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Abstract— Domino logic finds a wide variety of applications in both static and dynamic random-access 
memories and in high-speed microprocessors. However, the main limitation of the domino logic-circuit family is 
the trade-off between the noise immunity and speed. In order to resolve such a trade-off, this paper proposes a 
domino logic that is based on floating-gate MOS (FGMOS) transistors. Compact-form expressions are derived for 
the noise margins for the low and high inputs as well as the propagation delays. The proposed scheme is verified 
by simulation adopting the  45 nm CMOS predictive technology model (PTM) with a power-supply voltage of     
1 V. The obtained results unveil that the proposed domino logic outperforms the conventional domino logic in 
terms of the power-delay product and the energy-delay product when realizing wide fan-in OR gates. The 
realized, with the proposed scheme, 16-input OR gate has an average power consumption of 3.7 µW and a 
propagation delay of 51 ps. 
 
Keywords— Domino logic; Floating-gate MOS transistor; Noise margin; Time delay. 
     

1. INTRODUCTION 

CMOS technology is a widespread and mature technology that can find many 

applications in many analog and digital circuits ‎[1, 2]. CMOS technology contains many logic-

circuit families including static-complementary CMOS, dynamic CMOS, differential-cascode 

voltage switch logic, current-mode logic, pass-transistor logic, NMOS logic, and pseudo-

NMOS logic ‎[3, 4]. Compared to the static-complementary CMOS logic-circuit family, the 

dynamic logic has smaller area and higher speed especially for wide fan-in logic circuits ‎[5, 6]. 

The dynamic logic can find applications in multiplexers, comparators ‎[7], microprocessor 

circuits ‎[8], and Schmitt triggers ‎[9]. However, this logic-circuit family is sensitive to the 

leakage (especially the subthreshold-leakage current), the cross-talk, and the noise effects. The 

latter three effects become more detrimental with technology scaling ‎[10, 11]. Also, its power 

consumption is relatively large due to the need to charge and discharge the dynamic-node 

capacitance ‎[12]. In case of domino AND gates, the need arises to increase the size of the 

devices in the pull-down network (PDN) in order to obtain acceptable performance. The 

matter worsens with increasing the fan-in. 

In this paper, a CMOS domino logic scheme is proposed that depends on using two 

floating-gate MOS (FGMOS) transistors; one of them acts as the keeper and the other one acts 

as a discharger. The latter transistor is connected in parallel with the PDN. A design 
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procedure for the proposed domino logic is presented. The effects of the parameters of the 

FGMOS transistors on the time delay and noise immunity are investigated. Also, the effects of 

the fan-in, the fan-out, the power-supply voltage, the keeper size, and the PVT (process, 

voltage, and temperature) variations are investigated. As will be illustrated throughout the 

paper, unlike the conventional domino logic, the proposed FGMOS-based domino logic is 

suitable for application with both wide fan-in AND and OR gates with a moderate area. 

The remainder of this paper is organized as follows: in Section ‎2, a brief review on the 

previous work on domino logic is given. In Section ‎3, the proposed FGMOS domino logic is 

presented. The quantitative analysis of the conventional and proposed domino logic is 

presented in Section ‎4. A design procedure for the proposed domino logic is presented in 

Section ‎5. The proposed domino logic is verified by simulation in Section ‎6. Finally, suitable 

conclusions are drawn and presented in Section ‎7. 

2. LITERATURE REVIEW  

In this section, a short literature review related to enhancing the performance of domino 

logic will be presented. Before delving into this survey, the operation of the standard domino 

logic is first discussed with the help of ‎Figs. 1 and 2. ‎Fig. 1 shows the circuit schematic of the 

standard domino logic while ‎Fig. 2 shows the clock signal, CLK, as a function of time ‎[13]‎. 

First, when the circuit is operating in the precharge phase, the CLK signal will be at logic “0.” 

As a result, the header transistor, MP, is activated while the footer transistor, MN, is 

deactivated. So, the dynamic-node capacitance, CL, is charged. Due to the deactivation of the 

footer transistor in this phase, the inputs have no effect on the status of the output. On the 

other hand, when the circuit is operating in the evaluation phase, the CLK signal will be at 

logic “1,” thus both MP and MN will change their states. During the evaluation phase, the 

dynamic-node capacitance either discharges or remains charged depending on the status of 

the inputs. In case the status of the inputs is such that there is no discharging path existing 

through the PDN, the keeper will take the mission of keeping the dynamic-node capacitance 

charged at VDD, thus compensating for the effects of the leakage current and charge sharing 

that inevitably occurs in the PDN. On the other hand, if the status of the inputs is such that a 

discharging path exists through the PDN, CL will be discharged. However, the contention 

current of the PMOS keeper slows down the operation of the circuit during the discharging 

process. Thus, the keeper must be a weak one ‎[13]. 

From the previous discussion, it is obvious that there is a trade-off between speed and 

noise immunity. Specifically, if the keeper size is increased to keep the dynamic node 

charged and enhance the noise immunity, its contention current increases and slows down 

the discharging process. The trade-off between speed and noise immunity in wide fan-in 

domino logic can be resolved by using a scheme of two main categories. The first category 

depends on rising the voltage at the source terminals of the PDN transistors ‎[14] while the 

second type depends on properly controlling the strength of the keeper ‎[15]‎. The first kind 

can be achieved by utilizing the stacking effect ‎[16] or modifying the PDN ‎[17]. On the other 

hand, the strength of the PMOS keeper can be controlled by appropriately changing its 

threshold voltage ‎[18]. This can be achieved by double capacitive body biasing. By this 

scheme, both the leakage power can be reduced and the speed can be enhanced ‎[19-21]. 

In  ‎[22, 23], the footer transistor is dispensed and a feedforward domino was adopted. 
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According to this technique, the speed is enhanced by a feedforward path; besides, the noise 

immunity is enhanced by adopting the self-reverse biasing ‎‎‎[24]. In ‎[25], a mirror version of the 

PDN is adopted in what is known as the “mirror technique” in order to enhance the noise 

immunity by raising the switching voltage of the upper PDN by virtue of the body effect. 

 

 
Fig. 1. Circuit schematic of the standard CMOS domino logic ‎‎[13]. 

 

 
Fig. 2. The CLK signal as a function of time during the precharge and evaluation phases ‎[13]. 

 

The dynamic power consumption can be reduced using a conditional keeper ‎[26]. This 

reduction was achieved by both reducing the swing of the dynamic-node voltage and 

separating the dynamic node from the PDN by the virtue of an NMOS device; this results in 

reducing the parasitic capacitance. In ‎[27], the dynamic-node voltage swing was controlled in 

wide fan-in gates. By this way, the power consumption was reduced without sacrificing 

speed, area, or noise immunity ‎[28]. The dynamic-switching power consumption can also be 

reduced by reducing the swing at the output node, then restoring this swing to rail-to-rail 

with the aid of a sense amplifier ‎[29, 30]. This technique seems attractive especially for heavy 

loads. 

The performance of domino logic can be enhanced by isolating the dynamic-node 

parasitic capacitance and the PDN which results in a reduced contention current. Other 

improvements in keeper operations can be found in ‎[19, ‎31-‎37]. The subthreshold-leakage 

current can be limited by serially connecting a diode-connected transistor to the PDN, thus 

utilizing the stack effect ‎‎[38, 39]. According to this technique, the evaluation phase can be 
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sped-up also with the aid of a current mirror. The keeper’s contention current can be reduced 

by both using a buffer to delay the keeper’s operation and in turn limiting its current 

significantly and adopting a variation-coupled keeper ‎[40]. The use of the variation-coupled 

keeper compensates for the leakage-current variation due to the PVT variations ‎[41]. Also, 

the contention current can be reduced by serially connecting a diode-connected NMOS 

transistor with the PMOS keeper ‎[42]. Using a current mirror can speed-up the operation 

during the evaluation phase by enlarging the discharging current of the dynamic-node 

capacitance ‎[43]. 

In ‎[44], a delay element along with the stack effect is utilized to reduce the contention 

current and enhance the noise immunity using FinFET devices. In ‎[45], a comparison was 

performed between the largest leakage current and a mirrored version of the current of the 

PDN. As a result, the contention current of the keeper reduces, thus reducing the power 

consumption and the time delay. According to the scheme of ‎[46], the output inverter was 

driven by the voltage difference between the lower and upper terminals of the PDN which 

causes the power consumption to reduce. In ‎[47, 48], a dual keeper with clock control was 

adopted to reduce the delay variability. This was achieved by using a feedback circuitry with 

reduced loop gain. The clock-delayed dual-keeper technique was utilized in ‎[49] to reduce the 

contention current. 

In ‎[50], a controlling network that consists of a PMOS device, a diode, and a delay 

element was added to control the keeper. According to this scheme, the power consumption 

and power-delay product are reduced by 31.42% and 31.91%, respectively, for 32-inputs OR 

gate. In ‎[51], the keeper was modified by adding in series an NMOS device. As a result, the 

contention current is eliminated at the beginning of the evaluation phase, thus reducing the 

power consumption. Singhal et al. have proposed using a gated clock and revised keeper to 

reduce the power consumption in the circuit by adding a multiplexer for gating the clock 

signal ‎[52]. 

In ‎[53], negative-capacitance circuits have been developed to mitigate the effect of the 

PVT variations, thus reducing the delay variability. However, this comes at the expense of a 

power penalty. In ‎[54], partial evaluation of the voltage in the computational block enhances 

the performance. Enhancing the power consumption and the noise immunity has been 

achieved in ‎[55] by using voltage comparison in which the voltages of the upper and the 

lower nodes of the PDN were compared. 

A comparator with a large bitwidth has been developed in ‎[56] in which a parallel 

prefix structure was used. According to this design, local interconnection of a limited number 

of CMOS gates was used, thus avoiding unnecessary voltage transitions. In ‎[57], a current-

race circuit was used in which a current proportional to the number of the activated inputs 

was generated. This scheme has a better speed at the expense of a power penalty. In ‎[58, 59], a 

dual keeper was adopted to reduce the delay variability. Finally, controlling the keeper 

current was achieved in ‎[60] by using an odd number of inverters. Other schemes can be 

found in ‎[61-65]. In the next section, the proposed domino logic is presented. 

3. THE PROPOSED FGMOS-BASED DOMINO LOGIC 

The proposed domino logic depends on using the floating-gate MOS (FGMOS) 

transistor. So, before presenting the proposed scheme, it is beneficial to give a short note 
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about the FGMOS transistor. The basic structure of an N-channel FGMOS transistor with n 

inputs is shown in ‎Fig. 3(a) in which two types for the gate are shown; the floating gate and 

the control gates at which the inputs are applied. The adopted symbols for the N-channel and 

P-channel FGMOS devices are shown in ‎Figs. 3(b) and (c), respectively ‎[66]. The floating gate 

is surrounded by an oxide and is not physically connected to any external voltage. On the 

other hand, the control (also known as input) gates are connected to control voltages, v1, v2, 

…, and vn ‎[66]. So, the floating gate is capacitively coupled to the input voltages that are 

connected to the control gates. The equivalent circuit adopted for the FGMOS transistor is 

shown in ‎Fig. 3(d) ‎[67]. According to this equivalent circuit, the gate of the adopted NMOS 

transistor plays the role of the floating gate of the FGMOS transistor. Ci represents the input 

capacitance between the floating gate and the ith input and CG represents the capacitance 

between the floating gate and the substrate of the transistor which is connected to ground. 

The control voltages determine the drain current by what are known as the input-

capacitive coupling ratios ‎[66]. It can be shown that the gate-to-source voltage, vGS, of the 

FGMOS transistor in the saturation region is given by 

                                   (1) 

where ki is the input-capacitive coupling ratio for the ith gate which is given by ‎[66] 
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For illustrating the proposed scheme, refer to ‎Fig. 4. As shown in this figure, there are 

two modifications compared to the conventional domino logic. The first one is the 

replacement of the PMOS keeper by a P-channel FGMOS transistor, MPKP, with its two control 

gates connected to the clock signal, CLK, and the output node. The second modification is the 

connection of an N-channel FGMOS transistor, MND, in parallel with the PDN with its two 

control gates also connected to the CLK signal and the output node. 

The circuit operation proceeds as follows: During the precharge phase, the CLK signal is 

at 0 V, thus activating MP and deactivating MN with the result of charging CL. The FGMOS 

keeper, MPKP, turns on when the voltage at its floating gate becomes smaller than VDD – 

|Vthp|, where Vthp is the threshold voltage of PMOS devices. By proper choice of the 

capacitive-coupling ratio associated with the keeper, MPKP can be activated at a relatively early 

time compared to that of the activation of the conventional PMOS keeper, thus speeding-up 

the precharge phase. 

During the evaluation phase, the CLK signal is at VDD, thus acting to reduce the 

conductivity of MPKP and increase the conductivity of MND waiting for the output voltage, vout, 

to decide on the final voltage at the floating gate of each of these two devices. If the input-bit 

pattern is such that the PDN is activated, CL will be discharged with a smaller contention 

current from the added FGMOS keeper compared to the conventional one and a larger 

discharging current due to the added FGMOS discharger. Thus, the speed-up according to the 

proposed scheme is twofold and the discharging time delay is certainly smaller than that of 

the conventional domino logic. The noise immunity, however, is not sacrificed as will be 

illustrated in Section 6. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. a) Basic structure of an N-channel FGMOS transistor with the floating gate and the n–input control gates 
shown; b) the adopted symbol for the N-channel FGMOS transistor; c) the adopted symbol for the P-channel 

FGMOS transistor ‎[66]; d) the adopted equivalent circuit of the FGMOS transistor ‎[67] ( vD and vS are the drain 
and source voltages, respectively). 
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Fig. 4. Circuit schematic of the proposed domino logic (K and D in MPKP and MND refer to keeper and discharger, 

respectively). 

4. CIRCUIT DESIGN ISSUES 

In this section, the proposed domino logic is investigated quantitatively and compared 

with the conventional domino logic. Specifically, compact-form expressions are derived for 

the noise margins for the low and high inputs and for the propagation delays. Due to its 

simplicity, the square–law MOSFET model is adopted in the derivation. The model of ‎[68] is 

adopted here for the FGMOS transistors. Assume that the input-capacitive coupling ratios are 

defined as follows: k1 is the input-capacitive coupling ratio associated with the CLK signal and 

the PMOS keeper, k2 is the input-capacitive coupling ratio associated with the output node 

and the PMOS keeper, k3 is the input-capacitive coupling ratio associated with the CLK signal 

and the NMOS discharger, and k4 is the input-capacitive coupling ratio associated with the 

output signal and the NMOS discharger. 

4.1. The Noise Margins 

In this subsection, expressions of the critical points that determine the noise margins for 

the low and high inputs are derived. These critical points are the output-low voltage, VOL, the 

output-high voltage, VOH, the input-low voltage, VIL, and the input-high voltage, VIH ‎[13]. The 

noise margins for the high and low inputs can thus be found from ‎[13] as 

            (3) 

and 

,             (4) 

respectively. For the conventional domino logic, the values of VOL and VOH are 0 V and VDD, 

respectively. Since the NMOS transistors of the PDN begin to conduct during the evaluation 

phase when vin is equal to Vthn, VIL can be taken equal to Vthn. Also, VIH can be taken 

approximately equal to VIL ‎[13]. So, the noise margins for the low and high inputs are not 

equal. 
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This is in contrast to the proposed domino logic in which the noise margins for the low 

and high inputs can be equalized by proper choice of the input-capacitive coupling ratios and 

the aspect ratios as will be seen shortly. Toward finding VIL and VIH for the proposed domino 

logic, assume that the voltage across CL is 𝑉𝐶𝐿 . Also for simplifying the analysis, the PDN is 

represented by a single NMOS transistor and the series connection of this transistor and the 

footer is represented by a single NMOS transistor, MNeq, with an aspect ratio that is given by 

,           (5) 

where (W/L)n, (W/L)nF, and (W/L)neq represent the aspect ratios of the transistor equivalent to 

the PDN, the footer transistor, and the transistor equivalent to the PDN and the footer, MNeq, 

respectively. For finding the expression of VIL, note that when vin is equal to VIL, 𝑉𝐶𝐿 is close to 

VDD. So, MPKP operates in the deep-triode region while both MNeq and MND operate in the 

saturation region. Applying KCL at the dynamic node results in 

        (6) 

(W/L)pKP, (W/L)neq, (W/L)nD, kn’, Vthn, and λn are the aspect ratio of MPKP, the aspect ratio of 

MNeq, the aspect ratio of MND, the process-transconductance parameter, the threshold voltage, 

and the channel-length modulation effect parameter of the NMOS devices, respectively. The 

corresponding parameters for the PMOS devices are represented by a subscript, p, instead of 

n. In writing Eq. (6), the term containing vSD squared for the keeper transistor was neglected in 

the deep-triode region, where vSD is the source-to-drain voltage. Differentiating Eq. (6) with 

respect to vin results in 

    (7) 

Putting 𝑑𝑣𝑐𝐿/𝑑𝑣𝑖𝑛 equal to -1, substituting vin by VIL, and approximating 𝑣𝐶𝐿  by VDD result in 

the following expression for VIL 

            (8) 

where a, b, and c are given by 

             (9) 
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respectively. The expression of VIH can be found in a similar manner. In this case, 𝑣𝐶𝐿  will be 

close to 0 V, so both MND and MNeq operate in the deep-triode region while MPKP operates in 

the saturation region. Alternatively, assuming that the investigated inverter is symmetric with 

equal noise margins for low and high inputs, then VIH can be written as 

          (12) 

Intuitively, increasing the aspect ratio of a certain device decreases its equivalent resistance. 

The dynamic-node voltage can be estimated in a voltage division between the upper 

equivalent resistance representing the PMOS keeper and the lower parallel combination of the 

equivalent resistance representing the NMOS discharger and that representing the PDN and 

the footer transistor. Also, increasing a certain input-capacitive coupling ratio weakens the 

strength of the associated P-channel FGMOS device and increases the strength of the 

associated N-channel FGMOS device. So, both VIL, VIH, and in turn the noise margins can be 

properly determined by suitably selecting the aspect ratios of the transistors and the input-

capacitive coupling ratios with the aid of the equations derived above. Refer to ‎Fig. 5 for the 

plots of the average noise margin of the proposed domino logic versus the various transistor 

sizes. 

Finally, note that according to the performed analysis, the average noise margin of the 

proposed domino logic is approximately independent of both k2 and k4. This can be attributed 

to the fact that these two capacitive-coupling ratios are related to the inverter output. This 

output signal is certainly delayed by the propagation delay of the inverter, thus leading to 

weakening their effects on the strength of the two FGMOS devices. 

4.2. The Propagation Delays 

The discharging time delays of the dynamic-node capacitance are quantified in this 

subsection for the conventional and proposed domino logic with the 50% criterion adopted. 

Due to the transition of the devices between several regions of operation during the 

discharging process, the estimation of the propagation delays using the drain-current 

equations is in fact formidable. As an alternative way, the transistors are substituted by their 

equivalent resistances. The following expression is adopted for the equivalent resistance ‎[13]: 

          (13) 

where vGS represents the gate-to-source voltage of the NMOS devices. Let RPKC and RNeq 

represent the equivalent resistances of the PMOS keeper according to the conventional 

scheme, MPKC, and the transistor, MNeq, respectively. Remember that MNeq represents the 

equivalent transistor representing the transistors of the PDN and the footer transistor. The 

resulting circuit is an RC one and is shown in ‎Fig. 6(a). This circuit is much simpler to analyze 

compared to the original one of ‎Fig. 4. The other parasitic capacitances are much smaller than 

CL and thus can be safely neglected. 
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Fig. 5. Average noise margin of the proposed domino logic versus the: a) aspect ratio of the transistor, MND;         
b) aspect ratio of the transistor representing the PDN; c) aspect ratio of the keeper transistor. 
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(a)               (b) 

Fig. 6. Equivalent circuit of the: a) conventional; b) proposed domino logic (letters N, first P, second P, and C refer 
to NMOS, PMOS, proposed, and conventional, respectively). 

 

For the conventional domino logic, during the time interval of interest 𝑣𝐶𝐿  lies in the 

range between VDD/2 and VDD which is larger than the midpoint of the inverter. So, vout is 

treated here as a constant and equal to 0 V. RPKC is thus given by 

         (14) 

Similarly, RNeq is given by 

         (15) 

Now, applying KCL at the dynamic node of the equivalent circuit of ‎Fig. 6(a), we get 

        (16) 

Taking into account that 𝑣𝐶𝐿  is initially at VDD, we get the solution of Eq. (16) as 

    (17) 

The time delay according to the conventional scheme, tc, is thus 

       (18) 

The equivalent RC circuit representing the proposed domino logic is shown in ‎Fig. 6(b). 

RND represents the equivalent resistance of the FGMOS discharger and RPKP represents the 

PMOS keeper according to the proposed scheme, MPKP. The magnitudes of the gate-to-source 

voltages of MND and MPKP are k3VDD and VDD(1 – k1), respectively. The time delay according to 

the proposed scheme, tp, is thus 
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In order for MPKP and MND to operate properly, the magnitudes of their gate-to-source 

voltages must be larger than the absolute value of their corresponding threshold voltages. 

Taking into account that vout = 0 V in the time interval of interest, we get the maximum value 

of k1 and minimum value of k3 as 

         (20) 

and 

           (21) 

respectively. It must be noted that more accurate expressions can be adopted for the 

equivalent resistances such as ‎[69] 

   (22) 

where α is a parameter that equals 2 for long-channel MOSFETs (with channel lengths larger 

than 10 μm) while its value is taken approximately equal to 1.3 for short-channel devices to 

account for the short-channel effects. Eq. (22) was based on the assumption that both vGS and 

vDS are equal to VDD in order to combine the effects of both the triode and the saturation 

regions ‎[69]. In the following graphs, both vGS and vDS are substituted by their average values 

during the region of interest. If the propagation delay is evaluated at the output node, the 

low-to-high propagation delay of the output inverter must be added. 

Finally, refer to ‎Fig. 7 for the plots of the discharging time delay of the proposed 

domino logic versus the various transistor sizes. Certainly, strengthening MND or the 

transistors of the PDN reduces the time delay. The opposite is true when strengthening the 

keeper due to increasing the keeper contention current. Also, the discharging time delay can 

be controlled with the proper choice of the input-capacitive coupling ratios except k2 and k4. k2 

and k4 affect the discharging time delay slightly for the same reason discussed earlier. 

5. DESIGN PROCEDURE 

The compact-form expressions derived earlier provide the designer with first-order 

estimations for the desired performance metrics such as the noise margins and the 

propagation delays. More accurate values can of course be found from simulation. However, 

the most important benefit that can be obtained from the previous quantitative analysis is the 

trend of the change of the performance metrics with the design parameters such as the aspect 

ratios of the transistors including the FGMOS discharger and keeper as well as the four input-

capacitive coupling ratios; the latter determine the amount of control of each of the control-

gate voltages on the strength of the FGMOS devices. This trend helps the designer to decide 

either to increase or decrease a certain design parameter in order to optimize the performance. 
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Fig. 7. Propagation delay of the proposed domino logic versus the: a) aspect ratio of the transistor, MND; b) aspect 

ratio of the transistor representing the PDN; c)  aspect ratio of the keeper transistor. 

 

The choice of the previous design parameters can proceed as follows: 

1. Taking into account the type of connections of the transistors in the PDN, replace the 

PDN with a single NMOS device with an appropriate aspect ratio. The term 
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“appropriate” means that the equivalent resistance of the PDN is as close as possible to 

that of the equivalent device such that the time delay evaluated by simulation for the 

PDN is as close as possible to that evaluated for the equivalent device. 

2. Choose the aspect ratio of the footer transistor to be the minimum acceptable value 

taking into account the effect of the process variations. According to Pelgrom’s law, the 

mismatch of the threshold voltage between two adjacent identically drawn transistors is 

inversely proportional to the gate area ‎[70, 71]. This is an obvious trade-off between the 

area overhead and the robustness of the designed circuit. 

3. Unless otherwise required by the PDN, choose the keeper to have the minimum aspect 

ratio. Specifically, if the PDN contains a large number of parallelly connected devices 

and charge sharing plays an important role in its performance, the keeper size should 

be increased. 

4. Decide on the optimum values of the input capacitive-coupling ratios associated with 

the two FGMOS devices by choosing appropriate values for the associated capacitances 

such that the propagation delay is at its minimum. 

5. If there is a trade-off between the propagation delay and the average power 

consumption, the power-delay product or the energy-delay product may play as the 

deciding factor. 

6. If the area limitation is not violated, the size of all the devices can be increased with a 

priority given to the device that is affecting the propagation delay more significantly. 

6. RESULTS AND DISCUSSIONS 

6.1. Simulation Setup 

In this section, the proposed FGMOS-based domino logic is verified by simulation using 

the 45 nm CMOS predictive technology model with VDD equal to 1 V ‎[72]. Unless otherwise 

specified, the following parameters are adopted: The number of the inputs is equal to eight, 

the aspect ratios of all the devices are taken equal to two, and the fan-out capacitance 

according to each of the conventional and proposed domino logic is taken equal to 5 fF to 

mimic a heavy load. The dynamic-node capacitance, CL, includes the wiring capacitance and 

the internal capacitances of the associated transistors of the PDN, the FGMOS discharger, the 

header, the keeper, and the output inverter. The wiring capacitance associated with each 

device is taken equal to 0.02 fF. The equivalent circuit of ‎[68] is adopted here for the FGMOS 

transistor. The floating-gate capacitance as well as the control-gate capacitances associated 

with both the FGMOS transistors are taken equal to 0.1 fF. Both the rise and the fall times of 

the clock signal are taken equal to 50 ps. An 8-input OR gate is adopted and the simulation is 

performed at 27 ºC. 

In the following discussion, the effects of changing the input-capacitive coupling ratios 

on the noise margin and the time delay are investigated. The proposed domino logic is also 

compared with the conventional domino logic. The simulation is performed for AND (series 

connection of NMOS devices in the PDN) and OR (parallel connection of NMOS devices in 

the PDN) gates. Also, the effects of the load capacitance, the power-supply voltage, the fan-in, 

and the keeper size on the performance of the proposed domino logic are investigated. 

Finally, the effects of the PVT variations are investigated. 
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6.2. Effect of the Input-Capacitive Coupling Ratios on the Noise Margin 

There are several performance metrics for estimating the noise immunity. The average 

noise margin, NM, is adopted here. For estimating the average noise margin, the voltage-

transfer characteristics (VTC) between the input voltage and the dynamic-node voltage at 

steady state are plotted as in ‎Fig. 8 for the conventional domino logic. For the conventional 

domino logic with parallelly connected devices in the PDN, we get the following values: VOL 

= 0 V, VOH = VDD, VIL = 0.65 V, and VIH = 0.67 V for the case of one activated input and VOL = 0 

V, VOH = VDD, VIL = 0.43 V, and VIH = 0.45 V for the case of all activated inputs. If the noise 

margins for low and high inputs, NML and NMH, are taken as the average of these two cases, 

we get NML = 0.54 V and NMH = 0.44 V. For the case of the PDN with series connection, we 

get the following values: VOL = 0 V, VOH = VDD, VIL = 0.89 V, and VIH = 0.91 V which 

correspond to NML = 0.89 V and NMH = 0.09 V; a very poor noise margin for high input. Also, 

the two noise margins are far from equal in spite of the fact that the aspect ratios of the NMOS 

devices in the PDN are set equal to six. This implies that in order to obtain equal noise 

margins for the conventional domino logic in case of serially connected devices in the PDN, 

the area wasting is expected to be very large. 
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Fig. 8. Voltage-transfer characteristics of the conventional domino logic for the case of: a) parallelly connected 

devices with eight activated inputs; b) serially connected devices in the PDN. 



425                                             Jordan Journal of Electrical Engineering. Volume 9 | Number 3 | September 2023 
 

 

 

For the proposed scheme, on the other hand, it is beneficial to decrease k3 in order to 

increase the average noise margin as shown in ‎Fig. 9 for the two cases of one and all activated 

inputs in case of parallelly connected devices. This is an expected result as reducing k3 

weakens the ability of the clock signal to discharge CL during the evaluation phase. On the 

other hand, the output voltage will have an increased relative strength in controlling MND and 

in turn on the discharge of CL and increasing the noise margin. There are two main 

advantages of the proposed domino logic; the first one is that the noise margins for both low 

and high inputs can be tailored by choosing appropriate values for the input-capacitive 

coupling ratios. They can also be equalized. The second advantage appears in case of the 

series connection for the PDN devices in which the aspect ratios of the PDN devices are equal 

to two. This aspect ratio must be compared with six for the conventional domino logic, thus 

there will be a significant saving in area. The effects of the other coupling ratios can be 

investigated similarly. 
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Fig. 9. Relationship between the input-capacitive coupling ratio, k3, and the average noise margin for: a) one 

activated input; b) all activated inputs in case of parallelly connected devices. 
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6.3. Effect of the Input-Capacitive Coupling Ratios on the Time Delay 

The 50% criterion is adopted for evaluating the time delay. For the OR gate, the time 

delay of the conventional domino logic varies from 139 ps (for eight activated inputs) to 142 

ps (for one activated input). For eight serially connected devices, the minimum aspect ratio 

required for the PDN devices is six in order for the devices to be able to discharge CL in spite 

of the contention current and thus obtain an acceptable noise margin. This is certainly an area 

penalty especially for increased number of inputs. The time delay associated with the latter 

case is 180 ps. In contrast to this, according to the proposed domino logic in case of the series 

connection of devices, there is no need to increase the aspect ratios of the devices above two in 

order to discharge CL as in the case of the conventional domino logic; a significant saving in 

area. In addition, the rapid discharging of the dynamic-node capacitance results in a signal 

with a small fall time, thus reducing the short-circuit power consumption of the following 

inverter. 

In the following, the performance of the proposed domino logic is verified with the 

effects of the input-capacitive coupling ratios on the time delay investigated. The input-

capacitive coupling ratio can be simply adjusted by using suitable values for the 

corresponding input capacitance. Refer to ‎Fig. 10 for the relationships between these coupling 

ratios and the discharging time delay of the dynamic-node capacitance according to the 

proposed scheme for the case of parallelly connected devices in the PDN. The worst-case 

scenario; that is, one activated input, is adopted. It is apparent that the time delay 

monotonically decreases with increasing k3. This is certainly due to enhancing the strength of 

the FGMOS discharger, thus speeding-up the discharging process. However, this is not the 

case for the relationship with respect to k4 in which the time delay shows a monotonic 

increase as shown in ‎Fig. 10(b). This is due to the fact that the CLK signal is at VDD at the 

beginning of the evaluation phase in contrast to the output node which is at 0 V at the 

beginning of the discharging process. 

Concerning the effects of k1 and k2 on the time delay, it is beneficial to decrease the 

former and increase the latter as depicted in ‎Figs. 10(c) and (d). Clearly, weakening the 

FGMOS keeper reduces the contention current, thus the time delay reduces. Similar 

statements can be said with respect to the case of serially connected devices in the PDN; the 

corresponding plots are shown in ‎Fig. 11. 

6.4. Effect of the Fan-Out Capacitance 

Refer to ‎Fig. 12 for the effect of the fan-out capacitance on the discharging time delay 

and the average power consumption for the conventional and proposed domino logic. The 

time delay is evaluated in this subsection at the output node in order to evaluate the effect of 

increasing the fan-out capacitance. The average power consumption, Pavg, is obtained from 

simulation using the transient analysis at a relatively large time interval. 100 ns is the adopted 

time interval here and the clock frequency is taken equal to 1 GHz. The monotonic increase of 

the time delay and the average power consumption of both the conventional and proposed 

domino logic with the fan-out capacitance is expected. It is clear that the proposed domino 

logic has a lower time delay and power consumption for all values of the load capacitances. 
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Fig. 10. Relationship between the discharging time delay of the dynamic-node capacitance and each of the 
following input-capacitive coupling ratios: a) k3; b) k4; c) k1; d) k2 for OR gates. 
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Fig. 11. Relationship between the discharging time delay of the dynamic-node capacitance and each of the 

following input-capacitive coupling ratios: a) k3; b) k4; c) k1; d) k2 for AND gates. 
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(a)

(b)  
Fig. 12. Effect of the fan-out capacitance on the: a) discharging time delay; b) average power consumption. 

6.5. Effect of the Power-Supply Voltage 

The power-supply voltage scales down with scaling down the dimensions of the MOS 

transistors in order to obviate breakdown and reduce the dynamic-switching power 

consumption ‎[73]. So, investigating the performance of the proposed domino logic when 

scaling down VDD seems important. ‎Fig. 13 is the counterpart of ‎Fig. 12 but with the effect of 

the power-supply voltage on the discharging time delay and the average power consumption 

investigated. The reduction of the time delay and the increase of the average power 

consumption with increasing VDD are axiomatic. The proposed domino logic shows superior 

performance also with VDD reduction and thus the proposed domino logic seems attractive 

when applied on deep-submicron CMOS technologies. 
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Fig. 13. Effect of the power-supply voltage on the: a) discharging time delay; b) average power consumption. 

6.6. Effect of the Number of Inputs 

Since the domino logic is suitable for application with wide fan-in OR gates, its 

investigation under several number of inputs is very important. ‎Fig. 14 is the counterpart 

of ‎Fig. 12 but with the effect of the number of inputs on the discharging time delay of CL and 

the average power consumption investigated. The monotonic increase of the average power 

consumption of both the conventional and proposed domino logic with n is certainly due to 

the increase of the dynamic-node parasitic capacitance with increasing n. It is clear that the 

proposed domino logic has a lower power consumption for all the number of inputs. 

Although the dynamic-node capacitance according to the proposed domino logic is larger 

than that according to the conventional one, the reduction of the keeper current has the 

dominant effect. 
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Fig. 14. Effect of the number of inputs on the: a) discharging time delay of the dynamic-node capacitance;             

b) average power consumption. 

6.7. Effect of the Keeper Size 

Keeper transistors with sizes larger than the minimum one can be adopted when there 

is a significant charge sharing and leakage currents. In this subsection, the effect of the keeper 

size on the performance of the proposed domino logic is investigated. ‎Figs. 15(a) and (b) show 

the effect of increasing the keeper’s size on the time delay and the average power 

consumption, respectively. According to the conventional domino logic, when the keeper’s 

aspect ratio is increased above three, the dynamic-node capacitance does not discharge below 

VDD/2 resulting in an erroneous output. Thus, the corresponding plots are shown up to three 

only for the keeper’s aspect ratio. Besides, the discharging time delay increases significantly 

with increasing the keeper’s size. In contrast, with the proposed domino logic, the dynamic-

node capacitance can discharge below VDD/2 even if the keeper’s aspect ratio is increased 
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above ten and the discharging time delay increases at a much slower rate compared to that of 

the conventional scheme. However, this comes at the expense of a reduced noise margin as 

expected. Both the time delay and the average power consumption of the proposed domino 

logic are smaller than those of the conventional one for all sizes of the keeper. This is certainly 

due to the deactivation of the keeper by virtue of the use of the FGMOS device. 
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Fig. 15. Effect of the keeper size on the: a) discharging time delay; b) average power consumption. 

6.8. Effects of the PVT Variations 

In this subsection, the effects of the PVT variations on the effectiveness of the proposed 

domino logic are taken into account. This is performed in two ways; the corner analysis and 

Monte-Carlo analysis. 
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6.8.1. Corner Analysis 

The three process corners corresponding to the fast-fast (FF), typical-typical (TT), and 

slow-slow (SS) cases are investigated according to the following power-supply voltages and 

temperatures: Best case (FF, 1.1 V, 0 °C), typical case (TT, 1 V, 27 °C), and worst case (SS, 0.9 

V, 125 °C). The results of the corner analysis are shown in Table 1. The time delay is evaluated 

here at the output node in order to take into account the change of the current-driving 

capability of the output inverter with the PVT variations. The percentage change of the time 

delay between the SS and FF cases, referred to the typical case, is 11.6%. This represents a 

relatively small change with regard to the relatively wide temperature and power-supply 

voltage ranges between the SS and FF cases. This indicates the good robustness of the 

proposed domino logic with regard to the effect of the PVT variations. 

The significant change of the average power consumption with the change of VDD is 

axiomatic due to the direct proportion of the dynamic-switching power consumption, which 

represents the dominant part of the power consumption, with the square of the power-supply 

voltage ‎[73]. It should be noted that since the average noise margin is proportional to VDD and 

since the current-driving capabilities of the NMOS and PMOS devices change in the same 

way with temperature for both the conventional and proposed domino logic, the average 

noise margin will show the same trend of variation with these process corners in both types of 

domino logic. 

 
Table 1. Results of the corner analysis. 

Process corner Time delay [ps] Average power consumption [µW] 

FF 184.1                12.08 

TT 192.85                8.37 

SS 206.46                6.15 

6.8.2. Monte-Carlo Analysis 

To perform Monte-Carlo analysis, 10% Gaussian variations are assumed in each of the 

channel length and the channel width of each device. 1000 simulation runs are performed. 

According to this analysis, the mean value of the output is 0.95 V and the standard deviation 

is 0.014. 

6.9. A Figure of Merit 

Finally, a figure of merit, FoM, that gathers several performance metrics is defined for 

both the conventional and proposed domino logic to show a fair comparison. The adopted 

figure of merit is defined as follows: 

                                  (22) 

where A, td, and Pavg represent the area, the time delay, and the average power consumption, 

respectively. The area of the circuit was estimated as the transistor count. The area of the 

FGMOS device is taken proportional to the number of the control gates. Thus, each of the two 

FGMOS devices has an area equal to twice that of the conventional MOSFET. As indicated 

in ‎Fig. 16, the proposed domino logic has a superior performance for all number of inputs. 

avgd PAt
FoM

1

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Fig. 16. The proposed figure of merit versus the number of inputs. 

6.10. Comparison with Previous Works 

A comparison is portrayed in Table 2 (where NA means not available) between the 

proposed domino logic and some of the previously proposed schemes from the literature 

review. The load capacitance is set equal to 1 fF as this value represents the load adopted with 

most of the previous works. The keeper size is put at it its minimum and a 16-input OR gate is 

adopted. As shown in this table, although the two schemes of ‎[28, 47] have smaller power 

consumption, the proposed scheme has the lowest power-delay product because of its 

relatively low time delay. The area of the proposed domino logic is approximately the same 

as that of the schemes of ‎[47, 49]. All these merits come at the expense of the increased cost of 

the FGMOS device due to the need to use the double-polysilicon CMOS process ‎[67]. 

 
Table 2. Comparison between the proposed scheme and the reported domino logic schemes. 

Parameter 
Reference Proposed 

scheme ‎[28] ‎[46] ‎[47] ‎[49] 

Technology 
32 nm 

CMOS 

180 nm 

CMOS 

90 nm 

CMOS 

90 nm 

CMOS 
45 nm CMOS 

Power-supply voltage [V] 0.9 1.8 1 1 1 

Average power consumption [µW] 1.3635 20 3.1 NA* 3.7 

Time delay [ps] 452.5 180 70.92 ≈ 70 51 

Power-delay product [attoJoule] 743 3600 220 NA* 188.7 

No. of transistors 
11 + PDN 

= 27 

14 + PDN 

= 30 

8 + PDN 

= 24 

8 + PDN 

= 24 
8 + PDN = 24 

Noise margin [V] 0.265 0.6 NA* 0.28 0.4 

7. CONCLUSIONS 

In this paper, a domino logic based on floating-gate MOS transistors was proposed. 

Unlike the conventional domino logic which is suitable for realizing wide fan-in OR gates 

only, the proposed FGMOS based domino logic is suitable for realizing both wide fan-in AND 
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and OR gates. The main advantage of the proposed FGMOS-based domino logic is that the 

input-capacitive coupling ratios of the added FGMOS devices can be properly chosen with 

regard to the shape of the PDN so as to get the optimum performance. This is in contrast to 

the conventional domino logic in which the main design parameters are the aspect ratios of 

the transistors in the PDN and the keeper. By suitable choice of the input-capacitive coupling 

ratios of the adopted FGMOS transistors, a significant saving in the area overhead can be 

achieved in wide fan-in AND gates to obtain a certain time delay. Finally, the proposed 

domino logic showed better performance compared to the conventional one for wide fan-in 

gates with various load capacitances, reduced power-supply voltages, and increased keeper 

sizes. 
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