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Abstract : Two new circuit techniques to suppress leakage currents and enhance noise immunity while decreasing
the active power are proposed. Eight-input OR gate circuits constructed with these techniques are simulated using
45nm BSIM4 SPICE models in HSPICE. The simulation results show that the proposed circuits effectively lower
the active power ,reduce the total leakage current ,and enhance speed under similar noise immunity conditions. The
active power of the two proposed circuits can be reduced by up to 8 8% and 11 8 % while enhancing the speed by
9. 5% and 13 7 % as compared to dual V. domino OR gates with no gating stage. At the same time,the total leakage
currents are also reduced by up to 80 8 % and 82 4 % ,respectively. Based on the simulation results,the state of the evalu-
ation node is also discussed to reduce the total leakage currents of dua V: dominaos.
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1 Introduction

Wide OR dominos or smilar structures are
commonly employed in register and cache array bit
line design'™ . As technology is scaling down , sup-
ply voltages must be reduced to keep dynamic pow-
er at acceptable levels®®1. At the same time,the
threshold voltage (V:) and gate oxide thickness
(tx) of trandstors must be reduced to accompany
the reduction of the supply voltage to meet per-
formance requirements. However ,the sub-thresh-
old leakage and gate leakage currents increase ex-
ponentially with the scaling of Vi and tox. Worst of
al ,during the deep mode ,when the circuits are not
operating ,leakage currents still occur. The 2001
International Technology Roadmap for Semicon-
ductors (ITRS) ™ predicted that by the 70nm gen-
eration ,leakage may constitute as much as 50 per-
cent of the total power consumption. At the same
time,the increasng of sub-threshold leakage cur-
rents and gate leakage currents with the scaling of
technology also degrades the noise immunity of
wide OR domino gates,and the error-free operation
of dominos has become a major challenge'® .
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Therefore thereis a need to find a way to re-
duce leakage currents and improve circuit robust-
ness while decreasng the active power. Prior cir-
cuit-level approaches to leakage power reduction
and performance enhancement include: body-bias
control' | input vector control'” | deep tran-
sstors® | variable threshold-voltage CMOS tech-
nique (V TCMOS)™ and variable supply voltages
technique (VS)™ . Architecturelevel leakage
power reduction techniques have focused primarily
on SRAMS"™ " Each technique has its share of
strengths and weaknesses ,and in this paper we fo-
cuson the former. We propose two new wide OR
domino circuit techniques and study their impact on
the following design parameters:the sub-threshold
|leakage current ,gate |leakage current ,active power ,
delay time ,DC robustness,and AC noise margins.

2 Proposed wide OR dominos

As described in Sec. 1,leakage currents have
become an important issue threatening the per-
formance of domino circuits ,especially for wide OR
dominos. Both sub-threshold |eakage and gate | eak-
age currentsincrease exponentially with the scaling
of Vi and t ,as shown in Fig. 1(a). At the same
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time, the risng leakage currents degenerate the
performance of the circuits, eventually leading to
failure’® . Figure 1(b) shows the normalized DC ro-
bustness and A C noise margins of several different
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Fig.1

finrin OR gatesin 45nm and 65nm CMOS technol-
ogy. Obvioudy, both the DC robustness and AC
noi se margins degrade with the scaling of technolo-
gy and the increasing of fan-in number.
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(@) Comparison of the sub-threshold Ieakage and gate leakage currents produced by an nMOS transi stor

for various supply voltage Sub-threshold leakage current at Vgs =0 and Vas =V ; Gate leakage current at Vs =
Vg =Vg =Va; (b) Comparisonof the DC robustness and AC noise marginsof severa different finrin OR gatesin
45nm and 65nm technology The DC robustness and AC noise margins are normalized to those of 2-input OR

dominos in 65nm technology ,respectively.

To suppress the sub-threshold leakage cur-
rent ,which increases with the scaling of V: ,the du-
al V: technique was proposed in Ref. [13]. The
technique optimized the circuit speed and leakage
currents by usng low V: and high V: trans storson
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the timing critical paths and non-critical paths,re-
spectively [see Fig. 2(b) ]. With thistechnique it is
necessary to gate all the initial inputs of the domi-
no gates to place the deep domino gatesinto alow
sub-threshol d leakage state'*"*"! .

Vdd I, i

Fig.2 N-input OR domino gates (a) Standard OR dominos;(b) Dua Vi OR dominos The high V. transistors
are symbolically represented by a thick line in the channel region.

Obvioudy ,the dual V: technique does not take
the effect of the gate leakage current into account.
When inputs are gated and the evaluation node is

discharged, the sub-threshold leakage current is
minimized. However ,the gate leakage current is
fast becoming a non-negligible component as tx is



806

27

getting thinner. Especially in wide OR dominos,the
pull-down nMOS network produces a dgnificant
gate leakage current. Consdering both sub-thresh-
old leakage and gate leakage currents,a charged e
valuation node with low inputs was proposed in
Ref. [15] to lower the total leakage currentsin the
deep dominos.

Therefore, the two dual V. techniques de-
scribed in Refs. [13] and [15] both require input
sgnal gating of the first stage in domino circuits,
which increases the circuit area and dynamic power
while degrading the circuit performance. Two al-
ternative dual V: techniques to suppress both the
sub-threshold leakage and gate leakage currents
were proposed by Kang et al. " . The two versions
have the same circuit structure,as shown in Fig.3
(@) . In both techniques ,the dual V: techniqueis ap-

Vg Vy

CLK-»——{T

Evaluation node

SLEEP

LEEPq 2]_| |N3JI-SLEEP

plied to suppress the sub-threshold leakage cur-
rent. In addition ,the inputs and outputs are all set
low no matter what the inputs to the first domino
stage are ,and thus no gate |leakage current flowsin
the pull-down nMOS network in the deep mode,
and both the sub-threshold leakage current and
gate leakage current are suppressed greatly (see
Fig.3(b)) . In the second version,the clock signal
applied to the nMOS is low in the deep mode,
which further reduces the leakage current. Howev-
er ,the noise immunity issue is ignored in Ref.
[16]. Moreover for the two Kang s dominos,to a
chieve the same performance as a conventional dual
V. domino, the active power must be increased.
Therefore ,thereis a need to investigate new tech-
nology for wide OR dominos.

OuUT

INH (1) Gate leakage currents in nMOS
nd Ghd Gnd logic tree of dual ¥, dominos with
all inputs high
| Vaa (2) Gate leakage currents in nMOS
|_J‘ d _': _{ logic tree of dual ¥, dominos with
_Bo- all inputs low
Gnd Low ¥, High V, (3) No gate leakage currents in nMOS
dev‘;::es dtlavnces logic trees of Kang’s dominos
(@ ®)
Fig.3 (&) Domino circuits proposed by Kang!*® ;(b) Gate leakage current in dua V. dominos and Kang' s domi-
nos

In this paper ,we present two new versons of
wide OR domino gates. The two versons have the
same circuit structure,as shown in Fig. 4(a). In
our proposed circuits,the low swing circuit tech-
nique is applied to the high finrin OR domino gates
to decrease power consumption. As an attractive
method to reduce power consumption, the low
swing circuit technique has been used in I/ O driv-
ers, long interconnects, and domino logic cir-
cuits'. With the low swing technique,the gate
voltage of the keeper pMOS swings between | Vi |
and Vg (assuming | Vip| <Vuw ,where | V| and Vi
represent the V. of transstors P1 and N1 ,respec
tively) . Thislower voltage swing reduces the cont-
ention current provided by the keeper pMOS to
charge the evaluation node while the pull-down

NMOS network is attempted to discharge the e
val uation node™™® ,which lowers the delay time and
the dynamic power compared to they conventional
full voltage swing. We use smilar techniques to
that in Ref. [16] to suppress the sub-threshold
leakage and gate leakage currents. In addition ,the
two low-V« nMOS transstors N2 and N3 in Fig. 3
(a) are replayed by the high-V: nMOS trans stors.
On theone hand ,they are on the timing non-critical
path;and on the other hand ,they can enhance noi se
immunity with little leakage penalty. Moreover ,
two-phase clock signals CL K and CL K2 are used in
the circuits. In the first verson ,CL K2 is the same
as CL K in the active mode ,but in the deep mode
CL Kis high and CL K2 is low.
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Fig.4 (& Proposedcircuit 1 The high V. trans stors are symbolically represented by a thick linein the channel
region; (b) Clock signalsin thefirst and the second proposed circuits

The only difference between the two versons
liesin the clock sgnal of CL K2.In the second pro-
posed circuit ,CL K2 is different from CL K in both
the deep mode and active mode (see Fig.4(b)). In
the deep mode,CL K2 is set high to reduce the gate
leakage current ;but in the active mode ,CL K2 is a
short duration pulse that islong enough for the e
valuation node to discharge, but short enough to
further reduce the sub-threshold leakage current
through the low V: devicesin the pull-down nMOS
network. Therefore, with the short duration
CL K2 ,the sub-threshold Ieakage current and pow-
er consumption are further decreased™ . Smula
tionsin Ref. [19] showed potential average power
savings of up to 20 % when the short pulseisof the
minimum duration that allows evaluation. In addi-
tion,the short duration CL K2 also improves the
AC noise margins of the wide OR gates,which will
be discussed later.

3 Smulation results

We compare the performance and power con-
sumption of five &input OR gates using dua V:
dominos,two Kang’' s dominos,and our proposed
circuits,respectively. Each domino gate drives a ca
pacitive load of 8fF. HSPICE smulation results
were obtained with CMOS 45nm BSIM4 model §**!
with a power supply of 0. 8V. The parameters of
the devices arelistedin Table 1. All OR gates were
turned to operate at a 1GHz clock frequency.

As described in Sec.2, for the second pro-

Table 1 Parameters of the devices
V't value of four different devices
Process| High V¢ High Vi [Low V¢ |Low V| Temperature
nMOS pMOS [ nMOS | pMOS
45nm 0.35V - 0.35V | 0.22V [- 0.22V 110

posed circuit ,we tested the short pulse technique
by varying the duration of CL K2. The minimum
duration extracted was 0. 3ns. The nMOS and
pMOSin the five different OR gates are the same
dze. In the smulation ,the gating stage of the dual
V¢ circuitsis neglected.

Asfor the noise immunity issue,DC robust-
ness and AC noise margins of OR domino gates are
both consdered in this paper. The same noise g
nal is coupled to all of the inputsof the OR gates,
0 this dtuation represents the worst noise condi-
tion”™ . For the gates with a S. EEP signa , the
noise is also assumed to couple the gates of the
trangstors controlled by the SL EEP sgnal. The
DC robustness criterion used here is smilar to the
criterion described in Ref. [1]. A dow ramp noise
sgnal is smulated as the DC noise sgnal. The DC
robustness is the voltage amplitude of the DC noise
signal ,which produces a sgnal with the same am-
plitude at the output of the OR dominos,assuming
a 1GHz clock with a 50 % duty cycle. In order to
qguantify the AC noise margins,the noise signal is
assumed to be a square wave with 450ps duration.
The maximum tolerable noise amplitude is defined
as the sgnal amplitude at the inputs inducing a
10% Va drop in the voltage at the output of the
OR gate.

The delay is calculated from 50 % of the sgnal
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swing applied at theinputsof the 8input OR gates
to 50 % of the sgnal swing observed at the output.

The amulation results of the five 8OR gates
are shown in Figs. 5 and 6. The normalized active
power ,delay time,and noise immunity are shown
in Fig.5. The leakage characteristics are shown in
Fig.6. As discussed in Sec. 2 ,the contention cur-
rent of the low voltage swing keeper pMOSin our
proposed circuitsis reduced as compared to that of
the full voltage swing keeper in other circuits. Our
proposed circuits therefore reduce the active power
and delay time as compared to dual V: dominos and
Kang s dominos. As shown in Fig. 5,the active
power is reduced by 11 3% and 12 9% in our two

proposed circuits,compared with that of dua V:
dominos with the same transistor size (STS) ,re
gectively. At the same time ,our proposed circuits
show better leakage and delay characteristics than
other circuits,including Kang' s dominos. Howev-
er ,due to the reduction of the contention current of
the keeper pMOS ,our proposed circuits have lower
noi se immunity. As shownin Fig.6 ,the DC robust-
ness and AC noise margins of the first proposed
circuit are 18 6% and 1 6 % lower than those of
the dual V: dominos, respectively. In the second
proposed circuit ,the DC robustness is reduced by
2 6% ,but the AC noise margins rise by 19 2 %,
compared with the dual V: dominos.
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circuit ¥,

dominos circuit  circuit y,  dominos circuit  circuit

Different 8 input OR domino gates with STS

Fig.5 Comparison of the active power ,delay time ,DC robustness and AC noise margin of the five different 8
input OR domino gates Active power ,delay ,DC robustness,and AC noise margin of each domino current are
normalized to those of dual V: domino circuits,respectively.

The improvements in noise immunity in the
second circuit compared to the first circuit are due
to the stronger control of the noise signal effect of
the short duration pulse of CL K2 compared to the
normal clock signal. As compared with the first
proposed one ,however ,the advantage of the second
circuit decreases as the clock frequency increases.
When the two proposed circuits reach their maxi-
mum working frequency of 1 64GHz ,the short du-
ration pulse sgnal CL K2 in the second proposed
circuit becomes the same as CL K in the active
mode ,and the advantage of the second circuit dis
appears. Considering sophisticated fabrication and
increased cost ,the second circuit technique is only
a better choice for low frequency circuits.

As ads shown in Fig. 6,the sub-threshold
leakage and gate leakage currents both depend
strongly on the state of evaluation nodein the dual
V: dominos. A low evaluation node state with all
inputs high produces a much lower sub-threshold
leakage current but greater gate leakage current
compared with a high eval uation node state with all
inputslow. Which eval uation node stateis better to
reduce the total leakage currents depends on the
relative magnitude of theindividual leakage compo-
nents. For the total leakage currents in OR gates
where the sub-threshold leakage current is domi-
nant ,a low evaluation node state with high inputs
is preferred for producing less leakage currents.
From Fig. 1(a) ,the sub-threshold leakage current
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" . ! -0 Subthreshold
different 8-input OR domino gates The leakage cur- - —o—Total
rents of each domino are normalized to the total leakage i L0
currents of dua V: dominos with high inputs. §_
]
is larger than the gate leakage current in 45nm §
technology at 110 and a 0. 8V voltage supply. ©
Correspondingly ,a low evaluation node state with
high inputs shows better leakage characteristic in our
dmulations. Fgure 7 (a) shows that the gate leakage 0
. g . ( ) g 4 300 320 340 360 380 400
current is dominant in 45nm technology at 25 and a Temperature/K
Q 8V voltage supply. In this case,a dua V: with low
input dominosis preferable ,as proposed in Ref. [15]. Fig.7 (a) Comparison of the sub-threshold leakage

The oppodte results may be explained as fol-
lows. The sub-threshold leakage current increases
exponentially with the increase of temperature due
to the reduction of the threshold voltage and the
increasng of the thermal voltage'*™®. The gate
leakage current , unlike the sub-threshold |eakage
current ,has a very weak dependence on tempera
ture,as shown in Fig. 7(b). At 110 ,the sub-
threshold leakage current makes a larger contribu-
tion to the total leakage current than the gate leak-
age current (see Fig.1(a)). As the sub-threshold
leakage current decreases when the operating tem-
perature changes from 110 to 25 ,the gate leak-
age current becomes dominant. Thus at 110 a
low evaluation node state is better ,and for 25 a
high evaluation node state is preferred.

The noise immunity depends not only on the
size and V: value of the keeper pMOS but also on
the ratio between the pMOS width and nMOS
width in the output inverter’™ . Therefore, the
keeper pMOS and output inverter in Kang' s and
our proposed OR dominos both need to be sized to
maintain smilar noise immunity to that of dual V:

and gate leakage currents!™ ; (b) Variation of three dif-
ferent leakage components with temperature!™

dominos. The smulation results show that the pro-
posed circuits effectively lower the active power ,
reduce the total leakage current ,and enhance speed
under smilar noise immunity conditions. As show
in Table 2,the delay time is 7. 8% higher for
Kang’' s dominos, 9 5% lower for the first pro-
posed circuit ,and 13 7 % lower for the second pro-
posed circuit as compared to the dua V. dominos.
Asfor the leakage characteristic shown in Fig. 8,
the first proposed circuit is almost the same as
Kang' s dominos, but the second proposed circuit
shows a better characteristic than Kang’ s domi-
nos. The reason may be as follows. Snce the cont-
ention current is sgnificantly reduced with the low
voltage swing technique ,to achieve the same noise
immunity (SNI) the keeper pMOS needed to a
chieve the same noise immunity (SNI) in our pro-
posed circuitsis smaller ,resulting in a shorter de-
lay time and less power consumption. In addition,
the application of a short duration pulse signal in
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the second proposed circuit brings great improve
ment to the performance of the high fin-in dominos
in sub-70nm technologies.

Table2 Smulation results of eght-input domino OR
gate with the same noise immunity (SN 1)

Different 8input Clock Normalized Normalized | Normalized
OR dominos | frequency | noise immunity | active power | delay time
Dual Vit dominos| 1GHz 1 1 1
Kang' s dominos 1GHz 1 1.209 1.078
First proposed
_ 1GHz 1 0.912 0.905
dominos
Second proposed
) 1GHz 1 0.882 0.863
dominos
1.4 s
1236 Temperature=110C
e 1.2} [ | Total leakage current
g [ Sub-threshold leakage current
- |
3 1.0 Gate leakage current
)
£ 08f
8
0.6F
‘—é’ 0.4}
=]
Z 0.2}
ol
nput Kang’s
dual V, dual ¥, 1st domino 2nd domino Proposed Proposed
circuit circuit

Different 8-input OR domino gates with SNI

Fig.8 Comparison of the leakage current of five differ-
ent 8&input OR domino gates The leakage current of
each domino is normalized to the total leakage currents of
dua V: dominos with high inputs.

4 Conclusion

In this paper ,we have proposed two new cir-
cuits to suppress leakage currents and enhance
noise immunity while decreasing the active power
for high firrin domino OR gates in sub-70nm
CMOS technologies. Smulation results show that
under smilar noise immunity conditions,our pro-
posed techniques result in 8 8 % and 11. 8 % active
power reduction while enhancing the speed by
9 5% and 13 7 % as compared to dua V: domino
OR gates with no gating stage ,respectively. At the
same time ,the tota leakages of the two new wide OR
dominos were a reduced by up to 80 8% and
82 4 % ,reyectively ,the latter of which is even better
than Kang s dedgnin Ref.[16].

In addition ,for dual V: dominos we have dis
cussed which state of the evaluation node is better
for reducing the total leakage current. Our analyss

shows that it depends on the relative magnitude of
the individual leakage components. When sub-
threshold leakage current makes a larger contribu-
tion to the total leakage current ,a low evaluation
node state is better ,and when gate leakage current
becomes dominant a high evaluation node state is
preferred.
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