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Abstract 

In this paper, a new leakage-tolerant circuit 
design technique for high fan-in domino circuits is 
presented. This technique uses stacking effect to 
reduce the leakage of the evaluation network of 
domino gates. It also uses a current mirror in parallel 
with the evaluation network to reduce the evaluation 
delay. Depending on the fain-in, the proposed 
technique exhibits 2.0X to 17.7X leakage and noise 
tolerance improvement compared to a standard 
domino counterparts designed i n  a 70-nm technology 
node. 
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1. Introduction 

Dynamic logic has been widely used for very 
high performance that cannot be achieved with the 
static logic styles [ I ] .  However, the dynamic logic 
styles are more sensitive to noise than the static logic 
styles. The poor noise immuuity of domino circuits 
is due to their low switching threshold voltage, 
which is equals to the threshold voltage of NMOS 
devices in their cvaluation networks. As the  
technology scales down, the supply voltage is 
reduced for low power, however, this requires the 
threshold voltage (V,) scaling to achieve high 
performance. Threshold voltage reduction results in 
less noise immunity for domino logic gates. 
Moreover, reduced threshold voltage exponentially 
increases subthreshold leakage, as illustrated in Fig. 
I .  Besides leakage increase, the input noise sources 
such as crosstalk and supply noise also increase with 
technology scaling [2]. Due to all of these trends, 
domino logic circuits suffer from leakage and noise 
immunity in deep submicron regimes. The leakage 
iminuriity is more problematic in high fan-in domino 
circuits because of larger leakage due to more 
parallel evaluation paths. Since the leakage current is 
proportional to fan-in of domino OR-gates, the noise 
immunity decreases with fan-in increase. Leakage 
and noise-tolerance are major issues for wide 
domino OR gates, because the evaluation transistors 
are all in parallel, leaking the charge from the 
precharge node [3]. 

Fig. 1. leakage current and technology scaling 

To reduce leakage power while maintaining 
system perfonnance. dual-Vu, designs were proposed 
[4], [ 5 ] .  The dual V* techniques utilize high Vm off 
the circuit critical paths to reduce leakage current 
while utilizing low VQ on the critical paths to obtain 
high performance. High Vh cannot be used to 
improve leakagehoise immunity of domino circuits, 
because domino circuits are used in critical paths of 
a design to achieve high performance. Moreover, the 
Dual Va requires an expensive process technology. 
We propose a new circuit technique for domino logic 
design that improves leakage immunity of high fan- 
in domino logic gates without using dual Va. 

Fig. 2 shows the conventional standard domino 
circuits for high fan-in OR gates. The scheme in Fig. 
2(a) is a footed standard domino (SD) logic, whereas 
tho one in Fig. 2(b) i s  a footless standard domino 
logic. The footed structure typically shows better 
noise and leakage tolerance because of the leakage 
rcduction in the evaluation path as a result of 
stacking effect [6] .  In the conventional domino 
circuits (Fig. Z(a),(b)). the robustness of standard 
domino circuits can be improved by upsizing the 
keeper transistor [3],[7]. The keeper ratio (K) is 
defined as the ratio of the current drivability of the 
keeper transistor to that of the evaluation transistor: 

i W \  

. where p,, and are electron and hole motilities, 
respectively. However, there are limitations on 
keeper upsizing because of increased current 
contention between the keeper transistor and the 
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Fig. 2. Standard high hn-in domino OR gates (a) 
footed standard domino and (b) footless standard 
domino 
evaluation network. This current contention results 
in increased power dissipation and evaluation delay 
of standard domino circuits. In fact, there is a trade- 
off between robustness and perforniance. As the 
keeper size increases, the noise immunity improves, 
but the delay increases, resulting in performance 
degradation. So, the keeper upsizing is not o suitable 
way to improve noise immunity. 

A leakage toterant technique that is proposed 
recently is the Conditional Keeper Logic (CKL) [SI, 
as shown in Fig. 3. This technique employs two 
keepers (as denoted by K1 and K2). Keeper K1 is a 
smaller keeper that is initially ON when the 
evaluation starts (Clock switches to high). The larger 
keeper (K2) is conditionally turned ON if the 
precharge node remains high during the evaluation 
for a longer time than the delay of the delay element. 
Keeper K1 is ON wheii the precharge node is high. 
The conditional keeper technique works as follows: 
in the precharge phase (clock is low), the dynamic 
node is precharged to high and the keeper K1 is ON 
and keeper K 2  is OFF. In the evaluation phase (clock 
is high), initially the keeper K1 is ON and the keeper 
K2 is OFF. If the evaluation results in discharging of 
the precharge node, the gate of keeper K2 remains 
high, and thereforc the keeper K2 remains OFF. 
However, if all the inputs are low in the evaluation 
phase so that the precharge node is not discharged, 
then K2 will become ON, strongly keeping the 
precharge node at the high voltage level. This 
improves the noise immunity. The noise immunity is 
further improved by decreasing the delay of the 
delay element (Thapar); however there are limitations 
on decreasing Tkqer. The reduction of “keeper is done 
by increasing the sizes of transistors in the delay 
element; however, this upsizing increases power 
significantly [3]. 

Y 

Fig. 3. Conditional keeper domino logic 

We propose il new circuit that improves 
robustness and leakage-tolerance of high fan-in 
domino gates. Our technique uses smaller keeper 
transistor that results in less contention behveen the 
keeper and evaluation transistors. The performance 
is improved by utilizing a current niirror circoit in  
parallel with the evaloation network. 

The rest of the paper is organized as follows: in 
section 11, the metric used for noise imniunity 
measurement in our experiments is described. 
Section 111 describes our proposed circuit, and the 
sinlalation results are shown in section IV. Finally, 
section V concludes the paper. 

11. Noise Immunity Metric 

For comparing different circuit techiiiqucs for 
robustness to leakage and noise, we apply identical 
noises pulses to all inputs of the evaluation network 
during the evaluation phase, and the amplitude of tho 
resulting noise pulse at the output is measured. The 
noise immunity metric is the Unity Noise Gain 
(UNG), defined as the amplitude of the input noise at 
the input that causes the same amplitude of noise at 
the output [9]: 

L“ = (V,d,e; vno,w= V0”J (2) 

In this technique, a pulse noise emulates cross- 
talk type of noise at the input. The input noise level 
can be increased by increasing either the noise pulse 
duration or amplitude. In our experiments, we 
change the input noise level by changing its 
amplitude only. 

IIL Proposed Leakage Tolerant Domino 

Our proposed circuit technique for leakage 
tolerant domino is illustrated in Fig. 4. The transistor 
M7 is added to provide stacking effect for leakage 
reduction in the evaluation phase. However, 
increased height of transistor stack in  the evaluation 
path increases the evaluation delay. To reduce the 
evaluation delay, a current mirror (MS) is added in 

-,- -,- 

--++ 
Fig. 4. Proposed leakage tolerant domino 
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parallel with the evaluation network to increase the 
discharging current if the evaluation Fesults in 
discharging of the dynamic node. Tiaiisistor M9 
provides a feedback from the output to the dynamic 
node. It is added to be able to fully dischargc the 
dynamic node (to avoid short circuit current on the 
static inverter) if the dynamic node is discharged in 
the evaluation phase (output switches to higli). The 
proposed circuit works as follows: when the clock is 
low, the circuit is it1 the precharge phase, atid the 
dynamic node (dyn-node) gets precbarged to high. 
The footer transistor (M6) is off and therefore tlie 
current mirror (M8) is also off, pulling no current 
froiii the dynamic node (dyn-node). In tho evaluatioii 
phase when the clock is high, this circuit shows 
excelleiit noise immunity duo to the stacking effect 
offered by the transistor M7. When the clock is high, 
if all the inputs arc zero, this stacking effect reduces 
leakage of tlie evaluation network. Ilowcvor, if at 
least oiie of the inputs switches to high, theti tlic 
mirror transistor pulls large current from the 
dynamic node resulting in a high to low transition on 
tlie dynamic node. In this casu, output of the gate 
bansitions to high and the NMOS transistor M9 is 
htrned ON to firlly discharge tlie dynamic node. 

Fig. 5 shows typical simulated waveforms oftlie 
proposed circuit. The waveforms nro obtained by 
HSPlCE simulations of the G4-input OR gate in the 
worst case I,f conier of the 70-nni Berkeley 
predictive technology models (BPTM) [ I O ]  at 

1 lo'c and 0.9 V supply voltage. 

Iv. Simulation ReRults 

The dynamic OR gates based on the footless 
standard domino (SD) (Fig,2(b)), conditional keeper 
logic (CKL) (Fig. 3), and the proposed circuit (Fig. 
4) for fan-ins of 8, 16, 32, and 44 were designed in 
HSl'ICE at the worst case Ioff corner of tho 70nm 
Berkeley Predictive Technology node [ 101. For the 
standard domino logic, the keeper ratio (defined it1 
(1)) is increased froin 0.18 to 0.8 in order to extract 
different data points for delay and UNG. For our 
proposed circuit, tlie ONG-delay trade off is made by 
increasing the size of mirror transistor, M8 (Fig. 4). 

' I  

$--\ f--- 

The curves of UNG vs. delay for these circuits 
are illustrated in Pig. 6. As observed from this figure, 
our proposed circuit exhibits significant increase in 
UNG coinpared to the conventional techniques for 
all faill-ins. It is also evident from Fig. 6 that the 
effectiveness of the coiiventionaf keeper upsizing 
method is limited in terms of UNG improvement, 
especially for higher fan-ins, and results in 
considerable performancc degradation. Moreover, 
for each fan-in, if the UNG is required to be lorgcr 
tlian a certain amount, the proposed technique 
exhibits better perforinaiice. For example, it can be 
observed from Fig. 6 that if tlie required UNG for a 
16, 32, or 64-input domino OR gate is required to be 
greater than 0.2, tlieii the proposed impletnetttation 
shows better performoncc and robustness compared 
to tfie standard and conditional keeper doiriitio 
dcsigns. In the standard and conditioiial-koeper 
domino gates, the UNG considerably drops with fan- 
in increase; however, the UNG does not drop with 
fan-iii increase in the casc of the proposed domino. 
This is due to the fact that the voltage-drop across 
the footcr transistor (M7 in Fig. 4) increases with 
fan-in increase, causing higher gate switching 
voltage. Higher gate switching voltage improves 
noisc-iniinunity. We compare the noise-immunity of 
tlie different techniques under stline delay (iso-delay 
WG). For the proposed design the minimum delay 
point (tlic end point of the UNG-delay curves in Fig. 
6) is scleoted mid the UNG of that point is comparcd 
with the UNG of the corresponding standard and 
conditional-keeper domino designs at tho satne 
delay. Numerical results for W G s  under iso-delay 
condition are shown in Tablo 1. The proposed 
tecliniqiie shows UNG improvements of L O X ,  3.7X 
5.4X, and 17.7X compared to the standard domino 
for fain-ins of 8 ,  16, 32, and 64, respectively. Tliesc 
iiuproveiiietits are [.4X, 3.0X, 5.4X, and LO.6X 
coin pared to the conditional keepcr tecliii que. 

These results exhibit the superior noise- 
immunity of the proposed domino. l'he noise- 
immunity improvement is significantly higher for 
higher fan-in gates. This implies that the proposed 
technique is more effective €or high fan-iii gates in 
terms of performance and UNG improvemeal. The 
higher the fan-in is or the higher the required 
robustness is, the more performance itnprovemeiit is 
achieved by the proposed technique. The required 
UNO depends on technology atid surrounding 
circuits of the domino gates. The proposed circuit 
can be used for achieving high UNG for wide OR 
gates with comparable delays to conventional 
circuits. 

- 
6 1 1 1  a m -  I.&<* 1610 21.1. I E l d  1 1 1 I D  .e11 ..11 V. ConcIusions 
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Fig. 5, Simulated waveforms of proposcd circuit 
The tradeoff betweeti performance and robushiess 
for conveiitional domino gates is aoliieved by tlie 
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Fig. 6. UNG-delay curves (Prop=proposrd technique, CKL= Conditional Keeper Logic, SLk 
Standard Domino) 

Table 1. UNG Comparison under same delay 
1 LTNGof 1 UNGof I LJNGof I UNG I UNG improvement 

keeper upsizing. However, because of its significant 
delay overhead, this method i s  not a viable solution 
to maintain noise inmiunity of domino gates 
especially for wide OR gates i;i deep subeicron 
technologies. We hive proposed a new circuit 
techniclul: Cor improbing iobustness of high &"in 
domino gales while achieving a performance 
comparable tu that of conventional domino gates. 
The proposed technique shjws better improvements 
for higher fain-ins of' gates. The proposed technique 
enables robust use of high fan-in domino gates in 
scaled technologies. 
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