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Abstract— Domino dynamic circuits are widely used in
critical parts of high performance systems. In thispaper we show
that in addition to the functional limitation assodated to the non-
inverting behavior of domino gates, there are als@erformance
disadvantages when compared to inverting dynamic d¢es, which
can be related to this feature. These penalties rideom the fact
that in order to produce a logic one, a non-invertig gate requires
one or more of its inputs to be also at logic on&Ve analyze the
operation of gate-level pipelines implemented wittdomino and
with Delayed Output Evaluation (DOE), an inverting dynamic
gate we have recently proposed, and compare theiegormance.
Using domino and DOE gates similar in terms of delay
improvements in operating frequencies around 50% hee been
obtained by the DOE pipelines.

Keywords— Nanopipeline, Dynamic Robust design
techniques.
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|. INTRODUCTION

Design of functional units implementing very fineatned
pipelining for high performance applications is reutly an

In addition to the functional limitation associatedthe non-
inverting behavior of domino gates, we claim tHare are
also speed limitations in pipelined networks whitdn be
related to this feature. These penalties rise fitwerfact that in
order to produce a logic one, a non-inverting gatpiires one
or more of its inputs to be also at logic one. Tthimslates in
that logic ones can degrade as they propagate ghrole
logic network eventually leading to a functionaldee.

Recently we have proposed an inverting dynamic gate
topology called Delayed Output Evaluation (DOE)][1I2OE
exhibits good speed — noise tolerance tradeoffschwizire
attractive for DSM technologies. In addition, we vba
identified that its inverting nature allows opengtifrequency
improvements over domino-based style. In this papefocus
on these advantages at the interconnection lavelatticular,
we analyze the operation of DOE based nanopipelareb
compare its performance to domino counterparts.

The paper is organized as follows: in Section 2, IOE
logic style is described and the implications o€ thon-

area of active research. These solutions do notlyappjnyerting behavior of domino on circuit operatiorre a

conventional pipeline techniques which insert flgps to
short down signal propagation paths in combinatidogic,
but instead rely on logic circuit styles which mnaily exhibit
the capacity to block data propagation, and thus, veell
suited to implement pipeline architectures withouemory
elements. Potential of dynamic logic, with its pgrage and
evaluation phases, to implement this kind of pipefj was
long ago recognized. Thus, in [1] the operationthaf well-
known dynamic-based domino logic in a pipelinedhifas
using an overlapping multi-phase clock scheme aitdowt
latches between consecutive clock phases (supéngp&as
analyzed in depth. It is known that many variatiaisthis
multi-phase solution have been developed achieviigh
performance [2]-[8] and some of them have beeniegpb
speed up critical parts of commercial microprocessdn
particular, architectures with a single gate percklphase
(nanopipeline) have been proposed and demonsttatgd
operating frequency and throughput [4],[5],[7],[8h this
context, development of novel domino-based topewdor

illustrated. In Section 3, DOE and domino nanopips are
evaluated through simulations experiments and cosopa
Finally, some conclusions are given in Section 4.

Il. ARCHITECTURE ANALYSIS

A. DOE Topology

Figure 1a shows a generic conventional dynamic gate
domino gate. It operates in two phases called pirgeh(CLK
= 0) and evaluation (CLK = 1). It is composed afiymamic
stage and a static output stage. The dynamic stadiees the
logic functionality while the output stage is rempa to solve
cascading of gates and to drive fan-out. Keeparsistor is
added to protect dynamic node against leakage/noise

Figure 1b shows the schematic of the Delayed Output
Evaluation (DOE) topology for a generic gate. Nttat the
static inverter is changed into a NAND gate whaogauts are

dynamic gates exhibiting good performance-robustnesy,e dynamic node and a delayed clagk,, plus a static

tradeoff and/or tolerance to process variationgrisarea of
active research [9],[10],[11].

In spite of their speed advantages, it is well knaWat
domino-based gates exhibit limitation such thatyonbn-
inverting blocks can be chained (a static inverteradded
between each two dynamic stages to guarantee lthapats
to the next logic block are set to 0 after the ginarge period).

inverter. ClocksVcix and 2, are also depicted. The rising
edge of\0, is delayed with respect to the rising edgevefi

by Acik, while, ideally, both falling edges are simultango
For V2, = O, Vyanp is pulled up independently ofpyy. The

static inverter is added guarantying that the peegd value of
the gate outputMoyr) is low as in domino logic. Foy?, =1,
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Fig 1 (a) Domino gate.lf) DOE gate.

the NAND gate evaluates its input. For those
combinations which discharge the dynamic node, ghi-
down network is off and gate output remains lowr Fput
combinations which do not discharge dynamic nodwes t
NAND output node is pulled down anyr is pulled up.

The evaluation delay in DOE gate is determined Hogy t
speed of the NAND-INV static stage and by the anhidun
which evaluation of the NAND is delayed. Gate deisyto
some extend
discharges. As a result, achieved delay-noiseadotar trade-
off is significantly better than in domino gatesvas showed
in [12]. Also, the design of a Kogge-Stone addengiDOE
gates is reported in [12] in order to validate thogipability to
build up logic networks.

input

independent of how fast dynamic nod
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Fig 2 (@ Three-phases clock scheme. (b) Simulation results
corresponding to a chain of ten 16-inputs DOE NO&eg (c)
Simulation results of its conventional domino caupért.

keeper transistor and feedback and output invehtave been

However this is not the only advantage of the pogdentically sized in both circuits and such that delays of

topology. As already mentioned when describingjisration,
DOE produces a logic one when an input combinatvdich
does not discharge the dynamic node is appliecartylethis
is not the behavior of the domino gate. It is tlesult of
adding an inverting stage to the domino gate. daktsection
illustrates how this translates in speed and rolasst

both gates are equal. However, maximum operateqguincy
of DOE network is higher than its domino countetp&ve
have analyzed in depth the operation of both discui

Figure 2 depicts results for both simulated ciulDOE
circuit (Fig. 2b) produces correct output at thendated
frequency Voutpoe)- Domino (Fig. 2c) does not work

improvements when interconnecting gates. (Vourconv). The outputs of intermediate stages for both

CONV and DOE are also shown. It can be observed how
domino outputs degrade with the number of stage<DIRE
does not.

B. Interconnecting gates
We compare a chain of ten 16-input NOR DOE gaték wi

a chain of 16-input OR domino gates. Both circuit®

operated in a gate-level pipeline with a three-ptagerlapped
clock scheme as depicts in Fig. 2a. Gates are ctetheuch
that input changes propagate through the circulteach gate
is excited with the worst case input combinationsefjuence
alternating “0” and “1” is applied. Dynamic stages well as

The differences could be explained on the basishef
input combination producing a zero-to-one trangitmf the
gate output for each topology. In domino, being-imorerting,
this output transition is associated with inputsnbinations
discharging the dynamic node. Discharging of theayic
node requires one or more inputs being at logic oi&ood”
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Fig 3 Voltage level to whichvpy of each stage discharges for both
topologies.

ones are required to fully discharge dynamic nodk@oduce
a “good” output one. Otherwise, functional failuen occur
after several stages. Contrary, in DOE, implemenitiverting
functionality, the zero to one output transitiortaxs for input
combinations which do not discharge dynamic nodeusT
how good the output logic one is does not dependh@m
good the input logic ones are. Unlike domino, ddgdalogic
ones do not propagate through the circuit, and sonat
accumulate, leading to functional failures aftaresal stages.

It is interesting to analyze the behavior of thenayic
node in each circuit. For that, the voltage lewelvhich each
dynamic node discharges has been measured. Figlepi&s
this voltage level versus stage number for domiabVpp
=1.2V) and DOE (atVpp=1.2V and Vpp=1V) networks.
Voltage levels are identical for stage number dhean be
observed that in domino, the discharge of the dynarmde
degrades in consecutive stages and the complete dbas
not operate correctly. DOE behavior is completeljecent.
Minimum voltage level is slightly increased fromsti stage to
second one due to non-ideal inputs but then ren@instant,
even for the lowe¥pp value.

[ll. EXPERIMENTAL RESULTS

Experiments have been carried out in order to cetaghe
comparison between domino and DOE pipelines operati
Different ten stage chains like those describedrievious
section have been simulated. In all the simulateins NOR
(OR) gates are used for DOE (domino) circuits. Fdiféerent
chain —pairs are characterized in a commercial 1120nm
technology. They differ only in the size of the gee tran-
sistor. Table | reports gate delays for some ofkéeper sizes.
Keeper width increases from gate K1 to gate K2.gkar
keeper transistor widths imply that the dynamic exod
discharges more slowly. As expected, domino detayeases
while DOE delay keeps constant, although dischargate of
dynamic node does impact the operation of the D{pElipes
as well. DOE and domino delays are similar for gagesion
K3. Both in domino and in DOE, noise tolerance @axes
upsizing keeper transistor.

TABLE I. GATE DELAYS

Delay (ps)
Domino | DOE
K1 71.9 86.1
K3 89.8 86.4
K5 | 108.1 | 86.6

Delayed clock required for DOE operation is gerestat
inside each gate by means of a pair of inverters.

Different frequencies have been measured to claiaet
the operation of each working (correct behaviopepned
chain. These frequencies are:

* F1: Clock frequency up to which every gate behaves
“ideally”. By “ideally” we mean that dynamic nodes
are fully discharged and charged in worst case
scenarios and “1” inputs to every stage are re@a%o(
of final value reached) when evaluation clock rises

e F2: Clock frequency up to which every dynamic node
discharges under 100mV and charges over 1.1V.

e« F3: Maximum clock operating frequency. Correct
output is obtained.

e F4: Clock frequency up to which correct behavior is
obtained in SS, FF, SF and FS corners. Supply g®lta
is reduced by 10% in SS, SF and FS corners and
increased by same amount in FF corner.

« F5: Clock frequency up to which a correct operat®on
observed for a 30 MC simulations §3-

Table Il summarizes obtained results. Frequences h
been normalized with respect to the smallest onasored in
the experiment (F4 for domino K5).

TABLE II. CHARACTERIZATION OF THE NORMALIZED FREQUENCIES OF
THE PIPELINES
F1 F2 F3
Dom. | DOE| Dom.| DOE| Dom,| DOH
Kl | 313 | 250| 3.31| 379 329 40p
K2 | 269 | 250| 2.94| 350
K3| 225 | 250| 263| 338 263 381
K4 | 175 | 250| 213| 3.19
KS| 138 | 250| 1.63| 300 1.8 3.5D
F4 F5
Dom. | DOE | Dom.| DOE
K1 | 2000 | 256| 3.06] 3.19
K2 2.63 | 3.06
K3 | 1556 | 2.38] 2.13| 3.00
K4 1.81 | 2.88
KS| 100 | 200| 1.44| 279




It is observed that F1 values are independenteokéeper
size in DOE circuits. In these circuits, frequerdyis limited
by the criteria associated to the readability qiuits in all the
cases and so, since gate delay is the same fgataliversions,
soitis F1. In domino F1 decreases from K1 to K®®pected
since gate delays increase. It is interesting topare K3
results as both gate delays and dynamic node bmhave
similar for domino and DOE in this case. Note th&E F1 is
slightly higher than in domino (~10%). This is dwethe fact
that although evaluation delays (reported in Tab)eare
similar, precharge delays are not. They are laigé¢he DOE
gates and it translates in small advantage for lipipe
operation. However these advantages are limited.eWect
larger differences on the basis of the distinctavérs pointed
out in previous section.

from 10% for F1 to 52% for F4. Even higher diffecea can
be obtained in cases for which noise tolerance taings
would require keeper transistor sizes for which D@&e
Delays are smaller than domino ones.

IV. CONCLUSIONS

We have analyzed the operation of gate-level pipsli
implemented with domino and with DOE and their
performance in terms of operating frequency. ThHeedinces
are explained on the basis of the input combingtimtducing
a zero to one transition of the gate output fohdaapology. In
domino, being non-inverting, a non-ideal one degsads it
propagates through the logic network eventuallgileg to a
functional failure. Unlike domino, degraded logices do not
propagate in DOE circuit. Using domino and DOE gate

Concerning F2, it can be observed that the operatinsimilar in terms of delay, improvements in opergtin

frequency of the DOE chain is higher than the ojega
frequency of the domino chain for all the keepansistors.
Even for those for which the delay of the domindegis

smaller than the delay of its DOE counterpart (Kt &2).

Improvements increase from K1 to K5 as expectexging

from 13% to 85%. As we anticipated, larger diffares
between domino and DOE are observed. For exanglé 3,

which corresponds to almost equal gate delays,dugmnent
rises from 11% (when comparing F1) to 29% (F2)adilition

to the advantages associated to the larger prezhamges
previously pointed out, there are advantages whizh from
the inverting feature of the DOE gates discusseSdation 2.
Since discharging of dynamic node does not degtiaeigh
the chain, the operating frequencies fulfilling th2 criteria
are higher.

Also F3 of DOE is higher than the F3 of the domihains
for all the keeper transistors. Improvements rafigen 25%
(K1) to 87% (K5). For K3, improvement rises from929

(when comparing F2) to 45% (F3). No differences ar
observed between F2 and F3 improvements for K5s Thi

probably is the result of a bad DOE design for ldmgest
keeper K5.

Concerning F4, improvements range from 28% (K1) to

100% (K5). It is interesting to compare the resalisained for
F1 (very conservative design criteria) and for Fdr. example,
for K3, F4 is 30% smaller than F1 for domino, buatyo5%
smaller for DOE. These results show the bettergperdnce
including variability robustness of DOE with respe
domino. Other experiments have been carried owtrdier to
analyze in depth the performance of both architestu

Monte Carlo analysis has been applied. Clock skiev/j
simulation has also been considered in this expmarimFor
these random variables with Gaussian distributluage been
associated to the position of the edges of theetblaeck phase
signals. The frequency up to which correct operatis

observed in 30 MC simulations has been measureés Th

frequency is reported as F5 in Table II. Betteffgrenance of
DOE is clearly observed.

Analyzing results for K3 is relevant since, as wevén
already repeatedly pointed out, DOE and domino datays
are similar. For this gate version, DOE is bettemt domino
for all measured frequencies. Achieved improvemgoes

frequencies around 50% have been obtained for téayes
chains of high-fan in gates operated in a gatetlpigelined
architecture with three clock phases.
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