
Mllr

(A)
mml

cyc-
lcs

Proc..
data
path

A/F,
mm2
MEr

Tool-
bor

Word
length

Sam.

frcq.
lHr

bit-ser.
I alu
2 alu'g
1 alu,
I mult
bit-par.

2,3
8.2
8.6

20.6

2.0C-III

c-I
c-u
c-II
C-II

20
20
20
20

20 7600

1000
E33

1260
1111

20

10

l0
10

,.D

2.3
6.E

10,6
22.8

14.8

20
t2
8

I

1

Table 2: Finite word length templates for two fflter structures
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Figurc 4: LAD benchmark genereted by CATHDDRAL_I

5 CATHEDRAL-II: customized multi pro-
cessor architecture synthesis.

The CATffEDRAL-II compiler and its methodology heve been described
in [6]. CATtrEDRAL-II addresses highly complex DSP-applications
with sample retcg from e fcw kHz to I MHz. Algorithms in this range

h I Nf_lb I .lu I

Figure 6: I ALU Datapath generated by CATHEDRAL-II.

containing a parallel multiplicr rcquires a much larger area,

Two shortcomings in the current CATHEDRAL II prototype have
resultcd in slightly suboptimal designs. First of all, the current version
doesn't exploit thc CSD-coding of multiplication coefficients. Further-
more, at the moment the scheduler doesn't optimelly exploit pipelines
in the system. However, due to the long critical peth in the block di-
egtam ofthe LAD benchmerk filter, pipelining possibilities are limited
anyway. The scheduling for CIR results in much less processor cycles
than for LAD.

ll
_l_.lu-0 t|l

.lu_2

_l

Figure 6: CIR benchmart generated by CATHEDR.A.L_I

arc cheractciled by a high versatility in thcir functionelity, combining
atithmetic and dccision mating opcrations. For this rcason, a flexiblc ar-
chitcctural ctyle ir rcquired. Thc application rangc is much widcr then
digital ffltcring: current applicetions include echo-cancellation, pitch-
cxtraction for speech, adaptive interpolation of audio signals, singular
vcluc decomposition, ond control functions for Compect Disc.

CATHEDRAL II synthesiacs multi-processor architectures [?], stert-
ing from an applicative dcscription. For cvery procersor, a customizcd
data path can bc generetcd, composed of predeffncd peremetcrizablc
crecution unitr (EXU's) or modulcs thet ore atoted in a librery. These
EXU'c communicatc via dcdicated bus intcrconncctionr. Thc layoutr of
thc EXU inrtancer are built by e module generator tool [g], combining
tymbolic layout of the. leafcclls with ptoccdural composition tcchniquee.
In the currcnt dcflnition ofthe targct architecturc, the following EXU.s
arc included: a gcncral ALU, a multiplier/accumulator, a comparator
unit, an addrcss ALU, a normalizer unit, RAM, ROM, and FIFO's,
A prototypc parametcrizable module librery has been dcsigned in J;r
CMOS snd it opcrating.at a 10 MHz clock. The dato peths in eech
ptocesEor are controlled by a powcrful microcoded controller, allowing
for fart dccision meking and multiple branching (e.g. loop constructs).

Thc CATIIEDRAL II prototype ir en intersctive system, that allowa
to generete and comparc scvcral Bltcrnetive derigna in a short timc
[16], and flnally produce layoutt. The architecture rynthcsis syrtcm
contains a rule-bared mapping program [fZ] to tranrform the bchavioral
spcciflcation into a proccstot date path, and a numbcr of optimization
toolr, c.g. a microcode compiler to schcdule thc microcode and perform
hardwore bindings [181.

In Teblc 3, thc design figures for the LAD and CIR benchmarl are
shown, Three alternative processor implcmentations have been gener-
ated, by interectively allocating o difrerent number of ALU's. Auto-
matically generatcd data peths for LAD are shown in ffgures 6 and 7.
For cvcry alternativc, an optimired binding of operations to ALU's is
computcd automEticslly. The trade-off betwecn the elloceted hetdware
cnd thc obtaincd machinc-cycle count ir indicatcd. A fourth design

The CATflEDRAL-III system [6] is oriented towards ftarduire it bit-tliced
architectuea [23], which are intended for the implementation of elgo_
rithms in real-time video, image and communicetion domain, with ssm-
ple rates ranging from 1 MHz to 40 MHz. The synthesis task for this
lind of architecture cen be divided into two subtesks, lhe tranclation
and the orrembly tast.

Duting thc ttensletion step, a highJevel description of the algorithm
is transleted to a Signal Flow Graph (SFG) suited for e hardwired bit_
parellel architecture. For this architecture, in order to meet the high

Figure 7: 3 ALU Detapath genereted by CATHEDRAL_IL

6 CATHEDRAL-IIIfmplementation

Figu.re 8:-Floorplan layout representation of LAD benchmark synthe_
sired by CATHEDRAL-III

speed requirements, typically each operetion is mapped on I separate
funclional buililing-block (FBB). The compiler meps arithmetic expres_
sions ofthe algorithm into a structure ofoperetions which can be eval_
ueted with as much parellelism as is needed.

_ In the subsequent assembly task, which starts from a SFG descrip
tion, e leyout is generatcd teking both performance, layort and, area
conatrdinh into account,

..In the LAD benchmerk, optimization et the register transfer level,
which is based on retiming, did not improv. .oyihing. Neither did
the optimization at the floorplenning level which tries to teorder the
positionr of thc FBB's. TopologicaL optimizetions which attempt to
trancform thc SFG in such a way that the performance increases, have
not been epplicd. only the optimizetion et [he functionel level hes beengucccssful: all simple adders have been replaced by faster .rr.y byp.r,
addcrr. Fig. E showr thc floorplan lcyout ofthe dato path.

. As indicated in teble 3, the CIR alternative fflter ir more efficient
in l.t*"^ of chip arca and performance. The floorplan leyout is given
in fi3. L Thc smaller criticel loop in CIR is also favourable foi the
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Figure 9: Floorplen layout representetion of CIR benchmetk synthe-

sired by CATHEDRAL-II

atteineblc sampling rate. The gain in sampling ratc is not that better
in CIR because a largc part ofthe critical delay path still runs through
the carry ripple of the 20 bits adders.

7 Conclusions.

In this paper wc discussed the implementetion of two WDF benchmarks
that havc bcen designed with three architecture spcciflc silicon compil-
et8,

The design time for high level sy4thesis and optimizetion is roughly
one dry, For erch of thc threc .lynthesis syrt?nrs, ihc clnprcd dcsign
cycle starting from the speciffcetions down to the optimized signal flow
greph is enother 1,.2 days. For the architecture and layout generation

a fcw hours to e day,
Speciffc lrigier lewl ffltet speciffcations have been used for the syn-

thesis with three differcnt implementation strategies in ihe CATHE-
DRAL silicon compilcrs. It has been shown thet as an initial optimiaa-
tion step, it is important to initielly choose a good algorithm. The CIR
alternetive is more fovoreble as compared to LAD in several aspects:

r less operetions required.
r The structures in CIR are very modular, and therefore very well

suited for modular hardwere implementation.
r there is less sensitivity to limit cycles and better scaling properties

which results in a smeller word length needed.
o CIR does not have such a long critical path ofoperations es LADI
r WDF structures like CIR can be sutomstically synthesized from

high level specifications using the FALCON program [14].

It should be noticed that digitcl ffltering is only a special case of the
more general application otee of Digital Signal Processing. Wherees
CATHEDRAL-I end III ere mainly oriented towards linear signal pto-
cessing, the CATIIEDRAL-II architecture is targeted towards more gen-

eral DSP applicetions. The tesults in teble 3 indicete that the processor-
based CATHEDRAL-II is only attrective when other, more complex

operetions (e,g. decision-making) have to be accommodated too. More-
over, the flexibility in terms of throughput renge is higher because an
area-time trade-ofris possible by changing the number of EXU's. llence
the matching between the speciffcation and the finel result cen be more
optimal. For the hard-wired approaches, the bit-seriel is clearly intended
for a lower sample rate than the bit-sliced alternetive. The eree-time
product (//F,) is however more favourable for the latter due to the less

costly overhead in terms ofregister cells,
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