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ABSTRACT

This paperpresentgesultson usingadwanceddominocir-
cuit designtechniquego implementa CORDIC processor
Skew-tolerantdomino,enhanceg@rechagedcontentionnon-
blockingdominoandpulsedresetdominacircuit techniques
areexplainedandappliedto theimplementatiorof thisfunc-
tional unit. For comparisorpurposesa baselinedesignus-
ing standardtwo-phasedomino with intermediatelatches
is alsodeveloped. Simulationresultsshawv that significant
throughpuimprovements possibleusingtheadwancectir-
cuit techniqueswith the pulsedresetstyle having the high-
estspeed. On the other hand, theseapproachesesultin
increasegower dissipation.

1. INTRODUCTION

CORDICalgorithmshave beenwidely appliedin mary sig-
nalprocessingpplicationsincludingmatrixeigemalueand
singularvaluedecompositiorcalculationsin mary of these
applicationsattainingthe highestpossiblethroughpuis the
primarydesigngoal. Thekey computationgonsistof anit-
eratve seriesof shiftsandadditionsor subtractionsSigned
digit approachearewell matchedo this application since
theiterative calculationscanbe donein a carry-sae man-
ner. In this case,onealsoneedsinaryto signeddigit and
signeddigit to binary convertersatthebeginningandendof
theiterative loop.

In thispaperwewill applyseveralrecentadvancements
in dominoCMOScircuit designto achieve very high speed
operationin a CORDIC angleunit [1], [2]. Specifically
we will considerthe following designstyles: skav-tolerant
domino[3], [4], [5] with enhancegrechagecontentior]6],
non-blockingdomino(7], [8], [9] andpulsedresetdomino
[10Q], [11]. As abaselindor comparisonye alsoconsider’
standardlominoimplementatiorusingtwo-phaseclocking
with mid-cycle latches.We will presentsimulationresults
to shawv how theseadvancectircuit designapproachegield

significantimprovementsin throughput,at the expenseof
increasegower dissipation.

2. CORDIC ANGLE UNIT

Theiterative computationganbedonein acarry-sae man-
ner usingsigneddigit addersin the constant-factoredun-
dant CORDIC algorithm[1]. For the anglecalculationin

vectoringmode,theangle = tan='(Y,[0]/X,[0]) is ob-
tainedto n-bit precisionfrom aquantity Z, [n] usingthefol-

lowing recurrenceequationgwith Z,[0] = 0):

Xo[i+1] = X [i] + 027V, [d] (1)

Yo[i+1] = Yali] — 0:27 ' X,]i] 2

Zo[i+1] = Z,[i] + ostan=127" (3)
_J +1 if Yi[i]>0

""—{ —1 if Y,[i]<0 “)

In theabove equationg; representshe directionof ro-
tationatstepi of theiterative loop. A block diagramcorre-
spondingo Equationg1) and(2) is shovnin Figurel.

3. HIGH-SPEED CIRCUIT TECHNIQUES

3.1. Skew-Tolerant Domino with Enhanced Precharge
Contention

Skew-tolerantdominois basedon the use of overlapping
multi-phaseclocks|[3], [4], [5]. The overlaptime between
adjacenphase&liminategsheneedor intermediatdatches.
In addition, it providesan efficient methodto budgetfor a
certaindggreeof imbalancedogic andclock skev between
the blocks. For example, considertwo adjacentblocks of
dominologic, oneclockedon ¢; andthe otherclockedon
¢i+1. Theinterval whenboth clocksare high is the time
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Fig. 1. Block diagramfor the constant-factoredundant
CORDICangleunit.

whencircuitsthat areclockedon ¢; canborrow time from
the subsequentircuitsthatareclockedon ¢;,1. Theseef-
fectsleadto asignificantreductionin the amountof clock-
ing overheadcomparedo standardwo-phaselomino.The
netresultis thatthe circuitscanoperateat higherspeed.

Enhancegrechage contention(EPC)[6] alsoprovides
increased¢omputationaéfficieng by allowing usefulwork
to bedoneduringthe prechage phase.The basicideais to
remove the NMOS evaluateor “foot” transistorsrom the
pull down network,so thatintentionalfighting occursdur-
ing the prechage phase. This fighting is beneficialin the
sensethat it reduceghe prechage voltageon thosenodes
thatwill eventuallybedischagedto groundduringthesub-
sequenevaluatephaseWith areducedrechagevoltage,it
will takea shorteramountof time to dischagethosenodes,
which increaseshe speedf the signalpropagation While
thetechniquedoesdissipateDC power alongthe pathsthat
are fighting, this may be consideredto be an acceptable
trade-of in high-speedpplications.

3.2. Non-Blocking Domino

A dominologic stagewill have oneor moreinputs.In gen-
eral theseinputs canarrive at the stageat differenttimes.
If the clock phasecontrolling a stageis high, the latestar
riving input signalwill determingheworst-cas¢ime when
the stagewill evaluate. A clocking schemeis saidto be
non-blockingf, for all dominostagestherisingedgeof the
clock phasecontrolling a stageoccursbeforethe latestin-
putsignalarrives[7], [8], [9]. If thisis notthecasethenthe

clockingschemes saidto be blocking. Thetwo casesare
illustratedin Figure2, wherez is the latestarriving signal
into a dominologic stagethatis controlledby clock phase
¢;. In orderto maximizethecomputatiorspeedpneshould
designthecritical pathsothatit consistof a seriesof non-
blockingstages.

Non-blocking Blocking
Fig. 2. Timing diagramsfor non-blockingand blocking
cases.

3.3. Pulsed Reset Domino

Anotherrecentlyintroducechigh-speedircuit styleis pulsed
resetdomino[10], [11]. An exampleof this circuit styleis
shown in Figure3. The pulsedclock ¢, is 3 time units
wide andthetransistorsaresizedsothatthe delaythrough
eachstaticor dynamiclogic gateis 1 time unit. The first
dominostageevaluatesattherisingedgeof ¢,. 3 time units
later, ¢, goeslow andnodel goeslow, sothefirst domino
stageprechages. The evaluationandprechage of the sec-
ondandthird stagesaredelayedby 2 and4 time units, re-
spectvely. Thecircuit providesadequatenawgin for thelo-
cal andglobalracesassociatedvith the outputlatch. Note
thatfoot transistorsaarenot requiredin the secondandthird
stages.
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Fig. 3. Circuit structurefor pulsedresetdomino.

4. PERFORMANCE RESULTSAND
COMPARISONS

In orderto determinethe relative meritsof theseadwanced
circuit techniquesye performedHSPICE simulationsus-
ing the0.25micron TSMC procesawith asupplyvoltageof

3.3V. We usedskaved staticgatesat the outputsof domino
stageso improvetheevaluationtimesandsecondaryprechage



transistorat internalnodesin pull-down networksto con-
trol chage sharing.WeakPMOSkeepersvereincludedfor
improvedrobustnessgainsinoise.

As abaselindor comparisonye simulatedhe CORDIC
angleunitusingstandardwo-phase&omino,with mid-cycle
latchegplacedbetweertheshifterandthesigneddigit adder
blocks. The resultsfor this caseare shavn in Figure 4.
One canseethat the clock cycle time is 2.76 ns and se/-
eral sourcesnf overheadare evident. Therearetwo latch
propagatiortimesandthereis unusedor “dead” time dur-
ing thefirst half-cycle. The deadtime is dueto the imbal-
ancein the propagatiordelaysduring the two half-cycles.
Thesesourceof overheadaretypical of the situationone
encounterén standardwo-phasalominodesigns.

: T (2.76ns)

clock time clockbar time
(1.38ns) (1.38s)
actual clock latch| dead actual clockbar latch
logic delay time | time | time logic delay time time
(0.71ns) (0.19), (0.48) (1.22ns) (0.16)

Fig. 4. Simulationresultsfor traditionaltwo-phaselocking
with mid-cycle latches.

Theresultsfor skaw-tolerantdominowith 4-phasever
lappingclocksandenhancegrechagecontentiorareshavn
in Figure5. The partitioning of the logic into eachof the
four clock phasess shavn in thefigure. Notethatthereare
no latch propagatiordelayssincelatchesare not required
whenoverlappingclock phasesreused.Thecycle time is
reducedo 1.84ns,andthereis oneinstanceof time borrow-
ing andtwo instance®f enhancegrechage contention.

Theresultsor thenon-blockingdominodesigrareshavn
in Figure6. The phasesp; and ¢, are delayedfrom the
clock ¢ thatdrivesthe sourcelatches,andphasegs is de-
layedandstretchedo meetthe holdtimerequiremenof the
destinatiorstorageelements Note thatthe propagatiorde-
lay time s furtherreducedo 1.77ns. Theimprovementis
dueto thefactthatno critical signalwaitsfor aclock phase
to go high. While theEPCin thepreviouscaseallows some
useful work to be doneduring prechage, it is not as ef-
fective as simply allowing the critical signalto propagate
throughdirectly.

Finally, Figure 7 shavs the simulationresultsfor the
caseof pulsedresetdomino. As shawn, the propagation
delayis reducedeven further to 1.51 ns. The speedin-
creaseover the non-blockingdesignis dueto the fact that
thepulsedresetcircuitsdo notuseevaluatetransistorsn the
pull-down networksafterthefirst stageof logic.
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The propagatiordelaysfor all four implementation®f
the CORDIC angleunit are summarizedn Table 1. It is
evidentthatall threeof the advancedcircuit techniquesre
substantiallyfasterthanthe baselinemplementationwith
thepulsedresetdesignbeingthefastest.

Tablel: Propagation delay comparisons.

High-speed circuit Propagation Improvement
technique delay time

Traditional 2 phase 2.76 ns

clocking

4 phase overlapping 9
clocks with EPC 1.84ns 33.3%
Non-blocking domino 1.77 ns 35.9%
Pulsed reset domino 151 ns 45.3 %

The averagepower dissipationduring the propagation
delaytime for eachof the circuit designstylesis givenin
Table2. In orderto provide afair comparisonthe circuits
requiredto generatahe local clock phasesn eachcaseare
includedin the power results. Eachof the adwvancedcir-
cuit techniquesisesmore power thanthe baselinedesign,
with the pulsedresetimplementatiorrequiringthe highest
power.

Table2: Power consumption comparisons.

High-speed circuit Average power Increase
technique

Traditional 2 phase 115.4 mW

clocking

4 phase overlapping 0
clocks with EPC 2632 mw 128 %
Non-blocking domino 234.3 mW 103 %
Pulsed reset domino 439.9 mW 281 %

5. CONCLUSIONS

We have presente@dvancedcircuit designtechniquesand

simulationresultsfor high-speedmplementationsf aconstant-

factor redundantCORDIC angleunit. The relative bene-
fits of skewv-tolerantdominowith enhancegrechage con-
tention,non-blockingdominoandpulsedresedominowere
explainedandquantitatively demonstratedeachof thethree
adwancectircuitimplementationgs substantiallyfasterthan
a baselinadesignusingtwo-phasedominocircuits with in-
termediatdatches. The pulsedresetdominoimplementa-
tion resultedin the highestperformancef all of the design
implementationsAt thesametime, thesecircuit techniques
resultin higherpower dissipation,so they may not be ap-
propriatefor applicationdgn which low power consumption
is the primary designobjectie.
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