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PAPER INFO ABSTRACT

In this paper, a new circuit scheme is proposed to reduce the power consumption of dynamic circuits.
In the proposed circuit, an NMOS keeper transistor is used to maintain the voltage level in the output
node against charge sharing, leakage current and noise sources. Using the proposed keeper scheme, the
voltage swing on the dynamic node is lowered to reduce the power consumption of wide fan-in gates.
Furthermore, the subthreshold leakage current is decreased by using the footer transistor in diode
configuration and consequently, the noise immunity is increased in the proposed circuit. Simulation
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NOMENCLATURE
UNA Unity noise average t, Delay
FOM Figure of merit P Total power consumption

1. INTRODUCTION

Dynamic circuits are preferred as compared to static
ones due to their advantages including high speed, low
transistor count and reduced load capacitance [1].
However, dynamic circuits suffer from some drawbacks
such as lower noise immunity and higher power
consumption in comparison with static ones.

On the other hand, as the technology scaled down,
the supply voltage and the threshold voltage (V) is
scaled down to achieve low power consumption and
high performance[2-4]. Reducing the threshold voltage
increases the subthreshold leakage current exponentially
and hence the noise immunity is degraded especially for
wide fan-in gates.

Wide fan-in gates are mainly used in high-
performance applications such as read-out paths of
multiport memories, L1 caches, match lines of ternary
content  addressable memories (TCAMs), tag
comparators, programmable logic arrays (PLAs), and
wide multiplexers (MUXs). Therefore, improving the
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noise immunity, power consumption and performance
of the wide gates are of major issues in the modern
technologies.

To achieve the desired robustness, dynamic circuits
employ keepers to maintain the state of the dynamic
node during the evaluation phase, as shown in Figure 1.
A conventional keeper is a PMOS pull-up transistor
which compensates any voltage drop in the dynamic
node due to the charge sharing, leakage current, and
noise sources. However, the keeper transistor producesa
large contention current during the evaluation phase and
consequently increases the delay and power
consumption. Besides these disadvantages, the
conventional keeper cannot track process variations and
the leakage currents in the pull-down network.
Therefore, the conventional keeper limits the number of
pull-down legs [5]. Keeper upsizing is a traditional way
to achieve the desired noise immunity in recent
technology generations, but the power consumption and
delay are increased due to high current contention.
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Figure 1. Conventional dynamic circuit

Thus, there is a trade-off between noise immunity and
other design characteristics. Another issue is the leakage
current which accounts for a significant portion of the
total power consumption [6].

Several works have been presented in the literature
to address the above-mentioned issues. The existing
circuit techniques try to improve some of the design
characteristics at the cost of degrading others. These
circuits usually change the circuit topology of the
evaluation network or the keeper scheme. Recently,
some techniques have been proposed in the literature in
which the evaluation network and the keeper circuit are
restructured simultaneously to improve most of the
characteristics [7-10].

This paper presents a new circuit structure for wide
fan-in gates in which the traditional keeper is removed
and a new Kkeeper circuit scheme is employed to
alleviate the contention. In fact, the evaluation circuit is
modified to decrease the power consumption by
lowering the voltage swing on the dynamic node.
Furthermore, the noise immunity is increased due to the
stacking effect.

The rest of the paper is arranged in the
followingmanner. The proposed dynamic circuit is
presented in Section 2. Simulation results and
comparisons are explained in Section 3. Finally, the
conclusion is drawn in Section 4.

2. PROPOSED DYNAMIC CIRCUIT

The main idea in the proposed circuit is that the
traditional keeper is removed and a new keeper circuit
scheme is used to reduce the voltage swing on the
dynamic node. Since the voltage of the dynamic node is
discharged to a non-zero voltage, the traditional output
inverter is not applicable. This is due to the fact that
when the voltage of the dynamic node is equal to a non-
zero voltage, both PMOS and NMOS transistors in the
output inverter are turned on simultaneously and hence
the short circuit power is increased. For this reason, a
new circuit scheme is needed to generate the output
voltage, as illustrated in Figure 2.

As shown in Figure 2, both the evaluation network
and keeper circuit are reconstructed. Noted the dynamic

node is afloat in this circuit, but the voltage level of the
output node is maintained by the keeper circuit
including transistors Mz, M3, M4 and the NMOS keeper
transistor Mn. Therefore, any unwanted discharging in
the dynamic node cannot change the output level.

In The proposed dynamic circuit shown in Figure 2,
transistor Mpre is used to charge the dynamic node Dyn
in the precharge phase. In addition, transistors M and
Ms are employed to discharge nodes foot and Out,
respectively, in this phase.

Transistors Mz and M4 are employed as an inverter

in which the reference voltage (Vrer) is used to supply
the inverter. This inverter controls transistor My
according to the voltage of node foot. Since maximum
voltage established on node foot is lower than Vpp, Vget
is used instead of Vpp for proper operation. In fact, the
reference voltage is chosen such that transistor M4 can
be turned off when at least one conductive path exists in
the pull-down network and the voltage of node foot is
increased. Therefore, the value of Ve is chosen between
Voo and Ve (the threshold voltage of PMOS
transistors).
The value of reference voltage directly affects the
robustness and performance of the proposed circuit, thus
the effect of process variation can be reduced using an
appropriate reference circuit. To generate Vger in the
proposed circuit, the used reference circuit is the same
as presented by Asyaei and Ebrahimi [11]. This
reference circuit properly tracks the process variations,
as stated in the literature [11]. Therefore, the
performance of the proposed circuit is improved without
noise immunity degradation.

As shown in Figure 2, transistor My is configured in
the diode connection to achieve the following
advantages. First, the voltage at the dynamic node
cannot be reduced to the ground, thus the voltage swing
across the pull-down network is decreased. As a result,
the dynamic power consumption is reduced due to the
direct relationship between the dynamic power
consumption and voltage swing [1].

Second, the switching threshold voltage of the
proposed circuit is two times of the threshold voltage of
NMOS transistors due to the diode footer transistor My
[12].
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Figure 2. The proposed dynamic circuit
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Therefore, the noise immunity is increased because of
higher switching threshold voltage at the expense of
speed degradation.

Third, the subthreshold leakage current is reduced
because of the following reasons. 1) The threshold
voltage of transistors in the pull-down network is
increased due to the body effect. 2) The gate-source
voltage of these transistors becomes negative due to
some voltage drop on the node foot. 3) The drain-source
voltage of transistors in the pull-down network is
reduced due to this voltage drop.

In the proposed circuit, the voltage of node Dyn is
charged to Vpp in the precharge phase and conditionally
discharged to a non-zero voltage in the evaluation
phase. Thus, in the proposed circuit like the
conventional circuit, any noise source must be able to
discharge node Dyn from Vpp. As a result, swing
reduction does not degrade the noise immunity in
comparison with other dynamic circuits. However, the
minimum supply voltage is increased in the proposed
circuit compared to the conventional circuit due to the
lower voltage swing on node Dyn. For example, if node
Dyn is discharged to Vpp/2, the minimum supply
voltage would be 2Vy which is needed to turn on
transistor Mp.

Referring to the circuit schematic shown in Figure 2,
two operating phases of the proposed circuit are
described in detail as follows.

In the precharge phase, input and clock signals are in
the low level (CLK=’0" in Figure 2). Therefore,
transistors Mpre, M1, Ms, Ms and My are ON and
transistors M, Mz and Mp are OFF. Therefore, the
dynamic node Dyn is charged to Vpp via transistor Mpye
and node A is charged to Vi through transistor Ma.
Also, transistors M; and Ms will discharge nodes foot
and Out to the ground, respectively. Since Ve is lower
than Vpp, the conductance of transistor My is not
enough to discharge the load capacitance on the output
node. Thus transistor Ms is necessary to reduce the high
to low transition time. In addition, transistor M; is
required to discharge node foot; otherwise, the wrong
output may be generated due to charging this node in
the previous clock cycles.

In the evaluation phase, the clock signal is high
(CLK="1"in Figure 2) and input signals can be high.
Therefore, transistors Mpe, M: and Ms are OFF.
Transistors M, Ms; and Mp become ON or OFF
according to the input signals. Two states may happened
depending on the input signals. First, there is no
conductive path in the pull-down network and the only
current is the subthreshold leakage current. As
mentioned earlier, the subthreshold leakage current is
lowered because of three reasons. As a result, transistor
Mn remains ON and keeps the output voltage level.

At the Second state, at least one conductive path is
established across the pull-down network. Thus, nodes

Dyn and foot are decreased and increased, respectively
to reach the same non-zero voltage, as shown in Figure
3. Therefore, transistors M3 and My are turned ON and
OFF, respectively. In addition, transistor Mp is turned
ON. Finally, the output voltage level become high.

4. SIMULATION RESULTS AND COMPARISONS

The studied circuits are simulated to compare with the
proposed circuit (Figure 2). Simulations are done using
HSPICE simulator in the GPDK 90nm CMOS
technology model using the standard performance
transistors. The power supply is set 1V and the hotspot
temperature of 110°C is used for simulations. In
addition, the output capacitance load of 5fF is used in
this paper.

The wide fan-in OR gates with 8, 16, 32, 64 inputs
are designed using the studied techniques and the
proposed circuit. Furthermore, simulations are
performed using the simulation framework presented
in[13]. These wide OR gates are designed to obtain the
same propagation delay for a given input, i.e., 70, 80,
90, and 110 ps for 8, 16, 32 and 64-input OR gates,
respectively.

For all circuits, the length of all transistors is set to
the minimum size. The width of transistors in the pull-
down network is set to the minimum width. The width
of other transistors is initially set to the minimum size
and it is necessarily changed to achieve the same delay
for a given fan-in.

In the proposed circuit (Figure 3), the size of
transistor Mp is changed to achieve the specific delay.
Other transistors are set to the minimum size.

A comparison of the estimated area for 32-input OR
gates is shown in Figure 4. The results are normalized to
the consumed area of the conventional circuit. As it is
shown, the proposed circuit and the conventional design
have the smaller normalized area compared to other
designs under the same delay, respectively.

Precharge Phase Phase

Voltage (V)

S00m \: Vref
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Figure 3. Waveforms of the proposed circuit
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Figure 4. Comparison of the normalized estimated areaunder
the same delay

To compare the noise immunity of the circuit
techniques, a noise metric called the unity noise average
(UNA) is used in this study. It is defined as the
amplitude of the input noise causing the same voltage
average at the output node [14]. This metric is expressed
as:

UNA = {vnoise v noise g :VoutAvg } (1)

To compare the UNA of the studied circuits, the
amplitude of the input noise is varied until the voltage
average of the output signal becomes equal to that of the
input noise. To measure the UNA in the worst case,
identical noise pulses are applied to all inputs of the OR
gate.

Numerical results for normalized UNAs are listed in
Table 1. Simulation results are normalized to the UNA
of the conventional circuit to have a better comparison.
In addition, all simulations are done in the same delay
for a given fan-in, as mentioned earlier.

As seen in Table 1, UNA of the proposed circuit is
higher than other studied circuits except for the circuit
proposed in the literature [9]. Noted the proposed circuit
suffers from the higher consumed area and static power
consumption compared to the other proposed circuit. In
the proposed circuit, noise immunity is increased due to
the lower leakage current and higher switching
threshold voltage in comparison with the conventional
circuit, as stated in Section 3. Simulation results exhibit
from 1.22 to 1.97 times improvement in noise immunity
compared to the conventional design.

TABLE 1. Comparison of UNAs normalized to the
conventional circuit under the same delay

Fan-in Conv. [71 [8] [9] [10] This work
8 1 151 1.09 1.64 1.69 1.22
16 1 1.69 1.21 1.87 1.46 1.44
32 1 1.79 1.29 212 1.64 1.65
64 1 1.86 1.59 231 1.79 1.97

A comparison of power consumption is shown in Figure
5. The obtained results are normalized to the power
consumption of the conventional circuit.

Simulation results demonstrate a reduction in
normalized power consumption from 48 to 52%
compared to the conventional circuit. As shown in
Figure 5, the proposed circuit has lower power
consumption in comparison with other circuits.

To compare studied circuits with each other, a
measurement of quality is required to account for noise
immunity, delay, and power consumption together. A
metric was defined in the literature [15] to consider the
power-delay product (PDP) and noise immunity. Since
the energy-delay product (EDP) is more important
parameter rather than PDP, the EDP is used in the defined
figure of merit (FOM). Since the EDP is equal to Py Xt p?
[1], the time delay has squared to consider this parameter.
Therefore, a figure of merit (FOM) is defined for the
examined circuits as follows:

UNA

FoM = @

t-nom “**P-nom

where  UNAnorm, tporm, and Penorm are unity noise
average, worst case delay and the total power
consumption of the circuit, respectively. All design
parameters are normalized to the conventional circuit
counterparts to consider the improvements.

The FOM of the simulated circuits is illustrated in
Figure 6. Simulations are performed for 32-input OR
gate under the same delay. As shown in Figure 6, the
proposed circuit achieved 3.17 times improvement in
FOM compared to the conventional circuit.

In order to consider the effect of process variation on
the proposed circuit, simulations are done on different
process corners. The process corners include fast
PMOS-fast NMOS (fPfN), slow PMOS-fast NMOS
(sPfN), fast PMOS-slow NMOS (fPsN) and slow
PMOS-slow NMOS (sPsN).
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Figure 5. Comparison of the normalized power consumption
under the same delay
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Figure 6. FOM of 32-input OR gates under the same delay

Simulation results for delay and power consumption of
the proposed circuit at different process corners are
illustrated in Figure 7. The delay and power
consumption of the proposed circuit are normalized to
those parameters in the typical process (i.e., typical
PMOS-typical NMOS (tPtN)), as shown in Figure 7.

According to this figure, normalized delay and
power consumption of the proposed circuit have
lowervariations in sPfN, fPsN corners compared to the
rest.

Furthermore, the proposed circuit is simulated at
three temperatures and different supply voltages to
consider voltage and temperature variation effects.
Simulation results are shown in Figures 8 and 9 for
several temperatures and supply voltages, respectively.
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Figure 7. Process variation effects on the normalized delay
and power of the proposed circuit
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Figure 8. Temperature variation effects on the normalized
delay and power of the proposed circuit
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Figure 9. Voltage variation effects on the normalized delay
and power of the proposed circuit

The delay and power consumption of the proposed
circuitare normalized to those parameters at 1V in
typical process at 110°C. As shown in Figure 8, the
normalized delay is slightly changed with the
temperature variations in the proposed circuit.

According to the simulation results illustrated in
Figures 7-9, the operation of the proposed circuit is not
failed due to the process, voltage and temperature
variations.

5. CONCLUSIONS

This paper introduces a new circuit scheme to improve
the noise immunity and reduce the power consumption
of wide fan-in gates in deep sub-micron CMOS
technologies. To achieve these benefits, re-engineering
of the conventional dynamic circuit is required. For this
reason, the keeper circuit and the evaluation network are
modified.

The main idea of the proposed circuit is based on the
use of a footer transistor in a diode configuration to
keep the voltage level of the output node against the
noise sources. Moreover, the power consumption is
decreased by reducing the voltage swing at the dynamic
node. Besides, by employing the footer transistor, the
subthreshold leakage current of wide fan-in gates is
reduced because of the stacking effect. That results in
more power reduction and noise immunity
improvement.

Simulation results demonstrate that the proposed
circuit has lower power consumption for wide fan-in
gates compared to the conventional circuit. Thus, the
proposed circuit is suitable to implement wide fan-in
gates which are usually employed in high-speed
applications like microprocessors.
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