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Leakage power and propagation delay are the two major challenges in designing CMOS VLSI circuits, in
deep sub-micron technology. This paper proposes a novel technique: Foot Driven Stack Transistor
Domino Logic (FDSTDL) for designing CMOS domino logic gates for the reduction in leakage power and
improved noise performance. Two, four, eight and sixteen input OR gates are designed using existing
and proposed techniques. These logic gates are simulated on the PTM 32 nm node using HSPICE (Level
= 54) in CMOS technology at a clock frequency of 100 MHz. Simulation results are compared based on
power consumption, propagation delay and unity noise gain. Simulation results show that proposed
domino technique has a maximum power reduction of 59.47% as compared to the CSK-DL technique
and maximum delay reduction of 44.6% as compared to the M-HSCD technique in CMOS technology.
� 2018 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wide fan-in dynamic logic gates are the preferred choice in
large memories and high-speed processors due to high speed and
smaller area characteristics as compared to static CMOS logic gates
[20]. The domino logic achieves high speed due to their lower noise
margin compared to the static CMOS logic. Low noise margin also
implies an increased sensitivity of the domino logic circuits
towards noise source. The noise immunity of domino logic circuits
can be increased by downscaling the technology. However, this
will increase the power consumption of the circuit. In order to
reduce the power consumption, the supply voltage is scaled down.
This increases the delay of the circuit. Therefore, to compensate for
this delay, threshold voltage scaling is done along with supply volt-
age scaling. Reduction in threshold voltage increases the speed of
the domino logic but decreases the noise immunity of the circuit
due to increase in sub-threshold leakage current [1,2]. Scaling of
technology reduces the thickness of gate oxide that causes an
exponential increase in subthreshold and gate leakage current.
This leakage current may discharge the precharge node of the
domino circuits. Therefore, leakage currents, noise sources, and
low threshold voltage degrade the performance of domino logic
circuits at high frequencies [17].
The Average power consumption of a domino logic gate is given
by the Equation [4]:

Pg ¼ Pshort þ Pswitch þ Pleakage ð1Þ
where Pshort is the short circuit power consumption due to the
shorting of the supply and ground.

Pswitch is the power consumed due to charging and discharg-
ing of the load capacitance.
Pleakage is the power consumed due to the gate and sub-
threshold leakage current.

To reduce various components of power consumption, device
dimensions and supply voltage are scaled down. Scaling of device
leads to an increase in the leakage current due to the unwanted
Short Channel Effects (SCEs) [5,19,22]. These short channel effects
reduce the effective channel length of the device, which in turn,
reduces the threshold voltage of the device.

To reduce the power consumption in domino logic circuits, sev-
eral techniques have been proposed in the previous papers
[7,11,13]. All of these techniques are modified form of the basic
Footerless Domino Logic (FLDL) [6] and Footed Domino Logic
(FDL) [6]. In these techniques, additional P and N channel transis-
tors and delay elements are used to reduce power consumption,
propagation delay and to improve the noise immunity of the dom-
ino circuits. Section 2 discusses these techniques in detail. Section 4
compares these techniques in terms of the power consumption,
propagation delay and unity noise gain. This paper proposes a
new domino technique for designing high-speed, large fan-in gates
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in deep sub-micron technology. The proposed technique uses
stacked transistors for reduction of leakage power and improve-
ment in noise performance. In the proposed technique, the con-
tention between the keeper and the evaluation network
decreases that reduces power consumption and propagation delay.
For large fan-in gates. the proposed circuit shows improvement in
noise performance by more than 1.4� compared to the existing
techniques.

This paper discusses existing Domino styles in Section 2. Sec-
tion 3 describes the proposed logic design using CMOS technology.
Section 4 compares the proposed circuit with existing domino
styles. Section 5 concludes the paper.
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Fig. 2. Effect of keeper sizing on power consumption of FLDL domino logic circuit.
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2. Domino logic styles

For implementing high-speed and high-performance micropro-
cessors, domino logic is preferred over other dynamic logic styles
due to lesser area and low power requirements [23]. Domino logic
uses only one PMOS transistor in Pull-Up Network (PUN) [19], thus
reducing the area and the power consumption compared to
dynamic CMOS logic that uses n (No. of inputs) PMOS transistors
in PUN. Noise immunity of domino circuit degrades due to the
excessive scaling of technology. In addition, subthreshold leakage
and gate leakage currents are major challenges in domino circuit
design [14].

First technique proposed for domino logic design was Footerless
Domino Logic [6] (FLDL) as shown in Fig. 1. In this technique, when
the clock is low during the precharge phase, the precharge transis-
tor (P2) turns ON and dynamic node charges to supply voltage
(VDD) through P2. When the clock becomes high in the evaluation
phase, the output of the circuit changes according to the inputs
applied in Pull-Down Network (PDN). At this time, keeper transis-
tor turns ON and connects the dynamic node to supply. Thus, pre-
vents any undesirable discharge of the dynamic node due to charge
sharing problem of Pull-Down Network [8,9]. Therefore, increase in
the size of keeper transistor improves the robustness of FLDL logic.

The keeper ratio [7,13] is given by:

K ¼ Wkeep

Weval
ð2Þ

where Wkeep is the width of keeper transistor and Weval is the width
of evaluation transistors. Therefore, on increasing K, the robustness
of the domino circuit increases with the increase in power con-
sumption and propagation delay.

Fig. 2 shows the variation of power consumption in FLDL dom-
ino circuit with the increase in the size of the keeper. As the size of
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Fig. 1. Footerless Domino Logic (FLDL).
keeper increase, power consumption increases due to increased
contention between the keeper and evaluation logic.

The major drawback of FLDL technique is that when all inputs
are low during the evaluation phase, a leakage current flow
through Pull-Down Network (PDN) due to subthreshold and gate
tunnelling current. In Footed Domino Logic (FDL) [6,15] technique,
this leakage current is reduced by inserting a footer transistor N1
in series with evaluation network as shown in the Fig. 3. The draw-
back of FDL technique is that footer transistor introduces a delay in
the circuit that reduces the speed of the circuit. The Robustness of
FDL decreases for high Fan-in gates [3].

To reduce the delay, current mirror transistors N2 and N3 are
inserted in the FDL logic shown in Fig. 4. These transistors reduce
delay but increase discharging current in the circuit. In order to
stop discharging of the dynamic node, transistor N4 provides a
feedback path from the gate of the current mirror to the output
of circuit as shown in Fig. 4. When dynamic node discharges to
the ground due to the presence of noise at the input, transistor
N4 connects the gate of mirror transistors to ground. In evaluation
mode, when the clock is high and all the inputs are low, the stacked
transistors N1, N2 and transistors in evaluation logic decreases
subthreshold current. In this way, the stacked transistor N2
improves noise immunity of the circuit. This technique is termed
as Current Mirror Footed Domino (CMFD) [10] logic.
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Fig. 3. Footed Domino Logic (FDL).
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In High-Speed Clock Delay (HSCD) [7,11] circuit shown in Fig. 5,
transistor N1 is ON at the beginning of precharge mode. Therefore,
node N connects to ground through N1. In addition, node GN is at a
low voltage that turns off N2. Transistor N1 turns off after a delay
equal to delay of two inverters. Therefore, voltage at node N
increases. The sizing of transistors in evaluation logic is done in
such a way that voltage at node GN remains low compared to the
Vth of N2. Therefore, N2 remains off in precharge mode. In evalua-
tion mode, N1 is off due to which voltage at node N is increased.
This voltage at node N biases the transistor in evaluation logic,
which decreases leakage current in evaluation logic thus reducing
the leakage power consumption. The speed of the logic increases
on increasing the size of N1, N2 or evaluation transistors. The volt-
age at node N decreases with increase in size of N1 and increases
with increase in size of evaluation transistors. Fig. 6 shows the
effect of variation of evaluation transistor width on delay of the
circuit.

In HSCD technique, an AND gate G and an NMOS transistor are
added to increase the speed of evaluation logic. This circuit is
modified form of HSCD technique [7]. Therefore, it is termed as
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Fig. 5. High-speed Clocked delay Domino Logic (HSCD).
Modified HSCD (M-HSCD) shown in Fig. 7. In M-HSCD technique,
dynamic node discharges when one or more inputs becomes high
during the evaluation mode.

At this time, the input A to gate G goes high. Input B to the gate
G also becomes high after two inverter delays. Therefore, the out-
put of G becomes high turning ON the transistor MD. In this way,
the evaluation speed increases. Except for this case, the AND gate
output remains zero. A major problem in the circuit is that in pre-
charge phase, the gate of N2 is in high impedance state that causes
additional power consumption [12].

In the circuit shown in Fig. 8, the problem of floating gate in M-
HSCD technique has been resolved. In this circuit, two NMOS tran-
sistors N2 and N3 are stacked between dynamic node and ground.
These two transistors turn ON according to the ON-OFF condition
of footer transistor N1. Here, the voltage at node N depends on siz-
ing of footer transistor and evaluation transistors. Voltage at node
N decreases with increase in size of N1 and increases with increase
in size of evaluation transistors. The voltage at node N is kept at a
minimum value to reduction of power consumption. This tech-
nique is termed as Conditional Evaluation Domino Logic (CEDL) [7].

Fig. 9 shows a domino logic technique in which voltage at node
N is given as feedback to transistors N2 and N3 for discharging
dynamic node. Here, transistor N2 reduces the voltage at node Q
to VDD -Vth that causes an increase in current through the keeper
transistor. Therefore, the robustness of circuit improves at a cost
of degraded noise performance. In the circuit, when the clock goes
high, the voltage at node N turns ON the transistor N3 that dis-
charges the dynamic node. This technique is referred as Condi-
tional Stacked Keeper Domino Logic (CSK-DL) [7] as shown in
Fig. 9.

Table 1 shows the differences in various domino logic styles
compared to standard footerless domino logic (FLDL) [6] style.
3. Proposed domino logic

The literature review of Section 2 discusses various techniques
for designing domino logic circuits. This section proposes a new
technique for designing domino logic. This technique is termed
as Foot Driven Stack Transistor Domino Logic (FDSTDL) shown in
Fig. 10.

The circuit has two sections, input section has a PMOS pre-
charge transistor P1, evaluation network consisting of NMOS tran-
sistors in parallel and a footer transistor N1 whereas output section
comprises of keeper transistor P2, static inverter and stacked
NMOS transistors N2 and N3. The inputs to the circuit are applied
through gate of the NMOS transistors in evaluation network. Tran-
sistor N2 is driven by the voltage at the foot N of evaluation net-
work whereas transistor N3 is driven by the output voltage.
Transistors N2 and N3 are used in a stack configuration. Whenever
there is a voltage drop across N1 due to noise pulses, transistor N3
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provides stacking effect by making the gate to source voltage of N2
smaller. This will reduce the leakage power of N2 and makes N1
conduct less.

The circuit operates in two phases:

i) Precharge phase: During the precharge phase, the clock is
low. Therefore, transistor P1 turns ON. The dynamic node
charges to VDD and output of the circuit goes low due to
the presence of inverter. This output drives the keeper tran-
sistor turning it ON and maintains the dynamic node to high
voltage. Thus, preventing any unwanted discharge of
dynamic node due to noise. At this time, transistor
N1 turns OFF, as the clock is low. Thus, preventing any
discharge of dynamic node. At this time, inputs are applied
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Table 1
Differences in various domino logic styles compared to standard FLDL.

S. No. Domino logic Style Comparison with standard Footerless Domino Logic (FLDL)

1 FDL A footer transistor N1 is added in the basic FLDL circuit to reduce leakage power by stacking effect.
2 CMFD Current Mirror transistors N2 and N3 are added in FDL to reduce delay and N4 is added to reduce the effect of noise.
3 HSCD Transistors N2, N3, and P3 are added in FDL circuit to maintain a dc bias voltage at foot node N to reduce the leakage current of

evaluation network. Clock to the transistor N1 is delayed by the two-inverter delay elements.
4 M-HSCD It is modified form of HSCD. An AND gate G and an N-channel transistor M0 is added in HSCD to increase the speed of evaluation

logic.
5 CEDL Stacked transistors N2 and N3 are added in basic footed domino logic to maintain the voltage at foot node N in order to reduce

leakage current. Node N drives N2 while delayed clock pulses drive M3.
6 CSK-DL Transistors N2, N3, N4, P2, and P3 are added in FDL. Transistors N2 and N3 help in discharging the dynamic node during the

evaluation phase.
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but since N1 is OFF, therefore these inputs have no effect on
output.

Now, if any of the inputs to PDN is high, then the voltage of
node N will be nearly equal to the voltage at the dynamic node
because N1 is OFF in precharge mode. At this time, N2 turns ON
while N3 remains OFF due to low voltage at the output. Therefore,
leakage power consumption of circuit reduces and noise perfor-
mance improves.

ii) Evaluation phase: During the Evaluation phase, the clock is
high. Therefore, transistor P1 turns off and transistor N1
turns ON. At this time, inputs are applied in the evaluation
logic. If any of the inputs in the evaluation logic goes high
during this phase, the corresponding N channel MOSFET
turns on connecting the dynamic node to ground. Therefore,
dynamic node discharges to low voltage and output of the
circuit goes high which is in accordance with the logic of
OR gate.

Here transistors N2 and N3 switch ON and OFF alternately
reducing the leakage current in the circuit. Here transistor N3
works as stack transistor. A delay is there between discharging of
the dynamic node and charging of the output node due to the pres-
ence of inverter between dynamic node and output.

3.1. Transistor sizing

In this paper, CMFD, CEDL, HSCD, M-HSCD, CSK-DL and pro-
posed technique are implemented in CMOS technology and simu-
lated in H-spice PTM 32 nm [24] node for comparing the results. To
reduce the propagation delay of the proposed circuit, the width of
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transistor N1 is (footer) taken as 4 Lmin whereas, for existing cir-
cuits, it is taken as 2 Lmin. Here, Lmin is the length of the channel,
which is taken as 32 nm. The width of N-channel transistors in
evaluation block (connected in parallel) is taken as 2 Lmin. The ratio
of the width of PMOS and NMOS transistors in the inverter (Wp/
Wn) is set to 2. The width of PMOS and NMOS transistors in the
inverter is set to 4 Lmin and 2 Lmin respectively. The width of keeper
transistor (P2) and the precharge transistor (P1) is set to 4 Lmin and
2 Lmin respectively. The width of transistor N2 is 6 Lmin and width
of transistor N3 is 2 Lmin.

The output waveforms of a 2 input OR gate implemented using
the proposed technique as shown in Fig. 11. The simulation is done
on H-Spice at PTM 32 nm [24] technology with a supply voltage of
0.9 V at a temperature of 25 �C. The output load capacitance is set
to 1fF. Clock frequency is set at 100 MHz (T = 10 ns). Here in_1 and
in_2 are the inputs to the OR gate. Dyn_node is voltage at the
dynamic node of the proposed circuit. It is shown in the graph that
Fig. 11. Transient waveform of 2 input OR gate designed us
the voltage at dynamic node is opposite to the voltage at output.
When the clock is low, the precharge transistor charges the
dynamic node. Therefore, dynamic node goes high and output goes
low due to presence of inverter. At this time, the inputs have no
effect on output. As clock goes high, output is changed in accor-
dance with applied inputs. In Fig. 11, P shows the precharge phase
and E shows the evaluation phase of the clock. During Evaluation
phase, when any one of the input goes high, the dynamic node
starts discharging. When dynamic node discharges fully, then the
output of circuit goes high after some delay due to the presence
of inverter. Fig. 12 shows the output waveforms of the proposed
circuit at a clock frequency of 1 GHz. Fig. 12 shows that the circuit
works well at higher frequencies and output of circuit is in accor-
dance with the OR gate logic. It is shown that as frequency
increases, the dynamic power consumption of circuit increases.

3.2. AND gate using proposed logic

In Fig. 13, a 2 input AND gate is designed using the proposed
FDSTDL technique. In AND gate, the evaluation logic transistors
N4 and N5 are connected in series. During the precharge phase,
the output of circuit remains high. During the evaluation phase,
when both inputs (in_1 and in_2) becomes high, transistors N4
and N5 turn ON and the dynamic node gets discharged. If any of
the inputs is low during the evaluation phase, the dynamic node
remains high and output remains low. The output waveforms of
2 input AND gate for different combinations of inputs is shown
in Fig. 14.

3.3. XOR gate using proposed logic

Fig. 15 shows the schematic of a 2 input XOR gate designed
using proposed FDSTDL technique. For XOR operation, the N4-N5
series combination is connected in parallel with the N7-N8 series
combination. Two inverters are added in the circuit for obtaining
complement of the inputs A and B.

The output of a 2-input XOR gate is represented by the
equation:
ing proposed (FDSTDL) logic at f = 100 MHz (T = 10 ns).



Fig. 12. Transient waveform of 2 input OR gate designed using proposed (FDSTDL) logic at f = 1 GHz (T = 1 ns).
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Y ¼ ABþ A�B

Fig. 16 shows the output waveforms of 2 input XOR gate
designed using the proposed technique. The output waveforms in
the figure show that proposed logic is suitable for implementing
XOR gate.

3.4. Small signal analysis

Fig. 17(a) and (b) shows the small signal equivalent circuit
model of PMOS and NMOS transistors respectively. The model is
taken from BSIM 4.0 UC Berkeley library [25]. The different
parameters used in this model are:
Vgs = voltage between gate and source
Vbs = voltage between bulk and source
id = drain current

gm ¼ Did
Dvgs

�
�
�
�
vds

¼ transconductance due to change in Vgs
gmb ¼
Did
Dvbs

�
�
�
�
vds ;vgs

¼ transconductance due to change in Vbs
Cgs ¼ 2
3
WLCox þ Cov ¼ gate-source capacitance

Cgb = bulk-gate capacitance
Cgd = gate-drain capacitance
Csb = source-bulk capacitance
Cdb = drain-bulk capacitance
1/ro = output conductance

For obtaining frequency response of the proposed circuit, AC
analysis of the 2 input OR gate is done by varying frequency from
1 Hz to 5 GHz. One of the inputs in OR gate is given 0.9 V (high)
(=�0.91 dB) while another input is kept low. The magnitude and
phase plot of output is shown in Fig. 18. It is shown in the figure
that the proposed circuit has a constant gain of �100 dB over a
large 3-dB bandwidth of 1.0037 GHz.
4. Results and discussion

Proposed FDSTDL technique and existing Domino techniques
discussed in Section 2 are simulated in 32 nm Predictive Technol-
ogy Model (PTM) node using H-spice. Two, four, eight and sixteen
input OR gates are implemented using existing and proposed tech-
niques and simulated in H-spice. Various metrics have been used
to measure the robustness and noise immunity of domino logic
gates. The metrics used in this paper are -



Fig. 14. Output waveforms of 2 input AND gate using Proposed Logic.
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Fig. 16. Output waveforms of 2 input XOR gate using proposed technique.
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Fig. 18. Frequency response of the proposed 2 input OR gate.
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i) Average power

Average Power (Pav) is calculated by transient analysis of the
circuit. In this paper, transient analysis is done for a time span of
100 ns. The frequency of the clock is set to 100 MHz for transient
analysis. Pulses of 0.9 V amplitude are applied to all the inputs of
the evaluation logic.

ii) Propagation delay

Propagation delay (tp) of the circuit is the time taken by signal
to propagate from input to output. Delay determines the speed of
the circuit. When circuit enters the evaluation phase, the delay is
measured. At that time, the inputs are applied to the circuit and
output is measured. For calculating the delay, any one of the input
signals is superimposed over the output signal. It is calculated as
[12,21]:

tp ¼ tpHH þ tpLL
2

ð3Þ

where tpHH is the delay between 50% level of rising input and output
and tpLL is the delay between 50% level of falling input and output.

iii) Unity noise gain

Unity Noise Gain (UNG) determines the performance of circuit
under noise. For calculating UNG, a small portion of the supply
voltage is applied as a pulse of very short duration to the input ter-
minals of evaluation logic. The amplitude of input pulse is
increased until the amplitude of output pulse becomes equal to
input noise pulse while keeping the width of input pulse constant.
This amplitude of the input pulse is the required Unity Noise Gain
(UNG). In this paper, a noise pulse of width 50 ps is applied at the
input and its amplitude is varied to obtain the required UNG
[4,6,7,16]. UNG is calculated as:

UNG ¼ ðVinðnoiseÞ : VinðnoiseÞ ¼ VoutÞ ð4Þ
iv) Power delay product

Power Delay Product (PDP) shows energy consumed in a
switchingoperation. It is given by [18] :

PDP ¼ Pav:tp ð5Þ
v) Standby power

Standby power is the power consumed by the circuit when all
the inputs to the circuit are set to zero.

vi) Energy delay product

Energy Delay Product (EDP) shows the energy efficiency of the
circuit in performing the logical operation. EDP is given by:

EDP ¼ PDP:tp ð6Þ
vii) Figure of merit

The Figure of Merit (FOM) is a quantity, which measures the
efficiency and effectiveness of the device. It can be calculated as:

FOM ¼ UNGNorm

Pdiss Norm:tp Norm:ANorm
: ð7Þ

where UNGNorm, Pdiss_Norm, tp_Norm, and ANorm are normalized values
of UNG, average power, propagation delay and area respectively.

Table 2 shows that proposed (FDSTDL) technique has lower
power consumption and propagation delay as compared to exist-
ing techniques. As shown, for a 2 input OR gate, the maximum
reduction in power is 59.43% as compared to CSK-DL technique
and maximum reduction in propagation delay is 36.23% as com-
pared to M-HSCD technique. The proposed technique has lesser
No. of transistors as compared to other existing techniques. There-
fore, the power consumption reduces in the proposed technique. In
addition, the transistors N2 and N3 provide stacking effect. In
stacking effect, transistors are stacked (series connected). When
any of the transistors in stack turns off, subthreshold leakage cur-
rent will reduce through the stack of transistors. The table shows
that proposed circuit has lower power-delay product and energy-
delay product compared to existing techniques due to lower power
consumption and less propagation delay.

Table 3 shows that for a 4 input OR gate, the maximum reduc-
tion in power is 59.47% compared to CSK-DL technique and maxi-
mum reduction in propagation delay is 31.96% compared to M-
HSCD technique.

Table 4 shows that for an 8 input OR gate, the maximum reduc-
tion in power is 57.22% as compared to CSK-DL technique and



Table 2
Comparison of various domino topologies based on Power, Delay, PDP and EDP for a 2 input OR gate.

Topology Average power (mW) Propagation delay (ps) Power-delay product (PDP) Energy – delay product (EDP) (�10�27) J2

CMFD 0.7468 43.99 32.85 1.45
HSCD 0.7830 38.3 29.98 1.15
M-HSCD 1.19 51.52 61.30 3.16
CEDL 0.8490 38.77 32.91 1.28
CSK-DL 1.48 39.87 59.00 2.35
Proposed (FDSTDL) 0.6003 32.85 19.71 0.65

Table 3
Comparison of various domino topologies based on power, delay, PDP and EDP for a 4 input OR gate.

Topology Average power (mW) Propagation delay (ps) Power-delay product (PDP) Energy – delay product (EDP) (�10�27) J2

CMFD 0.7587 46.11 34.98 1.61
HSCD 0.7964 37.14 29.57 1.1
M-HSCD 1.21 49.21 59.54 2.93
CEDL 0.868 40.24 34.92 1.41
CSK-DL 1.523 40.57 61.78 2.51
Proposed (FDSTDL) 0.6172 33.48 20.66 0.69

Table 4
Comparison of various domino topologies based on power, delay, PDP and EDP for 8 input OR gate.

Topology Average power (mW) Propagation delay (ps) Power-delay product (PDP) Energy – delay product (EDP) (�10�27) J2

CMFD 0.7932 50.97 40.42 2.06
HSCD 0.8416 38.42 32.33 1.24
M-HSCD 1.24 49.39 61.24 3.02
CEDL 0.8920 40.26 35.91 1.45
CSK-DL 1.606 41.35 66.40 2.75
Proposed (FDSTDL) 0.6869 34.75 23.86 0.83

Table 5
Comparison of various domino topologies based on power, delay, PDP and EDP for 16 input OR gate.

Topology Average power (mW) Propagation delay (ps) Power-delay product (PDP) Energy – delay product (EDP) (�10�27) J2

CMFD 1.141 62.47 71.27 4.45
HSCD 1.21 42.57 51.50 2.19
M-HSCD 1.45 51.74 75.02 3.88
CEDL 1.04 45.27 47.08 2.13
CSK-DL 1.857 46.80 86.90 4.07
Proposed (FDSTDL) 0.8550 40.94 35.00 1.43
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maximum reduction in propagation delay is 29.64% as compared to
M-HSCD technique.

From the results shown in Table 5, it is shown that for a 16
input OR gate, the maximum reduction in power is 53.95% com-
pared to CSK-DL technique and maximum reduction in propaga-
tion delay is 20.87% compared to M-HSCD technique. Tables 1–4
shows that the delay of the circuits is in ps while the period of
the clock is in ns. Therefore, the impact of delay is very less in
the circuit. In addition, above tables show that PDP and EDP are
least for proposed technique in all the OR gates. This shows that
proposed technique is effective in reducing power and is energy
efficient.

Fig. 19 compares different existing domino logic topologies
with the proposed technique based on normalized leakage power
consumption. The comparison is done for 2, 4, 8 and 16 input OR
gates. Fig. 19 shows that proposed technique is effective in reduc-
ing leakage power consumption.

Fig. 20 compares the normalized values of standby power con-
sumption for different domino logic circuits. For calculating
standby power calculation, all inputs to evaluation logic are set
to zero. For simulation of the proposed and existing circuits, clock
pulses of 0.9 V amplitude and 100 MHz frequency are applied. In
Table 6, different domino techniques are compared based on
standby power consumption. The table shows that proposed tech-
nique (FDSTDL) has least stand-by power consumption due to a
minimum No. of transistors.

Table 7 compares the Unity Noise Gain (UNG) of different exist-
ing domino logic circuits with the proposed domino logic. A higher
value of UNG shows better noise immunity. For calculating UNG,
noise pulse of varying amplitude and constant width is applied
at the input. The result shows that proposed technique has higher
noise immunity as compared to existing domino techniques.

Fig. 21 compares different domino techniques for 2, 4, 8 and 16
inputs OR gates based on normalized values of UNG. The proposed
circuit shows an improvement in UNG from 1.07� to 1.45� com-
pared to various existing techniques.

The Figure of Merit (FOM) of various domino logic techniques is
calculated by equation (7) using normalized values of UNG, area,
propagation delay and power dissipation. Table 8 shows the FOM
and area of 2, 4, 8 and 16 input OR gate for different domino tech-
niques. It is shown in the table that proposed circuit has higher
FOM compared to existing circuits. FOM shows the overall perfor-
mance of circuit in terms of noise, power and propagation delay.
The area of the proposed circuit is higher than CMFD, HSCD and
CEDL technique due to the large size of footer transistor in pro-
posed domino logic. Fig. 22 shows the comparison of existing
and proposed domino techniques based on normalized FOM. It is
shown in the figure that proposed technique has 5.56� higher
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Fig. 20. Comparison of the Normalized stand-by power of various domino techniques for 2, 4, 8 and 16 input OR gates. Normalization is done with respect to CSK-DL
technique.

Table 6
Comparison of various domino topologies based on Standby power for 2, 4, 8 and 16
input OR gate.

Standby power consumption (mW)

Topology OR2 OR4 OR8 OR16

CMFD 0.0748 0.0787 0.0766 0.0813
HSCD 0.0692 0.0911 0.0801 0.1116
M-HSCD 0.0898 0.1090 0.0971 0.1315
CEDL 0.0755 0.0955 0.0823 0.1320
CSK-DL 0.1091 0.1264 0.1154 0.1501
Proposed (FDSTDL) 0.0206 0.039 0.0277 0.0619

Table 7
Comparison of various domino topologies based on UNG for 2, 4, 8 and 16 input OR
gates.

Topology OR2 OR4 OR8 OR16

CMFD 0.711 0.615 0.602 0.558
HSCD 0.598 0.546 0.529 0.503
M-HSCD 0.649 0.562 0.546 0.516
CEDL 0.612 0.531 0.512 0.484
CSK-DL 0.542 0.477 0.462 0.429
Proposed (FDSTDL) 0.762 0.671 0.655 0.620
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Fig. 19. Comparison of Normalized leakage power consumption of various domino techniques for 2, 4, 8 and 16 input OR gates. Normalization is done with respect to CSK-DL
technique.
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FOM than other techniques for 2 input OR gate and 4.18� higher
FOM for 16 input OR gate.

Table 9 shows the simulation results for a 2-input AND gate
using existing and proposed techniques. It is shown in the table
that leakage power consumption is less in case of AND gates
compared to OR gates because transistors in the evaluation logic
of AND gate are connected in series. Thus, reduces leakage current
between dynamic node and ground. In addition, the delay of AND
gate is higher than the delay of OR gate due to the stacking of
transistors N4-N5 in evaluation logic. It is shown in the table that
proposed 2-input AND gate has lower power consumption, propa-
gation delay, EDP and PDP compared to existing techniques. In
addition, the proposed AND gate has higher UNG and FOM com-
pared to existing techniques for a 2-input AND gate.

Table 10 shows the simulation results for a 2-input XOR gate
using existing and proposed techniques. The power of the pro-
posed XOR gate is higher than the proposed OR gate due to addi-
tional inverters and transistors used in XOR gate. In addition, the
additional inverters increase the overall delay of the circuit. It is
shown in the table that proposed XOR gate has lower power con-
sumption, propagation delay, EDP and PDP compared to existing
techniques. In addition, the proposed XOR gate has higher UNG
and FOM compared to existing techniques for a 2-input XOR gate.

4.1. Monte carlo analysis

In order to verify the reliability and performance, the proposed
circuit is tested against variation of oxide thickness (process), tem-
perature and voltage. The experimental results for process varia-
tion are obtained by performing Monte-Carlo analysis of the
proposed circuit. Table 11 shows the mean (l), standard deviation
(r) and variability (r/l) of the 8-input proposed domino circuit
obtained using Monte-Carlo simulation. For this purpose, ten thou-
sand random samples (values) of oxide thickness (tox) is chosen in



Table 8
Comparison of various domino topologies based on Area and FOM for 2, 4, 8 and 16 input OR gates.

Topology OR2 OR4 OR8 OR16

Area
(�10�15) m2

FOM No. of
Transistors

Area
(�10�15) m2

FOM No. of
Transistors

Area
(�10�15) m2

FOM No. of
Transistors

Area
(�10�15) m2

FOM No. of
Transistors

CMFD 10.72 4.38 10 12.77 3.92 12 16.86 3.31 16 25.06 2.17 20
HSCD 13.79 3.14 14 15.84 3.32 16 19.94 3.08 20 28.13 2.41 24
M-HSCD 20.96 1.10 21 23.01 1.17 23 27.10 1.23 27 35.30 1.35 31
CEDL 14.82 2.72 15 16.86 2.57 17 20.96 2.55 21 29.15 2.45 25
CSK-DL 19.94 1.00 20 21.98 1.00 22 26.08 1.00 26 34.27 1.00 30
Proposed (FDSTDL) 15.07 5.56 9 17.12 5.40 11 21.22 4.85 15 29.41 4.18 19
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Fig. 22. Comparison of normalized FOM of various domino techniques for 2, 4, 8 and 16 input OR gates. Normalization is done with respect to CSK-DL technique.

Table 9
Comparison of various domino topologies based on average power, propagation delay, PDP, EDP, UNG and FOM for a 2 input AND gate.

Topology Average power (mW) Propagation delay (ps) Power-delay product (PDP) Energy – delay product (EDP) (�10�27) J2 UNG FOM

CMFD 0.6302 104.21 65.67 6.84 0.624 4.23
HSCD 0.6641 93.62 62.17 5.82 0.511 2.91
M-HSCD 1.0346 119.54 123.68 14.78 0.557 1.05
CEDL 0.7168 89.76 64.34 5.78 0.538 2.78
CSK-DL 1.2625 94.02 118.70 11.16 0.482 1
Proposed (FDSTDL) 0.5152 79.11 40.76 3.22 0.671 5.39

Table 10
Comparison of various domino topologies based on average power, propagation delay, PDP, EDP, UNG and FOM for a 2 input XOR gate.

Topology Average power (mW) Propagation delay (ps) Power-delay product (PDP) Energy – delay product (EDP) (�10�27) J2 UNG FOM

CMFD 0.9455 134.21 126.90 17.03 0.577 3.22
HSCD 1.0426 114.43 119.30 13.65 0.468 2.39
M-HSCD 1.4244 145.35 207.04 30.09 0.503 1.11
CEDL 1.1163 117.11 130.73 15.31 0.491 2.18
CSK-DL 1.7685 121.04 214.06 25.91 0.449 1
Proposed (FDSTDL) 0.7966 91.11 72.58 6.61 0.614 4.87
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Fig. 21. Comparison of Normalized UNG of various domino techniques for 2, 4, 8 and 16 input OR gates. Normalization is done with respect to CSK-DL technique.
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Table 11
Results for Monte-Carlo analysis of the proposed circuit.

Parameters Proposed (FDSTDL)

Mean (l) (in lW) 8.25
Standard deviation (r) (in lW) 0.178
Variability (r/ l) 0.021
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the range ± 10% of nominal value of different transistors in the cir-
cuit. For a variation of 10% in tox from its actual value, the proposed
circuit shows lower variability and standard deviation. This implies
that the proposed FDSTDL is reliable or robust in its class.

5. Conclusion

This paper proposes a novel approach for designing domino
logic circuits with reduced leakage power consumption and
improved noise performance characteristics by stacking of NMOS
transistors. The proposed design is compared with the different
existing domino techniques on the basis of power, delay, UNG,
and FOM. The proposed circuit has a maximum power reduction
of 59.47%compared with CSK-DL technique and maximum delay
reduction of 44.6% compared with M-HSCD technique in CMOS
technology. Noise immunity is compared based on UNG. In the Pro-
posed circuit, the maximum improvement in noise immunity is
1.45� as compared to CSK-DL technique and minimum improve-
ment is 1.07� as compared to CMFD technique. The FOM of the
proposed technique is 4.18� higher than other existing circuits
for 16 input OR gate. Based on the comparison of the proposed
domino technique with the existing techniques, we can observe
that the proposed technique is more efficient in terms of power
consumption, propagation delay, and noise immunity.
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