
 

ABSTRACT 

GUPTA, BARKHA. Power Contributor Modeling for Estimating Leakage Power Dissipated in a Design. 

(Under the direction of Dr. W. Rhett Davis and Dr. Paul D. Franzon.) 

Leakage power modeling in the context of a combinational logic circuit consisting of an inverter, a 2-input 

NAND gate, a 2-input XOR gate and a 4-input NAND gate from a 45 nm standard cell library has been 

illustrated in this document in detail. The leakage current through the subthreshold and gate leakage 

power contributors for these standard gates at all possible states, as identified by David Hathaway from 

IBM, were modeled with power supply, temperature and width using a non-linear regression tool in 

MATLAB. These leakage power contributor models deviated from the original results with an average 

error of 1.08% and a maximum error of 12.98%. 

The leakage power contributor models were then used to estimate the leakage power dissipated in the 

combinational logic circuit that was mentioned earlier. The limitation in the leakage power contributor 

definition to account for non-trivial gate currents flowing through channel contributors was mitigated by 

approximating the non-trivial gate current using existing contributors. The leakage power estimated in 

the circuit deviated from the original results with an average error of 1.78% and a maximum error of 

16.6%. An average speed up of 15287.09 was observed when the C-code version of MATLAB models was 

used to compute the leakage power in the circuit as against the SPICE simulator performing the 

computation. 
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CHAPTER 1 INTRODUCTION 
 

1.1 Motivation 

A steady decrease in the feature size of CMOS technology leads to an increasing speed and complexity in 

today’s designs. The complexity of today’s ICs, with over 100 million transistors, clocked at over 1 GHz 

implies a significant increase in power consumption of VLSI chips. In fact, power consumption is regarded 

as the limiting factor in continuing scaling of CMOS technology. A continued increase in the power density 

in digital chips has led to the emergence of dark-silicon many-core processors as the driver of CMOS 

technology. These processors require aggressive management of thermal and reliability concerns in order 

to deliver high performance with acceptable mean-time-to-failure [1]. For portable electronic devices, 

power consumption limits battery lifetime which is a decisive factor for the commercial success of the 

product. A high absolute level of power does not only concern economy and environment, but it also 

results in excessive heat dissipation which may require expensive heat removal systems to prevent the 

device from failure. 

To respond to these challenges, intensive research has been put into developing algorithms for 

temperature-reliability co-optimization of supply-voltage and frequency [2,3,4] as well as Power Aware 

Design (PAD) technologies, methodologies, and tools. PAD addresses not only the minimization of power 

consumption – known as Low-Power Design – but also the maximization of some other performance 

metric subject to a power budget [5]. PAD flows include tasks such as power specification, analysis, 

debugging, and optimization along with the usual design tasks of system specification, simulation, 

verification, and physical design. PAD has also led to the development of Common Power Format (CPF) 

and Unified Power Format (UPF) file formats for specifying power saving techniques early in the design 

cycle. Temperature-reliability co-optimization and the techniques involved in the PAD flows require 

accurate and extensive modeling capabilities. Thus, it is imperative to develop power consumption models 

which not only support accurate and fine-grained variability in power determinants such as voltage and 

temperature but are also faster than circuit simulators. 

Most research in the area of power consumption modeling depends on McPAT [6]. McPAT extrapolates 

power for a digital system at many temperature-voltage points based on measurements of a real system 

at a single temperature-voltage point. The plots below illustrate the inaccuracy of predicting system-level 

leakage power from a single point. Leakage currents can vary by a factor of 10 over a range of supply 

voltages and temperatures, as shown by a SPICE simulation using a commercial 45 nm SOI technology in 

figure 1.1 (a). Also, the off-currents of different gates with the same on-current vary due to the well-

known stack effect [7], illustrated in figure 1.1 (a) by the factor of 10 difference between the inverter and 

NAND4 gates. The stack-effect is often used to optimize leakage power, but it also complicates leakage 

power estimation, because the leakage current in each stack varies differently with temperature and 

voltage. As shown in figure 1.1 (b), leakage variance by a factor of 9 is observed for the inverter and by a 

factor of 14 for the NAND4 gate. If the inverter characteristic is used to predict the leakage of the NAND4, 

then an error of up to 100% for that gate will result. Therefore, in order to predict system-level power 

over a range of temperatures and supply-voltages, the number of each type of stack in the system must 

be known, and the leakage current characteristics of each stack must be re-computed and re-summed at 
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the last step of the calculation for every temperature-voltage point. The power contributor modeling 

discussed in this project addresses this requirement. 

 

Figure 1.1 McPAT's inaccuracy in predicting system-level leakage power 

1.2 Goal 

This project was focused on developing leakage power contributor models and determining their accuracy 

in estimating leakage power dissipated in a design. 

1.3 Thesis Outline 

The rest of this report is organized as follows. Chapter 2 discusses the characterization of power 

consumption and the concept of power contributors. It also presents the leakage power contributors for 

each possible state of a few standard gates. Chapter 3 discusses the approach used to develop models for 

the leakage power contributors and compares these models’ results to the simulated values. Chapter 4 

estimates the leakage power dissipated in a few circuit designs using the leakage power contributor 

models. Chapter 5 discusses the future scope of this research. Chapter 6 concludes the report. 
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CHAPTER 2 POWER CONTRIBUTOR CONCEPT 
 

2.1 Characterization of Power Consumption 

Power consumption in CMOS circuits can be classified into dynamic and static components. Dynamic 

power consumption has two components: charging and discharging of load capacitances and short-circuit 

power consumption. The former results from charging and discharging of load capacitances whenever 

switching occurs, while the latter results because of a momentary current that flows from VDD to ground 

through the low resistance path created by both the pull-up and pull-down networks operating in the 

“on” state. 

Static power consumption also has two components: subthreshold conduction through switched off 

transistors and tunneling current through gate oxide. The former results from the non-ideal behavior of 

the transistors in the “off” state e.g. small currents flow through the transistors even when they are 

switched off. The latter results because of the small thickness levels of the oxide layer, electrons can 

tunnel across the thin insulation resulting in tunneling current. 

Both the dynamic and static power consumption are state dependent i.e. the values of dynamic and static 

power consumption depend upon the state of the inputs. The dynamic power dissipated when an output 

of a circuit switches depends upon the input transition that caused the output switching as well as the 

state of the other inputs. Similarly, the static power dissipated varies with the input states. 

2.2 Power Contributors and their Classification 

Power contributors are separable components of power consumption. Different sets of power 

contributors are determined for each possible state or transition of the inputs of a circuit. Unlike 

traditional models, which rely on a circuit simulator to simulate transistor level operations and therefore 

are limited by the simulator’s run-time and capacity constraints, power contributor models utilize 

indirection by referencing the data characterized upon demand. The actual power value is excluded from 

these models making them PVT independent. 

There are three major types of power contributors for CMOS logic: leakage power contributor, dynamic 

capacitive charging and discharging contributors and dynamic short-circuit power contributors. This 

project focusses on modeling the leakage power contributors and determining their accuracy in 

estimating the leakage power dissipated in a design. 

2.3 Identification of Leakage Power Contributors for a few Standard Gates 

Leakage contributor identification begins by determining, for each cell state, all internal nets that are 

strongly driven to a supply rail, e.g., nodes driven to VDD through “on” PFETs and nodes driven to VSS 

through on NFETs [8]. These nets are then used to partition the cell into leakage contributors for the state 

[9].  Using this definition, David Hathaway of IBM decomposed all the cells from the 45nm NanGate 

standard cell library to yield 319 unique channel-leakage contributors and 2 unique gate-leakage 

contributors for all possible states of the cells, and numbered them sequentially. The channel contributors 
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account for subthreshold current flowing from a higher potential to a lower potential through an “off” 

(high-impedance) path and the gate contributors account for gate tunneling current flowing from a higher 

potential to a lower potential through the gate oxide layer. 

The following sections present the leakage power contributors for each state of a few standard cells from 

the 45nm NanGate standard cell library, which were used for leakage power estimation in this project. 

2.3.1 Leakage Power Contributors of an INVERTER 

Figure 2.1 shows the schematic of an inverter of strength 1 (INV_X1) from the 45nm NanGate standard 

cell library. 

 
Figure 2.1 INV_X1 Schematic 

Figure 2.2 shows the leakage power contributors of the inverter when input A is 0. With A being low, the 

PFET turns on and the NFET turns off making the output ZN high. This configuration gives us one instance 

of a gate leakage contributor (from a single “on” PFET) identified by a unique sequence number of 3 and 

one instance of a channel leakage contributor (from a single “off” NFET) identified by a unique sequence 

number of 6. 

 
Figure 2.2 Leakage Power Contributors of INV_X1 for A=0 state 

Figure 2.3 shows the leakage power contributors of the inverter when input A is 1. With A being high, the 

PFET turns off and the NFET turns on making the output ZN low. This configuration gives us one instance 

of a gate leakage contributor (from a single “on” NFET) identified by a unique sequence number of 2 and 

one instance of a channel leakage contributor (from a single “off” PFET) identified by a unique sequence 

number of 4. 
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Figure 2.3 Leakage Power Contributors of INV_X1 for A=1 state 

2.3.2 Leakage Power Contributors of a 2-input NAND gate 

Figure 2.4 shows the schematic of a 2-input NAND gate of strength 1 (NAND2_X1) from the 45nm NanGate 

standard cell library. 

 
Figure 2.4 NAND2_X1 Schematic 

Figure 2.5 shows the leakage power contributors of the 2-input NAND gate when both the inputs A1 and 

A2 are 0. With A1 and A2 being low, the PUN turns on and the PDN turns off making the output ZN high. 

This configuration gives us two instances of the gate leakage contributor 3 and one instance of a channel 

leakage contributor (from a 2-high stack of “off” NFETs) identified by a unique sequence number of 1. 

 
Figure 2.5 Leakage Power Contributors of NAND2_X1 for A1=0 and A2=0 state 
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Figure 2.6 shows the leakage power contributors of the 2-input NAND gate when input A1 is 1 and input 

A2 is 0. With A2 being 0, the PUN turns on and the PDN turns off making the output ZN high. This 

configuration gives us one instance of the gate leakage contributor 3 and one instance of a channel 

leakage contributor (from a 2-high stack of one “on” NFET in series with one “off” NFET) identified by a 

unique sequence number of 5. 

 
Figure 2.6 Leakage Power Contributors of NAND2_X1 for A1=1 and A2=0 state 

Figure 2.7 shows the leakage power contributors of the 2-input NAND gate when input A1 is 0 and input 

A2 is 1. With A1 being 0, the PUN turns on and the PDN turns off making the output ZN high. This 

configuration gives us one instance of the gate leakage contributor 3, one instance of the gate leakage 

contributor 2 and one instance of the channel leakage contributor 6. 

 
Figure 2.7 Leakage Power Contributors of NAND2_X1 for A1=0 and A2=1 state 

Figure 2.8 shows the leakage power contributors of the 2-input NAND gate when both the inputs A1 and 

A2 are 1. With A1 and A2 being 1, the PUN turns off and the PDN turns on making the output ZN low. This 

configuration gives us two instances of the gate leakage contributor 2 and two instances of the channel 

leakage contributor 4. 
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Figure 2.8 Leakage Power Contributors of NAND2_X1 for A1=1 and A2=1 state 

2.3.3 Leakage Power Contributors of a 2-input XOR gate 

Figure 2.9 shows the schematic of a 2-input XOR gate of strength 1 (XOR2_X1) from the 45nm NanGate 

standard cell library. 

 
Figure 2.9 XOR2_X1 Schematic 

Figure 2.10 shows the leakage power contributors of the 2-input XOR gate when both the inputs A and B 

are 0. With A and B being 0, the intermediate net, net_000 becomes high making the output Z low. This 

configuration gives us two instances of the gate leakage contributor 3, one instances of the gate leakage 

contributor 2, two instances of the channel leakage contributor 6 and one instance of a channel leakage 

contributor (from a 2-high stack of one “off” PFET in series with 2 “on” PFETS in parallel) identified by a 

unique sequence number of 20. 
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Figure 2.10 Leakage Power Contributors of XOR2_X1 for A=0 and B=0 state 

Figure 2.11 shows the leakage power contributors of the 2-input XOR gate when input A is 1 and input B 

is 0. With A being 1, the intermediate net, net_000 becomes low making the output Z high. This 

configuration gives us one instance of the gate leakage contributor 2, three instances of the gate leakage 

contributor 3, one instance of the channel leakage contributor 4, one instance of the channel leakage 

contributor 6 and one instance of the channel leakage contributor 5. 

 
Figure 2.11 Leakage Power Contributors of XOR2_X1 for A=1 and B=0 state 

Figure 2.12 shows the leakage power contributors of the 2-input XOR gate when input A is 0 and input B 

is 1. With B being 1, the intermediate net, net_000 becomes low making the output Z high. This 

configuration gives us one instance of the gate leakage contributor 2 of width 0.09 um, one instance of 

the gate leakage contributor 2 of width 0.13 um, two instances of the gate leakage contributor 3, one 

instance of the channel leakage contributor 6 of width 0.09 um, one instance of the channel leakage 

contributor 6 of width 0.13 um and one instance of a channel leakage contributor (from a 2-high stack of 

one “off” PFET in series with one “on” PFET) identified by a unique sequence number of 114. 
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Figure 2.12 Leakage Power Contributors of XOR2_X1 for A=0 and B=1 state 

Figure 2.13 shows the leakage power contributors of the 2-input XOR gate when both the inputs A and B 

are 1. With A and B being 1, the intermediate net, net_000 and the output Z becomes low. This 

configuration gives us two instances of the gate leakage contributor 2 of width 0.09 um, two instances of 

the gate leakage contributor 2 of width 0.13 um, one instance of the gate leakage contributor 3, two 

instances of the channel leakage contributor 4 and one instance of a channel leakage contributor (from a 

2-high stack of “off” PFETs) identified by a unique sequence number of 115. 

 
Figure 2.13 Leakage Power Contributors of XOR2_X1 for A=1 and B=1 state 

2.3.4 Leakage Power Contributors of a 4-input NAND gate 

Figure 2.14 shows the schematic of a 4-input NAND gate of strength 1 (NAND4_X1) from the 45nm 

NanGate standard cell library. 
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Figure 2.14 NAND4_X1 Schematic 

Figure 2.15 shows the leakage power contributors of the 4-input NAND gate when all the four inputs A1, 

A2, A3 and A4 are 0. With A1, A2, A3 and A4 being low, the PUN turns on and the PDN turns off making 

the output ZN high. This configuration gives us four instances of the gate leakage contributor 3 and one 

instance of a channel leakage contributor (from a 4-high stack of “off” NFETs) identified by a unique 

sequence number of 11. 

 
Figure 2.15 Leakage Power Contributors of NAND4_X1 for A1=0, A2=0, A3=0 and A4=0 state 

Figure 2.16 shows the leakage power contributors of the 4-input NAND gate when inputs A2, A3 and A4 

are 0, and A1 is 1. With A2, A3 and A4 being low, and A1 being high, the PUN turns on and the PDN turns 

off making the output ZN high. This configuration gives us three instances of the gate leakage contributor 
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3 and one instance of a channel leakage contributor (from a 4-high stack of NFETs with the first one from 

the top being “on” and the rest being “off”) identified by a unique sequence number of 12. 

 

Figure 2.16 Leakage Power Contributors of NAND4_X1 for A1=1, A2=0, A3=0 and A4=0 state 

Figure 2.17 shows the leakage power contributors of the 4-input NAND gate when inputs A1, A3 and A4 

are 0, and A2 is 1. With A1, A3 and A4 being low, and A2 being high, the PUN turns on and the PDN turns 

off making the output ZN high. This configuration gives us three instances of the gate leakage contributor 

3 and one instance of a channel leakage contributor (from a 4-high stack of NFETs with the second one 

from the top being “on” and the rest being “off”) identified by a unique sequence number of 13. 

 
Figure 2.17 Leakage Power Contributors of NAND4_X1 for A1=0, A2=1, A3=0 and A4=0 state 
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Figure 2.18 shows the leakage power contributors of the 4-input NAND gate when inputs A3 and A4 are 

0, and A1 and A2 are 1. With A3 and A4 being low, and A1 and A2 being high, the PUN turns on and the 

PDN turns off making the output ZN high. This configuration gives us two instances of the gate leakage 

contributor 3 and one instance of a channel leakage contributor (from a 4-high stack of NFETs with the 

first and second ones from the top being “on” and the rest being “off”) identified by a unique sequence 

number of 14. 

 

Figure 2.18 Leakage Power Contributors of NAND4_X1 for A1=1, A2=1, A3=0 and A4=0 state 

Figure 2.19 shows the leakage power contributors of the 4-input NAND gate when inputs A1, A2 and A4 

are 0, and A3 is 1. With A1, A2 and A4 being low, and A3 being high, the PUN turns on and the PDN turns 

off making the output ZN high. This configuration gives us three instances of the gate leakage contributor 

3 and one instance of a channel leakage contributor (from a 4-high stack of NFETs with the third one from 

the top being “on” and the rest being “off”) identified by a unique sequence number of 15. 
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Figure 2.19 Leakage Power Contributors of NAND4_X1 for A1=0, A2=0, A3=1 and A4=0 state 

Figure 2.20 shows the leakage power contributors of the 4-input NAND gate when inputs A2 and A4 are 

0, and A1 and A3 are 1. With A2 and A4 being low, and A1 and A3 being high, the PUN turns on and the 

PDN turns off making the output ZN high. This configuration gives us two instances of the gate leakage 

contributor 3 and one instance of a channel leakage contributor (from a 4-high stack of NFETs with the 

first and third ones from the top being “on” and the rest being “off”) identified by a unique sequence 

number of 16. 

 
Figure 2.20 Leakage Power Contributors of NAND4_X1 for A1=1, A2=0, A3=1 and A4=0 state 

Figure 2.21 shows the leakage power contributors of the 4-input NAND gate when inputs A1 and A4 are 

0, and A2 and A3 are 1. With A1 and A4 being low, and A2 and A3 being high, the PUN turns on and the 

PDN turns off making the output ZN high. This configuration gives us two instances of the gate leakage 

contributor 3 and one instance of a channel leakage contributor (from a 4-high stack of NFETs with the 
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second and third ones from the top being “on” and the rest being “off”) identified by a unique sequence 

number of 17. 

 
Figure 2.21 Leakage Power Contributors of NAND4_X1 for A1=0, A2=1, A3=1 and A4=0 state 

Figure 2.22 shows the leakage power contributors of the 4-input NAND gate when input A4 is 0, and A1, 

A2 and A3 are 1. With A4 being low, and A1, A2 and A3 being high, the PUN turns on and the PDN turns 

off making the output ZN high. This configuration gives us one instance of the gate leakage contributor 3 

and one instance of a channel leakage contributor (from a 4-high stack of NFETs with the fourth one from 

the top being “off” and the rest being “on”) identified by a unique sequence number of 18. 

 
Figure 2.22 Leakage Power Contributors of NAND4_X1 for A1=1, A2=1, A3=1 and A4=0 state 

Figure 2.23 shows the leakage power contributors of the 4-input NAND gate when input A4 is 1, and A1, 

A2 and A3 are 0. With A4 being high, and A1, A2 and A3 being low, the PUN turns on and the PDN turns 

off making the output ZN high. This configuration gives us three instances of the gate leakage contributor 
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3, one instance of the gate leakage contributor 2 and one instance of a channel leakage contributor (from 

a 3-high stack of “off” NFETs) identified by a unique sequence number of 7. 

 
Figure 2.23 Leakage Power Contributors of NAND4_X1 for A1=0, A2=0, A3=0 and A4=1 state 

Figure 2.24 shows the leakage power contributors of the 4-input NAND gate when inputs A1 and A4 are 

1, and A2 and A3 are 0. With A1 and A4 being high, and A2 and A3 being low, the PUN turns on and the 

PDN turns off making the output ZN high. This configuration gives us two instances of the gate leakage 

contributor 3, one instance of the gate leakage contributor 2 and one instance of a channel leakage 

contributor (from a 3-high stack of NFETs with the first one from the top being “on” and the rest being 

“off”) identified by a unique sequence number of 8. 

 
Figure 2.24 Leakage Power Contributors of NAND4_X1 for A1=1, A2=0, A3=0 and A4=1 state 

Figure 2.25 shows the leakage power contributors of the 4-input NAND gate when inputs A2 and A4 are 

1, and A1 and A3 are 0. With A2 and A4 being high, and A1 and A3 being low, the PUN turns on and the 

PDN turns off making the output ZN high. This configuration gives us two instances of the gate leakage 

contributor 3, one instance of the gate leakage contributor 2 and one instance of a channel leakage 

contributor (from a 3-high stack of NFETs with the second one from the top being “on” and the rest being 

“off”) identified by a unique sequence number of 9. 
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Figure 2.25 Leakage Power Contributors of NAND4_X1 for A1=0, A2=1, A3=0 and A4=1 state 

Figure 2.26 shows the leakage power contributors of the 4-input NAND gate when inputs A1, A2 and A4 

are 1, and A3 is 0. With A1, A2 and A4 being high, and A3 being low, the PUN turns on and the PDN turns 

off making the output ZN high. This configuration gives us one instance of the gate leakage contributor 3, 

one instance of the gate leakage contributor 2 and one instance of a channel leakage contributor (from a 

3-high stack of NFETs with the third one from the top being “off” and the rest being “on”) identified by a 

unique sequence number of 10. 

 
Figure 2.26 Leakage Power Contributors of NAND4_X1 for A1=1, A2=1, A3=0 and A4=1 state 

Figure 2.27 shows the leakage power contributors of the 4-input NAND gate when inputs A1 and A2 are 

0, and A3 and A4 are 1. With A1 and A2 being low, and A3 and A4 being high, the PUN turns on and the 

PDN turns off making the output ZN high. This configuration gives us two instances of the gate leakage 

contributor 3, two instances of the gate leakage contributor 2 and one instance of the channel leakage 

contributor 1. 
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Figure 2.27 Leakage Power Contributors of NAND4_X1 for A1=0, A2=0, A3=1 and A4=1 state 

Figure 2.28 shows the leakage power contributors of the 4-input NAND gate when inputs A1, A3 and A4 

are 1, and A2 is 0. With A1, A3 and A4 being high, and A2 being low, the PUN turns on and the PDN turns 

off making the output ZN high. This configuration gives us one instance of the gate leakage contributor 3, 

two instances of the gate leakage contributor 2 and one instance of the channel leakage contributor 5. 

 
Figure 2.28 Leakage Power Contributors of NAND4_X1 for A1=1, A2=0, A3=1 and A4=1 state 

Figure 2.29 shows the leakage power contributors of the 4-input NAND gate when inputs A2, A3 and A4 

are 1, and A1 is 0. With A2, A3 and A4 being high, and A1 being low, the PUN turns on and the PDN turns 

off making the output ZN high. This configuration gives us one instance of the gate leakage contributor 3, 

three instances of the gate leakage contributor 2 and one instance of the channel leakage contributor 6. 

 
Figure 2.29 Leakage Power Contributors of NAND4_X1 for A1=0, A2=1, A3=1 and A4=1 state 
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Figure 2.30 shows the leakage power contributors of the 4-input NAND gate when all the four inputs A1, 

A2, A3 and A4 are 1. With A1, A2, A3 and A4 being high, the PUN turns off and the PDN turns on making 

the output ZN low. This configuration gives us four instances of the gate leakage contributor 2 and four 

instances of the channel leakage contributor 4. 

 
Figure 2.30 Leakage Power Contributors of NAND4_X1 for A1=1, A2=1, A3=1 and A4=1 state 

Table 2.1 summarizes the list of power contributors in which the standard gates, discussed in section 

2.3, can be separated into for all their possible input states. 
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Table 2.1 List of Leakage Power Contributors of a few standard cells 

Standard 
Gate 

State Channel Contributor 
Sequence ID (width in um) 

Gate Contributor 
Sequence ID (width) 

INV_X1 
A=0 6 (0.09) 3 (0.135) 

A=1 4 (0.135) 2 (0.09) 

NAND2_X1 

A1=0, A2=0 1 (0.13) 3 (0.135) X 2 

A1=1, A2=0 5 (0.13) 3 (0.135) 

A1=0, A2=1 6 (0.13) 2 (0.13), 3 (0.135) 

A1=1, A2=1 4 (0.135) X 2 2 (0.13) X 2 

XOR2_X1 

A=0, B=0 6 (0.09) X 2, 20 (0.195) 2 (0.09), 3 (0.195) X 2 

A=1, B=0 4 (0.195), 5 (0.13), 6 (0.09) 2 (0.09), 3 (0.195) X 3 

A=0, B=1 6 (0.09), 6 (0.13), 114 (0.195) 2 (0.09), 2 (0.13), 3 (0.195) X 
2 

A=1, B=1 4 (0.195) X 2, 115 (0.195) 2 (0.09) X 2, 2 (0.13) X 2, 3 
(0.195) 

NAND4_X1 

A1=0, A2=0, A3=0, A4=0 11 (0.215) 3 (0.135) X 4 

A1=1, A2=0, A3=0, A4=0 12 (0.215) 3 (0.135) X 3 

A1=0, A2=1, A3=0, A4=0 13 (0.215) 3 (0.135) X 3 

A1=1, A2=1, A3=0, A4=0 14 (0.215) 3 (0.135) X 2 

A1=0, A2=0, A3=1, A4=0 15 (0.215) 3 (0.135) X 3 

A1=1, A2=0, A3=1, A4=0 16 (0.215) 3 (0.135) X 2 

A1=0, A2=1, A3=1, A4=0 17 (0.215) 3 (0.135) X 2 

A1=1, A2=1, A3=1, A4=0 18 (0.215) 3 (0.135) 

A1=0, A2=0, A3=0, A4=1 7 (0.215) 2 (0.215), 3 (0.135) X 3 

A1=1, A2=0, A3=0, A4=1 8 (0.215) 2 (0.215), 3 (0.135) X 2 

A1=0, A2=1, A3=0, A4=1 9 (0.215) 2 (0.215), 3 (0.135) X 2 

A1=1, A2=1, A3=0, A4=1 10 (0.215) 2 (0.215), 3 (0.135) 

A1=0, A2=0, A3=1, A4=1 1 (0.215) 2 (0.215) X 2, 3 (0.135) X 3 

A1=1, A2=0, A3=1, A4=1 5 (0.215) 2 (0.215) X 2, 3 (0.135) 

A1=0, A2=1, A3=1, A4=1 6 (0.215) 2 (0.215) X 3, 3 (0.135) 

A1=1, A2=1, A3=1, A4=1 4 (0.135) X 4 2 (0.215) X 4 
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CHAPTER 3 POWER CONTRIBUTOR MODELING 
 

3.1 Silicon-On-Insulator Technology 

Silicon-On-Insulator (SOI) technology is a technique for CMOS fabrications which uses a layered silicon-

insulator-silicon substrate in which an ultra-thin layer of silicon sits on the top of a buried oxide unlike 

conventional silicon-built devices. The isolation of the top-most silicon layer from the bulk silicon prevents 

the depletion region from extending into the substrate, thereby reducing parasitic capacitances. Lower 

parasitic capacitance improves performance and lowers leakage currents. Improved power consumption 

at matched performance and higher power efficiency due to low leakage currents makes this technology 

a suitable candidate for power modeling. 

A typical SOI transistor is shown in figure 3.1. The next section discusses the SOI transistor model used for 

circuit simulation in this project. 

 
Figure 3.1 Silicon-On-Insulator transistor 

3.2 BSIMSOI Transistor Model 

BSIMSOI (Berkeley Short Channel Insulated gate field effect transistor Model for Silicon On Insulator 

devices) transistor model is used for circuit simulation in this project. It is an international standard model 

for SOI (Silicon-On-Insulator) circuit design [10, 11]. It models the subthreshold conduction current, linear 

current and saturation current using a single unified model for drain current. It also models gate tunneling 

current which includes IGB (gate-to-body tunneling current which is important to thin-oxide SOI 

technologies), IGS (gate tunneling current between gate and source), IGD (gate tunneling current between 

gate and drain) and IGC (gate-to-channel current that gets partitioned into two parts: IGCS that flows to 

source and IGCD that flows to drain). Figure 3.2 presents a diagram showing gate leakage components in 

an NMOS device. 
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Figure 3.2 Gate Leakage Components in an NMOS device [12] 

This project uses floating body configuration of an SOI MOSFET for circuit description. In this 

configuration, there are four external biases which are gate voltage (Vg), drain voltage (Vd), source voltage 

(Vs) and substrate bias (Ve). The body potential (Vb) is iterated in circuit simulation [13]. 

3.3 Leakage Power Contributor Modeling Approach 

The following sections discuss the approach used for modeling the channel contributors and the gate 

contributors. 

3.3.1 Subthreshold and Gate Tunneling Current Modeling 

As mentioned in section 3.2, the BSIMSOI transistor model models the subthreshold current (Ids) and the 

gate tunneling current (Igate). These current models are expressed in BSIMSOI Verilog-A model using a set 

of equations which take several SPICE model card parameters as inputs and depend upon four variables 

namely Vds, Vgs, Vbs and delTemp. The delTemp variable models self-heating effect in a circuit. The Vds, Vgs 

and Vbs variables are given by the following equations: 

𝑉𝑑𝑠 = 𝐵4𝑆𝑂𝐼𝑡𝑦𝑝𝑒 × 𝑉(𝑑𝑖, 𝑠𝑖)                                                            (3.1) 

𝑉𝑔𝑠 = 𝐵4𝑆𝑂𝐼𝑡𝑦𝑝𝑒 × 𝑉(𝑔𝑖, 𝑠𝑖)                                                           (3.2) 

𝑉𝑏𝑠 = 𝐵4𝑆𝑂𝐼𝑡𝑦𝑝𝑒 × 𝑉(𝑏, 𝑠𝑖)                                                            (3.3) 

where B4SOItype is 1 for an n-channel transistor and -1 for a p-channel transistor. These variables are a 

function of power supply, temperature and width of the transistors, and are computed using an iterative 

approach to converge on a solution. 

To model the leakage power contributors, the Ids and Igate equations from the BSIMSOI Verilog-A model 

were replicated in MATLAB along with the SPICE model card parameters. However, the Vds, Vgs, Vbs and 

delTemp variables were modeled with power supply, temperature and width of the transistors using a 

non-linear fit (nlfit) tool in MATLAB as described in the following sections. Please note that the MATLAB 

model generates an absolute value of Ids, therefore it’s direction needs to be interpreted differently for 

NMOS and PMOS transistors. For an NMOS transistor, the Ids flows from drain to source whereas for a 
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PMOS transistor, it flows from source to drain. On the other hand, the Igate produced by the model, is 

signed and always originates from the gate. 

3.3.2 Vds, Vgs, Vbs and delTemp Modeling in Channel Contributors 

The subthreshold current flowing from a higher potential to a lower potential through an “off” (high-

impedance) path in a channel contributor can be computed using the MATLAB Ids model which can be 

represented as below: 

𝐼𝑑𝑠 = 𝑓(𝑉𝑑𝑠, 𝑉𝑔𝑠, 𝑉𝑏𝑠, 𝑑𝑒𝑙𝑇𝑒𝑚𝑝)                                                         (3.4) 

where the variables Vds, Vgs, Vbs and delTemp are associated with any one of the transistors in the channel 

contributor. 

To model a channel contributor, the channel contributor circuit was simulated using BSIMSOI Verilog-A 

model across a wide range of power supplies, temperatures and widths (if the channel contributor was 

identified for more than one width in sections 2.3) and the Vds, Vgs, Vbs and delTemp values (associated 

with any one of the transistors in the contributor) were extracted from the simulation log generated for 

every possible combination of the stimuli. 

Using this data, the Vds, Vgs, Vbs and delTemp variables were first modeled with power supply and 

temperature for every width. This gave us multiples equations (each corresponding to a different width). 

The coefficients of these equations were then modeled with width to produce a pretty accurate model of 

the channel contributor. 

3.3.3 Vds, Vgs, Vbs and delTemp Modeling in Gate Contributors 

The gate tunneling current flowing from a higher potential to a lower potential through the gate oxide 

layer in a gate contributor can be computed using the MATLAB Igate model which can be represented as 

below: 

𝐼𝑔𝑎𝑡𝑒 = 𝑔(𝑉𝑑𝑠, 𝑉𝑔𝑠, 𝑉𝑏𝑠, 𝑑𝑒𝑙𝑇𝑒𝑚𝑝)                                                     (3.5) 

where the variables Vds, Vgs, Vbs and delTemp are associated with the single transistor in the gate 

contributor. 

To model a gate contributor, the gate contributor circuit was simulated using BSIMSOI Verilog-A model 

across a wide range of power supplies, temperatures and widths (if the channel contributor was identified 

for more than one width in sections 2.3) and the Vds, Vgs, Vbs and delTemp values (associated with the 

single transistor in the contributor) were extracted from the simulation log generated for every possible 

combination of the stimuli. 

As it was a gate contributor, Vds and Vgs closely tracked ‘0’ and ‘VDD’ respectively and based on the 

simulation data, delTemp was approximated to ‘0’. The Vbs variable was modeled with power supply and 

temperature for every width. This gave us multiples equations (each corresponding to a different width). 
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The coefficients of these equations were then modeled with width to produce a pretty accurate model of 

the gate contributor. 

3.3.4 Example to Illustrate Vds, Vgs, Vbs and delTemp Modeling 

This section illustrates the approach used for modeling Vds, Vgs, Vbs and delTemp variables using an 

example.  

Figure 3.3 presents 2-plot graphs of Vds (for channel contributor 1) with one plot for simulated data and 

the other for the modeled equation. Each graph corresponds to a different width and shows the equation 

with which the Vds was modeled. Please note that the Vds values presented in figure 3.3 were obfuscated 

by scaling up all the simulated and modeled data points by a random number. 

 
Figure 3.3 Vds graphs for Channel Leakage Contributor 1 

Figure 3.4 presents 2-plot graphs of each of the three coefficients (a, b and c) with one plot being for the 

actual coefficient values and the other for the modeled equation. Each graph shows the equation with 

which its corresponding coefficient was modeled. 
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Figure 3.4 Graphs of the Vds equations' coefficients 

Thus, the Vds equation for channel leakage contributor 1 can be represented as below: 

𝑉𝑑𝑠 = (𝑥1 +
𝑥2

𝑊
) ×𝑉𝑑𝑑 + (𝑦1 +

𝑦2

𝑊
) ×𝑇 + (𝑧1 +

𝑧2

𝑊
)                                    (3.6) 

This example illustrated how the Vds for channel leakage contributor 1 was modeled. The same approach 

was used to model the Vds, Vbs, Vgs and delTemp variables across all the leakage power contributors 

identified in section 2.3. 

3.4 Leakage Power Contributor Current Modeling 

This section presents the results obtained from the MATLAB current models for leakage power 

contributors identified in section 2.3 and compares them to the simulation results. The error between the 

simulated value and its corresponding modeled value was calculated by dividing their absolute difference 

by the simulated value. Please note that the Ids values presented in this section were obfuscated by scaling 

up all the simulated and modeled data points by the same random number used in section 3.3.4. 

3.4.1 Channel Leakage Contributor 1 Model Results 

Figure 3.5 shows 2-plot graphs of Ids (for channel leakage contributor 1), one plot for simulated current 

values and the other for MATLAB model generated current values. Each graph corresponds to a different 

width. The average error between the model and simulated values is 0.44% with the maximum error being 

2.29% and the standard deviation being 0.39%. These discrepancies arose from the inaccuracies in the 

Vds, Vbs, Vgs and delTemp models and some of them are encircled in the figure. 
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Figure 3.5 Ids graphs for Channel Leakage Contributor 1 Model 

3.4.2 Gate Leakage Contributor 2 Model Results 

Figure 3.6 shows 2-plot graphs of Igate (for gate leakage contributor 2), one plot for simulated current 

values and the other for MATLAB model generated current values. Each graph corresponds to a different 

width. The average error between the model and simulated values is 1.29% with the maximum error being 

12.44% and the standard deviation being 2.4%. While the smaller discrepancies in the figure are due to 

the inaccuracies in the Vbs and delTemp models, the discrepancies encircled in the figure are due to 

extremely large exponential values which were evaluated differently in the simulator and MATLAB. Figure 

3.7 shows such a discrepancy for gate contributor 2 of width 0.09 µm at a power supply of 1V and a 

temperature of 45˚C. 
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Figure 3.6 Igate graphs for Gate Leakage Contributor 2 Model 
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Figure 3.7 Large exponential value evaluation in Simulator and MATLAB 

Table 3.1 presents the discrepancies between the simulator and MATLAB in computing these exponential 

values for gate contributor 2 of width 0.09 µm at a power supply of 1V for different temperatures. 

  

Table 3.1 Discrepancies between MATLAB and simulator in computing exponential values 

Temperature 
(˚C) 

VxNVt ExpVxNVt 

SIMULATOR MATLAB 

0 3.20E+01 1.29E-14 1.27E-14 

5 3.14E+01 2.29E-14 2.31E-14 

15 3.03E+01 6.82E-14 6.93E-14 

25 2.93E+01 1.89E-13 1.88E-13 

35 2.83E+01 4.88E-13 5.12E-13 

45 9.92E+01 1.12E+36 1.21E+43 

55 9.62E+01 9.53E+35 6.01E+41 

65 9.34E+01 7.96E+35 3.66E+40 

75 9.07E+01 6.47E+35 2.46E+39 

85 8.81E+01 5.07E+35 1.83E+38 

95 8.58E+01 3.74E+35 1.83E+37 

100 8.46E+01 3.10E+35 5.51E+36 
 

3.4.3 Gate Leakage Contributor 3 Model Results 

Figure 3.8 shows 2-plot graphs of Igate (for gate leakage contributor 3), one plot for simulated current 

values and the other for MATLAB model generated current values. Each graph corresponds to a different 

width. The average error between the model and simulated values is 0.25% with the maximum error being 

6.92% and the standard deviation being 0.97%. While the smaller discrepancies in the figure are due to 

the inaccuracies in the Vbs and delTemp models, the discrepancies encircled in the figure are due to 

extremely large exponential values which were evaluated differently in the simulator and MATLAB as 

discussed in section 3.4.2. 



28 
 

 
Figure 3.8 Igate graphs for Gate Leakage Contributor 3 Model 
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3.4.4 Channel Leakage Contributor 4 Model Results 

Figure 3.9 shows 2-plot graphs of Ids (for channel leakage contributor 4), one plot for simulated current 

values and the other for MATLAB model generated current values. Each graph corresponds to a different 

width. The average error between the model and simulated values is 1.09% with the maximum error being 

6.22% and the standard deviation being 1.38%. These discrepancies arose from the inaccuracies in the 

Vds, Vbs, Vgs and delTemp models and some of them are encircled in the figure. 
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Figure 3.9 Ids graphs for Channel Leakage Contributor 4 Model 

3.4.5 Channel Leakage Contributor 5 Model Results 

Figure 3.10 shows 2-plot graphs of Ids (for channel leakage contributor 5), one plot for simulated current 

values and the other for MATLAB model generated current values. Each graph corresponds to a different 
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width. The average error between the model and simulated values is 1.10% with the maximum error being 

5.82% and the standard deviation being 0.91%. These discrepancies arose from the inaccuracies in the 

Vds, Vbs, Vgs and delTemp models and some of them are encircled in the figure. 

 
Figure 3.10 Ids graphs for Channel Leakage Contributor 5 Model 

3.4.6 Channel Leakage Contributor 6 Model Results 

Figure 3.11 shows 2-plot graphs of Ids (for channel leakage contributor 6), one plot for simulated current 

values and the other for MATLAB model generated current values. Each graph corresponds to a different 

width. The average error between the model and simulated values is 1.17% with the maximum error being 

6.48% and the standard deviation being 1.02%. These discrepancies arose from the inaccuracies in the 

Vds, Vbs, Vgs and delTemp models and some of them are encircled in the figure. 
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Figure 3.11 Ids graphs for Channel Leakage Contributor 6 Model 

3.4.7 Channel Leakage Contributor 7 Model Results 

Figure 3.12 shows 2-plot graphs of Ids (for channel leakage contributor 7), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 
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and simulated values is 0.37% with the maximum error being 1.01% and the standard deviation being 

0.24%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 

 
Figure 3.12 Ids graphs for Channel Leakage Contributor 7 Model 

3.4.8 Channel Leakage Contributor 8 Model Results 

Figure 3.13 shows 2-plot graphs of Ids (for channel leakage contributor 8), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 0.46% with the maximum error being 2.14% and the standard deviation being 

0.38%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 
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Figure 3.13 Ids graphs for Channel Leakage Contributor 8 Model 

3.4.9 Channel Leakage Contributor 9 Model Results 

Figure 3.14 shows 2-plot graphs of Ids (for channel leakage contributor 9), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.67% with the maximum error being 8.18% and the standard deviation being 

1.54%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 

 
Figure 3.14 Ids graphs for Channel Leakage Contributor 9 Model 
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3.4.10 Channel Leakage Contributor 10 Model Results 

Figure 3.15 shows 2-plot graphs of Ids (for channel leakage contributor 10), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.13% with the maximum error being 5.27% and the standard deviation being 

0.92%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 

 
Figure 3.15 Ids graphs for Channel Leakage Contributor 15 Model 

3.4.11 Channel Leakage Contributor 11 Model Results 

Figure 3.16 shows 2-plot graphs of Ids (for channel leakage contributor 11), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 0.35% with the maximum error being 1.16% and the standard deviation being 

0.25%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 
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Figure 3.16 Ids graphs for Channel Leakage Contributor 11 Model 

3.4.12 Channel Leakage Contributor 12 Model Results 

Figure 3.17 shows 2-plot graphs of Ids (for channel leakage contributor 12), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 0.39% with the maximum error being 1.08% and the standard deviation being 

0.25%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 
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Figure 3.17 Ids graphs for Channel Leakage Contributor 12 Model 

3.4.13 Channel Leakage Contributor 13 Model Results 

Figure 3.18 shows 2-plot graphs of Ids (for channel leakage contributor 13), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.87% with the maximum error being 10.59% and the standard deviation being 

1.59%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 
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Figure 3.18 Ids graphs for Channel Leakage Contributor 13 Model 

3.4.14 Channel Leakage Contributor 14 Model Results 

Figure 3.19 shows 2-plot graphs of Ids (for channel leakage contributor 14), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 0.46% with the maximum error being 2.13% and the standard deviation being 

0.38%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 
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Figure 3.19 Ids graphs for Channel Leakage Contributor 14 Model 

3.4.15 Channel Leakage Contributor 15 Model Results 

Figure 3.20 shows 2-plot graphs of Ids (for channel leakage contributor 15), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.65% with the maximum error being 5.48% and the standard deviation being 

1.23%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 
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Figure 3.20 Ids graphs for Channel Leakage Contributor 15 Model 

3.4.16 Channel Leakage Contributor 16 Model Results 

Figure 3.21 shows 2-plot graphs of Ids (for channel leakage contributor 16), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.78% with the maximum error being 8.47% and the standard deviation being 

1.64%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 

 
Figure 3.21 Ids graphs for Channel Leakage Contributor 16 Model 
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3.4.17 Channel Leakage Contributor 17 Model Results 

Figure 3.22 shows 2-plot graphs of Ids (for channel leakage contributor 17), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.95% with the maximum error being 12.98% and the standard deviation being 

2.00%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 

 
Figure 3.22 Ids graphs for channel leakage contributor 17 Model 

3.4.18 Channel Leakage Contributor 18 Model Results 

Figure 3.23 shows 2-plot graphs of Ids (for channel leakage contributor 18), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.12% with the maximum error being 5.19% and the standard deviation being 

0.91%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 
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Figure 3.23 Ids graphs for channel leakage contributor 18 Model 

3.4.19 Channel Leakage Contributor 20 Model Results 

Figure 3.24 shows 2-plot graphs of Ids (for channel leakage contributor 20), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.46% with the maximum error being 4.74% and the standard deviation being 

1.11%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 

 
Figure 3.24 Ids graphs for channel leakage contributor 20 Model 
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3.4.20 Channel Leakage Contributor 114 Model Results 

Figure 3.25 shows 2-plot graphs of Ids (for channel leakage contributor 114), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 1.47% with the maximum error being 5.08% and the standard deviation being 

1.13%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 

 
Figure 3.25 Ids graphs for channel leakage contributor 114 Model 

3.4.21 Channel Leakage Contributor 115 Model Results 

Figure 3.26 shows 2-plot graphs of Ids (for channel leakage contributor 115), one plot for simulated current 

values and the other for MATLAB model generated current values. The average error between the model 

and simulated values is 0.32% with the maximum error being 1.24% and the standard deviation being 

0.27%. These discrepancies arose from the inaccuracies in the Vds, Vbs, Vgs and delTemp models and some 

of them are encircled in the figure. 
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Figure 3.26 Ids graphs for channel leakage contributor 115 Model 

3.5 Summary of Results and Analysis 

Table 3.2 summarizes the deviation seen in leakage power contributor models in computing the leakage 

current with respect to the simulation results. The errors average out to 1.08% for all the contributor 

models listed in table 3.2 with a maximum error of 12.98%. 
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Table 3.2 Leakage Power Contributor Model Error 

Power Contributor ID Average Error (%) Maximum Error (%) Standard Deviation (%) 

1 0.44 2.29 0.39 

2 1.29 12.44 2.4 

3 0.25 6.92 0.97 

4 1.9 6.22 1.38 

5 1.1 5.82 0.91 

6 1.17 6.48 1.02 

7 0.37 1.01 0.24 

8 0.46 2.14 0.38 

9 1.67 8.18 1.54 

10 1.13 5.27 0.92 

11 0.35 1.16 0.25 

12 0.39 1.08 0.25 

13 1.87 10.59 1.59 

14 0.46 2.13 0.38 

15 1.65 5.48 1.23 

16 1.78 8.47 1.64 

17 1.95 12.98 2 

18 1.12 5.19 0.91 

20 1.46 4.74 1.11 

114 1.47 5.08 1.13 

115 0.32 1.24 0.27 

As discussed in section 3.4, the discrepancies seen in the leakage power contributor models were primarily 

introduced due to the inaccuracies in the Vds, Vbs, Vgs and delTemp models. The dependence of Vds, Vbs, 

Vgs and delTemp variables on power supply voltage and temperature was approximated with a planar 

relationship which resulted in some imperfections in their models. Secondly, there were some discrete 

cases where the extremely large exponential values were evaluated differently in the simulator and 

MATLAB causing inaccuracies in the models.  
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CHAPTER 4 POWER ESTIMATION USING POWER 

CONTRIBUTOR MODELS 
 

4.1 Power Estimation Using Leakage Power Contributor Models 

This section presents a few examples to illustrate the computation of leakage power dissipated in 

standard cells (discussed in chapter 2) using leakage power contributor models discussed in section 3 and 

compares the results with the simulated values. The error between the simulated value and the 

corresponding model generated value was calculated by dividing their absolute difference by the 

simulated value. The speed up was calculated as the ratio of total user CPU time taken by the SPICE 

simulator to generate leakage power data to the total user CPU time taken by a C-code version of the 

MATLAB models to generate the same data. The C-code version of the MATLAB models was used for speed 

up analysis because it has a much lower runtime compared to MATLAB which is an interpreter language. 

However, the time reported by the SPICE simulation log may not be a true indicator of the simulator’s 

actual runtime because of the huge overhead involved in running it e.g. communication with the license 

server to verify user’s license. 

4.1.1 Leakage Power Estimation for NAND2_X1 Gate Using Power Contributor Models 

This section discusses how the leakage power dissipated in a NAND2_X1 gate (shown in figure 2.4) can be 

estimated using power contributor models discussed in chapter 3. Figure 4.1 presents the power 

contributors of the NAND2 gate as proposed by David Hathaway using the power contributor definition 

discussed in section 2.3. It also shows the different components of current flowing through these power 

contributors and how they can be added to estimate the leakage power dissipated in each of its 4 states. 
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Figure 4.1 Components of Current flowing through NAND2_X1 Leakage Power Contributors 

Figure 4.2 shows 2-plot graphs for VA1 current source when both the inputs A1 and A2 are low. One plot 

is for the simulated current values while the other is for the values obtained from the IA1 equation shown 

in figure 4.1 when both the inputs are low. The average error between the simulated values and the 

equation generated values is 44.5%. This large error is due to the inability of the leakage power 

contributor definition to account for the non-trivial gate current that might flow through the gate in a 

channel contributor. This limitation in the leakage power contributor definition results in inaccuracies in 

many other cases as well. 
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Figure 4.2 Input A1 Current Source graph for NAND2_X1 gate for A1=0 and A2=0 state 

The incapability of the leakage power contributor definition to account for the non-trivial gate current 

flowing through the gate in a channel contributor can be mitigated by adding IGD component of the gate 

contributor to the erroneous equation. For example, the non-trivial gate current flowing through the gate 

in an n-channel contributor of a certain width can be approximated by the IGD component of the gate 

tunneling current flowing through the gate in an n-gate contributor of the same width. Similarly, the non-

trivial gate current flowing through the gate in a p-channel contributor of a certain width can be 

approximated by the IGD component of the gate tunneling current flowing the gate in a p-gate contributor 

of the same width. Figure 4.3 uses examples of channel contributor 4 and 6 to illustrate how this 

approximation of the non-trivial current component can be included in the current equations. 
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Figure 4.3 Example to illustrate inclusion of ‘non-trivial gate current approximation’ in current equations 

Using the fix to account for the non-trivial gate current in channel contributors, the equations for the 

current components can be written as presented in the following sections. 

4.1.1.1      Leakage Power Estimation for NAND2_X1 at A1=0 and A2=0 state 

Equations 4.1 through 4.4 (with the fix to account for non-trivial gate current in channel contributors) can 

be used to estimate the leakage power dissipated in the NAND2 gate when both the inputs are low. 

𝐼𝑣𝑑𝑑 = 𝐼𝑑𝑠1 − 2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.13                                                    (4.1) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠1                                                                                                (4.2) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.13                                                                     (4.3) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3                                                                                          (4.4) 

Figure 4.4 shows 2-plot graphs for VA1, VA2, VDD and VSS current sources when both the inputs are low. 

One plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 54615.38 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure. The errors in IVSS and IA2 current equations are due 

to the inaccuracies in channel contributor 1 and gate contributor 3 as discussed in section 3.4.1 and 3.4.3 

respectively. The errors in IVDD and IA1 current equations are partially due to the inaccuracies in channel 

contributor 1 and gate contributor 3, and partially due to the imprecise approximation of non-trivial gate 

current through A1. 
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Figure 4.4 Current Source graphs for NAND2_X1 gate for A1=0 and A2=0 state 

4.1.1.2      Leakage Power Estimation for NAND2_X1 at A1=1 and A2=0 state 

Equations 4.5 through 4.8 (with the fix to account for non-trivial gate current in channel contributors) can 

be used to estimate the leakage power dissipated in the NAND2 gate when A1 is high and A2 is low. 

𝐼𝑣𝑑𝑑 = 𝐼𝑑𝑠5 − 𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.13                                                   (4.5) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠5                                                                                          (4.6) 

𝐼𝐴1 = 0                                                                                                (4.7) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.13                                                                (4.8) 

As none of the leakage power contributors of the NAND2 gate in this state (shown in figure 4.5) account 

for the gate leakage current flowing through ‘A1’, it is given by 0. However, a very small amount of non-

trivial gate current, IA1 flows from ‘A1’ (at ‘Vdd’ potential) to the intermediate node (at ‘Vdd – Vt’ potential) 

in channel contributor 5 as shown in figure 4.5. This current is relatively smaller than the subthreshold 

current Ids5, therefore it’s exclusion from the IVSS current equation does not impact the accuracy of IVSS 
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current equation in a substantial way. The channel leakage contributor 5 can be expanded into a new gate 

contributor that can account for this non-trivial current.  

 

Figure 4.5 Non-trivial gate current through 'A1' at A1=1 and A2=0 state for NAND2_X1 

Figure 4.6 shows 2-plot graphs for VA1, VA2, VDD and VSS current sources when A1 is high and A2 is low. 

One plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 40408.33 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure. The error in IVSS current equation is partially due to 

the inaccuracies in channel contributor 5 as discussed in section 3.4.5 and partially due to the exclusion 

of non-trivial gate current through A1. The errors in IVDD and IA2 current equations are partially due to the 

inaccuracies in channel contributor 5 and gate contributor 3 (discussed in section 3.4.3), and partially due 

to the imprecise approximation of non-trivial gate current through A2. 
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Figure 4.6 Current Source graphs for NAND2_X1 gate for A1=1 and A2=0 state 

4.1.1.3      Leakage Power Estimation for NAND2_X1 at A1=0 and A2=1 state 

Equations 4.9 through 4.12 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND2 gate when A1 is low and A2 is high. 

𝐼𝑣𝑑𝑑 = 𝐼𝑑𝑠6 − 𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.13                                                      (4.9) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠6 + 𝐼𝑔𝑎𝑡𝑒2                                                                          (4.10) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.13                                                                (4.11) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒2                                                                                     (4.12) 

Figure 4.7 shows 2-plot graphs for VA1, VA2, VDD and VSS current sources when A1 is low and A2 is high. 

One plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 42676.92 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure. The errors in IVSS and IA2 current equations are due 
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to the inaccuracies in channel contributor 6 and gate contributor 2 as discussed in section 3.4.6 and 3.4.2 

respectively. The errors in IVDD and IA1 current equations are partially due to the inaccuracies in channel 

contributor 6 and gate contributor 3 (discussed in section 3.4.3), and partially due to the imprecise 

approximation of non-trivial current through A1. 

 
Figure 4.5 Current Source graphs for NAND2_X1 gate for A1=0 and A2=1 state 

4.1.1.4      Leakage Power Estimation for NAND2_X1 at A1=1 and A2=1 state 

Equations 4.13 through 4.16 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND2 gate when A1 is high and A2 is high. 

𝐼𝑣𝑑𝑑 = 2×𝐼𝑑𝑠4                                                                           (4.13) 

𝐼𝑣𝑠𝑠 = 2×𝐼𝑑𝑠4 + 2×𝐼𝑔𝑎𝑡𝑒2 − 2×𝐼𝐺𝐷3_0.135                          (4.14) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝐺𝐷3_0.135                                                      (4.15) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝐺𝐷3_0.135                                                      (4.16) 
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Figure 4.8 shows 2-plot graphs for VA1, VA2, VDD and VSS current sources when A1 is high and A2 is high. 

One plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 117360 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure. The error in IVDD current equation is due to the 

inaccuracies in channel contributor 4 as discussed in section 3.4.4. The errors in IVSS, IA1 and IA2 current 

equations are partially due to the inaccuracies in channel contributor 4 and gate contributor 2 (discussed 

in section 3.4.2), and partially due to the imprecise approximation of non-trivial current through A1 and 

A2. 

 
Figure 4.6 Current Source graphs for NAND2_X1 gate for A1=1 and A2=1 state 

4.1.2 Leakage Power Estimation for INV_X1 Gate Using Power Contributor Models 

This section discusses how the leakage power dissipated in an INV_X1 gate (shown in figure 2.1) can be 

estimated using leakage power contributor models discussed in chapter 3. The following sections discuss 

the equations used to estimate the leakage power dissipated in an inverter in each of its two states. 

4.1.2.1      Leakage Power Estimation for INV_X1 at A=0 state 
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Equations 4.17 through 4.19 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the inverter when its input is low. 

𝐼𝑣𝑑𝑑 = 𝐼𝑑𝑠6 − 𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.09                                                   (4.17) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠6                                                                                          (4.18) 

𝐼𝐴 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.09                                                                 (4.19) 

Figure 4.9 shows 2-plot graphs for VA, VDD and VSS current sources when input A is low. One plot is for the 

simulated current values while the other is for the values obtained from the equations shown above. An 

average speed up of 34657.14 was observed when the power contributor models were used to compute 

the leakage power as against the simulator performing the computation. The average error and maximum 

error are as shown in the figure. 

 
Figure 4.7 Current Source graphs for INV_X1 gate for A=0 state 

4.1.2.2      Leakage Power Estimation for INV_X1 at A=1 state 

Equations 4.20 through 4.22 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the inverter when its input is high. 
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𝐼𝑣𝑑𝑑 = 𝐼𝑑𝑠4                                                                              (4.20) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠4 + 𝐼𝑔𝑎𝑡𝑒2 − 𝐼𝐺𝐷3_0.135                                        (4.21) 

𝐼𝐴 = −𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝐺𝐷3_0.135                                                    (4.22) 

Figure 4.10 shows 2-plot graphs for VA, VDD and VSS current sources when input A is high. One plot is for 

the simulated current values while the other is for the values obtained from the equations shown above. 

An average speed up of 119875 was observed when the power contributor models were used to compute 

the leakage power as against the simulator performing the computation. The average error and maximum 

error are as shown in the figure.  

 
Figure 4.8 Current Source graphs for INV_X1 gate for A=1 state 

4.1.3 Leakage Power Estimation for XOR2_X1 Gate Using Power Contributor Models 

This section discusses how the leakage power dissipated in an XOR2_X1 gate (shown in figure 2.9) can be 

estimated using leakage power contributor models discussed in chapter 3. The following sections discuss 

the equations used to estimate the leakage power dissipated in the XOR2 gate in each of its four states. 
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4.1.3.1      Leakage Power Estimation for XOR2_X1 at A=0 and B=0 state 

Equations 4.23 through 4.26 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the XOR2 gate when both the inputs are low. 

𝐼𝑣𝑑𝑑 = −2×𝐼𝑔𝑎𝑡𝑒3 + 2×𝐼𝑑𝑠6 + 𝐼𝑑𝑠20 + 2×𝐼𝐺𝐷2_0.09                           (4.23) 

𝐼𝑣𝑠𝑠 = 2×𝐼𝑑𝑠6 + 𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠20                                                                (4.24) 

𝐼𝐴 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.09                                                                            (4.25) 

𝐼𝐵 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.09                                                                            (4.26) 

Figure 4.11 shows 2-plot graphs for VA, VB, VDD and VSS current sources when both the inputs are low. One 

plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 28727.78 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure. 

 
Figure 4.9 Current Source graphs for XOR2_X1 gate for A=0 and B=0 state 
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4.1.3.2      Leakage Power Estimation for XOR2_X1 at A=1 and B=0 state 

Equations 4.27 through 4.30 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the XOR2 gate when A is high and B is low. 

𝐼𝑣𝑑𝑑 = −3×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠4 + 𝐼𝑑𝑠6 + 𝐼𝑑𝑠5 + 𝐼𝐺𝐷2_0.13 + 𝐼𝐺𝐷2_0.09          (4.27) 

𝐼𝑣𝑠𝑠 = 𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠4 + 𝐼𝑑𝑠6 + 𝐼𝑑𝑠5 − 𝐼𝐺𝐷3_0.195                                        (4.28) 

𝐼𝐴 = −𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝐺𝐷3_0.195                                                                              (4.29) 

𝐼𝐵 = −2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.13                                                                          (4.30) 

Figure 4.12 shows 2-plot graphs for VA, VB, VDD and VSS current sources when both A is high and B is low. 

One plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 19692.31 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure.  

 
Figure 4.10 Current Source graphs for XOR2_X1 gate for A=1 and B=0 state 
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4.1.3.3      Leakage Power Estimation for XOR2_X1 at A=0 and B=1 state 

Equations 4.31 through 4.34 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the XOR2 gate when A is low and B is high. 

𝐼𝑣𝑑𝑑 = 𝐼𝑑𝑠6_0.09 + 𝐼𝑑𝑠6_0.13 − 2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠114 + 𝐼𝐺𝐷2_0.13 + 𝐼𝐺𝐷2_0.09          (4.31) 

𝐼𝑣𝑠𝑠 = 𝐼𝑔𝑎𝑡𝑒2_0.09 + 𝐼𝑔𝑎𝑡𝑒2_0.13 + 𝐼𝑑𝑠6_0.09 + 𝐼𝑑𝑠6_0.13 + 𝐼𝑑𝑠114 − 𝐼𝐺𝐷3_0.195     (4.32) 

𝐼𝐴 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.13                                                                                               (4.33) 

𝐼𝐵 = −𝐼𝑔𝑎𝑡𝑒2_0.09 − 𝐼𝑔𝑎𝑡𝑒2_0.13 + 𝐼𝐺𝐷3_0.195                                                              (4.34) 

Figure 4.13 shows 2-plot graphs for VA, VB, VDD and VSS current sources when both A is low and B is high. 

One plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 19403.70 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure. 

 
Figure 4.11 Current Source graphs for XOR2_X1 gate for A=0 and B=1 state 
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4.1.3.4      Leakage Power Estimation for XOR2_X1 at A=1 and B=1 state 

Equations 4.35 through 4.38 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the XOR2 gate when both he inputs are high. 

𝐼𝑣𝑑𝑑 = −𝐼𝑔𝑎𝑡𝑒3 + 2×𝐼𝑑𝑠4 + 𝐼𝑑𝑠115                                                                           (4.35) 

𝐼𝑣𝑠𝑠 = 2×𝐼𝑔𝑎𝑡𝑒2_0.09 + 2×𝐼𝑔𝑎𝑡𝑒2_0.13 + 2×𝐼𝑑𝑠4 + 𝐼𝑑𝑠115 − 3×𝐼𝐺𝐷3_0.195        (4.36) 

𝐼𝐴 = −𝐼𝑔𝑎𝑡𝑒2_0.09 − 𝐼𝑔𝑎𝑡𝑒2_0.13 + 2×𝐼𝐺𝐷3_0.195                                                      (4.37) 

𝐼𝐵 = −𝐼𝑔𝑎𝑡𝑒2_0.09 − 𝐼𝑔𝑎𝑡𝑒2_0.13 + 𝐼𝐺𝐷3_0.195                                                            (4.38) 

Figure 4.14 shows 2-plot graphs for VA, VB, VDD and VSS current sources when both the inputs are high. 

One plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 40492.31 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure. 

 
Figure 4.12 Current Source graphs for XOR2_X1 gate for A=1 and B=1 state 
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4.1.4 Leakage Power Estimation for NAND4_X1 Gate Using Power Contributor Models 

This section discusses how the leakage power dissipated in a NAND4_X1 gate (shown in figure 2.14) can 

be estimated using leakage power contributor models discussed in chapter 3. The following sections 

discuss the equations used to estimate the leakage power dissipated in the NAND4 gate in each of its 

sixteen states. 

4.1.4.1      Leakage Power Estimation for NAND4_X1 at A1=0, A2=0, A3=0 and A4=0 state 

Equations 4.39 through 4.44 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when all the inputs are low. 

𝐼𝑣𝑑𝑑 = −4×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠11 + 𝐼𝐺𝐷2_0.215                                    (4.39) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠11                                                                                     (4.40) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.41) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.42) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.43) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.44) 

Figure 4.15 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when all the inputs are 

low. One plot is for the simulated current values while the other is for the values obtained from the 

equations shown above. An average speed up of 42423.08 was observed when the power contributor 

models were used to compute the leakage power as against the simulator performing the computation. 

The average error and maximum error are as shown in the figure. 
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Figure 4.13 Current Source graphs for NAND4_X1 gate for A1=0, A2=0, A3=0 and A4=0 state 

4.1.4.2      Leakage Power Estimation for NAND4_X1 at A1=1, A2=0, A3=0 and A4=0 state 

Equations 4.45 through 4.50 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A1 is high and rest of the 

inputs are low. 

𝐼𝑣𝑑𝑑 = −3×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠12 + 𝐼𝐺𝐷2_0.215                                    (4.45) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠12                                                                                     (4.46) 

𝐼𝐴1 = 0                                                                                             (4.47) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.48) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.49) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.50) 

Figure 4.16 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A1 is high and 

rest of the inputs are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 37585.71 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.16) account for the gate leakage 

current flowing through ‘A1’, it is given by 0.  
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Figure 4.14 Current Source graphs for NAND4_X1 gate for A1=1, A2=0, A3=0 and A4=0 state 

4.1.4.3      Leakage Power Estimation for NAND4_X1 at A1=0, A2=1, A3=0 and A4=0 state 

Equations 4.51 through 4.56 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A2 is high and rest of the 

inputs are low. 

𝐼𝑣𝑑𝑑 = −3×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠13 − 𝐼𝐺𝐷2_0.215                                    (4.51) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠13                                                                                     (4.52) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.53) 

𝐼𝐴2 = 0                                                                                             (4.54) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.55) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.56) 

Figure 4.17 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A2 is high and 

rest of the inputs are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 42185.71 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.17) account for the gate leakage 

current flowing through ‘A2’, it is given by 0.  
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Figure 4.15 Current Source graphs for NAND4_X1 gate for A1=0, A2=1, A3=0 and A4=0 state 

4.1.4.4      Leakage Power Estimation for NAND4_X1 at A1=1, A2=1, A3=0 and A4=0 state 

Equations 4.57 through 4.62 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A1 and A2 are high, and 

A3 and A4 are low. 

𝐼𝑣𝑑𝑑 = −2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠14 + 𝐼𝐺𝐷2_0.215                                    (4.57) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠14                                                                                     (4.58) 

𝐼𝐴1 = 0                                                                                             (4.59) 

𝐼𝐴2 = 0                                                                                             (4.60) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.61) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.62) 

Figure 4.18 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A1 and A2 are 

high, and A3 and A4 are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 40250 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.18) account for the gate leakage 

current flowing through ‘A1’ and ‘A2’, they are given by 0.  
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Figure 4.16 Current Source graphs for NAND4_X1 gate for A1=1, A2=1, A3=0 and A4=0 state 

4.1.4.5      Leakage Power Estimation for NAND4_X1 at A1=0, A2=0, A3=1 and A4=0 state 

Equations 4.63 through 4.68 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A3 is high and rest of the 

inputs are low. 

𝐼𝑣𝑑𝑑 = −3×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠15 − 𝐼𝐺𝐷2_0.215                                    (4.63) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠15                                                                                     (4.64) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.65) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.66) 

𝐼𝐴3 = 0                                                                                             (4.67) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.68) 

Figure 4.19 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A3 is high and 

rest of the inputs are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. The average error and maximum error are as shown in the 

figure. An average speed up of 45414.29 was observed when the power contributor models were used to 

compute the leakage power as against the simulator performing the computation. The average error and 

maximum error are as shown in the figure. As none of the leakage power contributors of the NAND4 gate 

in this state (shown in figure 2.19) account for the gate leakage current flowing through ‘A3’, it is given by 

0.  
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Figure 4.17 Current Source graphs for NAND4_X1 gate for A1=0, A2=0, A3=1 and A4=0 state 

4.1.4.6      Leakage Power Estimation for NAND4_X1 at A1=1, A2=0, A3=1 and A4=0 state 

Equations 4.69 through 4.74 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A1 and A3 are high, and 

A3 and A4 are low. 

𝐼𝑣𝑑𝑑 = −2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠16 − 𝐼𝐺𝐷2_0.215                                    (4.69) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠16                                                                                     (4.70) 

𝐼𝐴1 = 0                                                                                             (4.71) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.72) 

𝐼𝐴3 = 0                                                                                             (4.73) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.74) 

Figure 4.20 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A1 and A3 are 

high, and A3 and A4 are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 45821.43 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.20) account for the gate leakage 

current flowing through ‘A1’ and ‘A3’, they are given by 0.  
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Figure 4.18 Current Source graphs for NAND4_X1 gate for A1=1, A2=0, A3=1 and A4=0 state 

4.1.4.7      Leakage Power Estimation for NAND4_X1 at A1=0, A2=1, A3=1 and A4=0 state 

Equations 4.75 through 4.80 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A2 and A3 are high, and 

A1 and A4 are low. 

𝐼𝑣𝑑𝑑 = −2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠17 − 𝐼𝐺𝐷2_0.215                                    (4.75) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠17                                                                                     (4.76) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.77) 

𝐼𝐴2 = 0                                                                                             (4.78) 

𝐼𝐴3 = 0                                                                                             (4.79) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.80) 

Figure 4.21 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A2 and A3 are 

high, and A1 and A4 are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 58361.54 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.21) account for the gate leakage 

current flowing through ‘A2’ and ‘A3’, they are given by 0.  
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Figure 4.19 Current Source graphs for NAND4_X1 gate for A1=0, A2=1, A3=1 and A4=0 state 

4.1.4.8      Leakage Power Estimation for NAND4_X1 at A1=1, A2=1, A3=1 and A4=0 state 

Equations 4.81 through 4.86 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A4 is low and rest of the 

inputs are high. 

𝐼𝑣𝑑𝑑 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠18 + 𝐼𝐺𝐷2_0.215                                         (4.81) 

𝐼𝑣𝑠𝑠 = 𝐼𝑑𝑠18                                                                                     (4.82) 

𝐼𝐴1 = 0                                                                                             (4.83) 

𝐼𝐴2 = 0                                                                                             (4.84) 

𝐼𝐴3 = 0                                                                                             (4.85) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.86) 

Figure 4.22 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A4 is low and rest 

of the inputs are high. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 46271.43 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.22) account for the gate leakage 

current flowing through ‘A1’, ‘A2’ and ‘A3’, they are given by 0.  
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Figure 4.20 Current Source graphs for NAND4_X1 gate for A1=1, A2=1, A3=1 and A4=0 state 

4.1.4.9      Leakage Power Estimation for NAND4_X1 at A1=0, A2=0, A3=0 and A4=1 state 

Equations 4.87 through 4.92 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A4 is high and rest of the 

inputs are low. 

𝐼𝑣𝑑𝑑 = −3×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠7 + 𝐼𝐺𝐷2_0.215                                     (4.87) 

𝐼𝑣𝑠𝑠 = 𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠7                                                                       (4.88) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.89) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.90) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.91) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒2                                                                                 (4.92) 

Figure 4.23 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A4 is high and 

rest of the inputs are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 45023.08 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. 
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Figure 4.21 Current Source graphs for NAND4_X1 gate for A1=0, A2=0, A3=0 and A4=1 state 

4.1.4.10      Leakage Power Estimation for NAND4_X1 at A1=1, A2=0, A3=0 and A4=1 state 

Equations 4.93 through 4.98 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A1 and A4 are high, and 

A2 and A3 are low. 

𝐼𝑣𝑑𝑑 = −2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠8 + 𝐼𝐺𝐷2_0.215                                     (4.93) 

𝐼𝑣𝑠𝑠 = 𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠8                                                                       (4.94) 

𝐼𝐴1 = 0                                                                                             (4.95) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                          (4.96) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒3                                                                                 (4.97) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒2                                                                                 (4.98) 

Figure 4.24 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A1 and A4 are 

high, and A2 and A3 are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 39407.14 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.24) account for the gate leakage 

current flowing through ‘A1’, it is given by 0.  
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Figure 4.22 Current Source graphs for NAND4_X1 gate for A1=1, A2=0, A3=0 and A4=1 state 

4.1.4.11      Leakage Power Estimation for NAND4_X1 at A1=0, A2=1, A3=0 and A4=1 state 

Equations 4.99 through 4.104 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A2 and A4 are high, and 

A1 and A3 are low. 

𝐼𝑣𝑑𝑑 = −2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠9 − 𝐼𝐺𝐷2_0.215                                     (4.99) 

𝐼𝑣𝑠𝑠 = 𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠9                                                                    (4.100) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                        (4.101) 

𝐼𝐴2 = 0                                                                                           (4.102) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒3                                                                               (4.103) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒2                                                                               (4.104) 

Figure 4.25 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A2 and A4 are 

high, and A1 and A3 are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 35878.57 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.25) account for the gate leakage 

current flowing through ‘A2’, it is given by 0.  
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Figure 4.23 Current Source graphs for NAND4_X1 gate for A1=0, A2=1, A3=0 and A4=1 state 

4.1.4.12      Leakage Power Estimation for NAND4_X1 at A1=1, A2=1, A3=0 and A4=1 state 

Equations 4.105 through 4.110 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A3 is low and rest of the 

inputs are high. 

𝐼𝑣𝑑𝑑 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠10 + 𝐼𝐺𝐷2_0.215                                        (4.105) 

𝐼𝑣𝑠𝑠 = 𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠10                                                                    (4.106) 

𝐼𝐴1 = 0                                                                                            (4.107) 

𝐼𝐴2 = 0                                                                                            (4.108) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                         (4.109) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒2                                                                                (4.110) 

Figure 4.26 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A3 is low and rest 

of the inputs are high. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 38553.85 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.26) account for the gate leakage 

current flowing through ‘A1’ and ‘A2’, they are given by 0.  
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Figure 4.24 Current Source graphs for NAND4_X1 gate for A1=1, A2=1, A3=0 and A4=1 state 

4.1.4.13      Leakage Power Estimation for NAND4_X1 at A1=0, A2=0, A3=1 and A4=1 state 

Equations 4.111 through 4.116 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A3 and A4 are high, and 

A1 and A2 are low. 

𝐼𝑣𝑑𝑑 = −2×𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠1 + 𝐼𝐺𝐷2_0.215                                        (4.111) 

𝐼𝑣𝑠𝑠 = 2×𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠1                                                                    (4.112) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                             (4.113) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3                                                                                    (4.114) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒2                                                                                    (4.115) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒2                                                                                    (4.116) 

Figure 4.27 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A3 and A4 are 

high, and A1 and A2 are low. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 39592.86 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure.  
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Figure 4.25 Current Source graphs for NAND4_X1 gate for A1=0, A2=0, A3=1 and A4=1 state 

4.1.4.14      Leakage Power Estimation for NAND4_X1 at A1=1, A2=0, A3=1 and A4=1 state 

Equations 4.117 through 4.122 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A2 is low and rest of the 

inputs are high. 

𝐼𝑣𝑑𝑑 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠5 + 𝐼𝐺𝐷2_0.215                                              (4.117) 

𝐼𝑣𝑠𝑠 = 2×𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠5                                                                    (4.118) 

𝐼𝐴1 = 0                                                                                                (4.119) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                             (4.120) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒2                                                                                    (4.121) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒2                                                                                    (4.122) 

Figure 4.28 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A2 is low and rest 

of the inputs are high. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 39546.15 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. As none of the leakage 

power contributors of the NAND4 gate in this state (shown in figure 2.28) account for the gate leakage 

current flowing through ‘A1’, it is given by 0.  
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Figure 4.26 Current Source graphs for NAND4_X1 gate for A1=1, A2=0, A3=1 and A4=1 state 

4.1.4.15      Leakage Power Estimation for NAND4_X1 at A1=0, A2=1, A3=1 and A4=1 state 

Equations 4.123 through 4.128 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when A1 is low and rest of the 

inputs are high. 

𝐼𝑣𝑑𝑑 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝑑𝑠6 + 𝐼𝐺𝐷2_0.215                                              (4.123) 

𝐼𝑣𝑠𝑠 = 3×𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝑑𝑠6                                                                    (4.124) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒3 + 𝐼𝐺𝐷2_0.215                                                             (4.125) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒2                                                                                    (4.126) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒2                                                                                    (4.127) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒2                                                                                    (4.128) 

Figure 4.29 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when A1 is low and rest 

of the inputs are high. One plot is for the simulated current values while the other is for the values 

obtained from the equations shown above. An average speed up of 42123.08 was observed when the 

power contributor models were used to compute the leakage power as against the simulator performing 

the computation. The average error and maximum error are as shown in the figure. 
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Figure 4.27 Current Source graphs for NAND4_X1 gate for A1=0, A2=1, A3=1 and A4=1 state 

4.1.4.16      Leakage Power Estimation for NAND4_X1 at A1=1, A2=1, A3=1 and A4=1 state 

Equations 4.129 through 4.134 (with the fix to account for non-trivial gate current in channel contributors) 

can be used to estimate the leakage power dissipated in the NAND4 gate when all the inputs are high. 

𝐼𝑣𝑑𝑑 = 4×𝐼𝑑𝑠4                                                                    (4.129) 

𝐼𝑣𝑠𝑠 = 4×𝐼𝑔𝑎𝑡𝑒2 + 4×𝐼𝑑𝑠4 − 4×𝐼𝐺𝐷3_0.135                  (4.130) 

𝐼𝐴1 = −𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝐺𝐷3_0.135                                              (4.131) 

𝐼𝐴2 = −𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝐺𝐷3_0.135                                              (4.132) 

𝐼𝐴3 = −𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝐺𝐷3_0.135                                              (4.133) 

𝐼𝐴4 = −𝐼𝑔𝑎𝑡𝑒2 + 𝐼𝐺𝐷3_0.135                                              (4.134) 

Figure 4.30 shows 2-plot graphs for VA1, VA2, VA3, VA4, VDD and VSS current sources when all the inputs are 

high. One plot is for the simulated current values while the other is for the values obtained from the 

equations shown above. An average speed up of 101220 was observed when the power contributor 

models were used to compute the leakage power as against the simulator performing the computation. 

The average error and maximum error are as shown in the figure. 
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Figure 4.28 Current Source graphs for NAND4_X1 gate for A1=1 A2=1, A3=1 and A4=1 state 

4.1.5 Leakage Power Estimation for a Combinational Logic Circuit Using Power Contributor Models 

This section discusses how the leakage power dissipated in a combinational logic circuit (shown in figure 

4.31) can be estimated using leakage power contributor models discussed in chapter 3. The following 

combinational logic circuit uses XOR2_X1, NAND2_X1, NAND4_X1 and INV_X1 standard gates discussed 

in previous sections. 

 
Figure 4.29 Combinational Logic Circuit 
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The leakage current flowing through a current source in the combinational logic (shown above) in a 

particular state is equal to the sum of leakage currents flowing through that current source in each of the 

individual gates in states corresponding to the combinational logic’s state. The corresponding states of 

the individual gates for each of the sixteen states of the circuit are shown in table 4.1. The following 

equations give the leakage current flowing through VDD, VSS, VA, VB, VC and VD current sources. 

𝐼𝐶𝐿_𝑉𝐷𝐷 = 𝐼𝑋𝑂𝑅2_𝑉𝐷𝐷 + 𝐼𝑁𝐴𝑁𝐷2_𝑉𝐷𝐷 + 𝐼𝑁𝐴𝑁𝐷4_𝑉𝐷𝐷 + 𝐼𝐼𝑁𝑉_𝑉𝐷𝐷              (4.135) 

𝐼𝐶𝐿_𝑉𝑆𝑆 = 𝐼𝑋𝑂𝑅2_𝑉𝑆𝑆 + 𝐼𝑁𝐴𝑁𝐷2_𝑉𝑆𝑆 + 𝐼𝑁𝐴𝑁𝐷4_𝑉𝑆𝑆 + 𝐼𝐼𝑁𝑉_𝑉𝑆𝑆                   (4.136) 

𝐼𝐶𝐿_𝐴 = 𝐼𝑋𝑂𝑅2_𝐴 + 𝐼𝑁𝐴𝑁𝐷4_𝐴1                                                                          (4.137) 

𝐼𝐶𝐿_𝐵 = 𝐼𝑋𝑂𝑅2_𝐵                                                                                                  (4.138) 

𝐼𝐶𝐿_𝐶 = 𝐼𝑁𝐴𝑁𝐷2_𝐴1                                                                                              (4.139) 

𝐼𝐶𝐿_𝐷 = 𝐼𝑁𝐴𝑁𝐷2_𝐴2 + 𝐼𝑁𝐴𝑁𝐷4_𝐴4                                                                      (4.140) 

 

Table 4.1 Combinational Logic Circuit States 

Combinational Logic State 
(ABCD) 

XOR2_X1 state 
(AB) 

NAND2_X1 state 
(A1A2) 

NAND4_X1 state 
(A1A2A3A4) 

INV_X1 state 
(A) 

0000 00 00 0010 1 

0001 00 01 0011 1 

0010 00 10 0010 1 

0011 00 11 0001 1 

0100 01 00 0110 1 

0101 01 01 0111 1 

0110 01 10 0110 1 

0111 01 11 0101 1 

1000 10 00 1110 1 

1001 10 01 1111 0 

1010 10 10 1110 1 

1011 10 11 1101 1 

1100 11 00 1010 1 

1101 11 01 1011 1 

1110 11 10 1010 1 

1111 11 11 1001 1 

Equations 4.135 through 4.140 and table 4.1 can be used to estimate the leakage power dissipated in the 

combinational circuit. For example, leakage current flowing through VDD, VSS, VA, VB, VC and VD current 

sources in the combinational logic when all the inputs are low can be given by the following equations. 

𝐼𝐶𝐿_0000_𝑉𝐷𝐷 = 𝐼𝑋𝑂𝑅2_00_𝑉𝐷𝐷 + 𝐼𝑁𝐴𝑁𝐷2_00_𝑉𝐷𝐷 + 𝐼𝑁𝐴𝑁𝐷4_0010_𝑉𝐷𝐷 + 𝐼𝐼𝑁𝑉_1_𝑉𝐷𝐷              (4.141) 
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𝐼𝐶𝐿_0000_𝑉𝑆𝑆 = 𝐼𝑋𝑂𝑅2_00_𝑉𝑆𝑆 + 𝐼𝑁𝐴𝑁𝐷2_00_𝑉𝑆𝑆 + 𝐼𝑁𝐴𝑁𝐷4_0010_𝑉𝑆𝑆 + 𝐼𝐼𝑁𝑉_1_𝑉𝑆𝑆                   (4.142) 

𝐼𝐶𝐿_0000_𝐴 = 𝐼𝑋𝑂𝑅2_00_𝐴 + 𝐼𝑁𝐴𝑁𝐷4_0010_𝐴1                                                                                  (4.143) 

𝐼𝐶𝐿_0000_𝐵 = 𝐼𝑋𝑂𝑅2_00_𝐵                                                                                                                   (4.144) 

𝐼𝐶𝐿_0000_𝐶 = 𝐼𝑁𝐴𝑁𝐷2_00_𝐴1                                                                                                               (4.145) 

𝐼𝐶𝐿_0000_𝐷 = 𝐼𝑁𝐴𝑁𝐷2_00_𝐴2 + 𝐼𝑁𝐴𝑁𝐷4_0010_𝐴4                                                                              (4.146) 

The following sections present the results obtained for leakage power dissipation in the combinational 

logic, by using the power contributor models and the approach discussed above.  

4.1.5.1      Leakage Power Estimation for the Combinational Logic Circuit at A=0, B=0, C=0 and D=0 state 

Figure 4.32 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when all the inputs are low. 

One plot is for the simulated current values while the other is for the values obtained from the equations 

shown above. An average speed up of 15644.19 was observed when the power contributor models were 

used to compute the leakage power as against the simulator performing the computation. The average 

error and maximum error are as shown in the figure. 

 
Figure 4.30 Current Source graphs for the combinational logic gate for A=0, B=0, C=0 and D=0 state 

4.1.5.2      Leakage Power Estimation for the Combinational Logic Circuit at A=0, B=0, C=0 and D=1 state 

Figure 4.33 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when D is high and rest of 

the inputs are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 13909.09 was observed when the power 
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contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.31 Current Source graphs for the combinational logic gate for A=0, B=0, C=0 and D=1 state 

4.1.5.3      Leakage Power Estimation for the Combinational Logic Circuit at A=0, B=0, C=1 and D=0 state 

Figure 4.34 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when C is high and rest of 

the inputs are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 16841.86 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 
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Figure 4.32 Current Source graphs for the combinational logic gate for A=0, B=0, C=1 and D=0 state 

4.1.5.4      Leakage Power Estimation for the Combinational Logic Circuit at A=0, B=0, C=1 and D=1 state 

Figure 4.35 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when C and D are high, and 

A and B are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 17794.12 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.33 Current Source graphs for the combinational logic gate for A=0, B=0, C=1 and D=1 state 
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4.1.5.5      Leakage Power Estimation for the Combinational Logic Circuit at A=0, B=1, C=0 and D=0 state 

Figure 4.36 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when B is high and rest of 

the inputs are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 14704.55 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.34 Current Source graphs for the combinational logic gate for A=0, B=1, C=0 and D=0 state 

4.1.5.6      Leakage Power Estimation for the Combinational Logic Circuit at A=0, B=1, C=0 and D=1 state 

Figure 4.37 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when B and D are high, and 

A and C are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 13556.82 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 
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Figure 4.35 Current Source graphs for the combinational logic gate for A=0, B=1, C=0 and D=1 state 

4.1.5.7      Leakage Power Estimation for the Combinational Logic Circuit at A=0, B=1, C=1 and D=0 state 

Figure 4.38 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when B and C are high, and 

A and D are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 14917.02 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.36 Current Source graphs for the combinational logic gate for A=0, B=1, C=1 and D=0 state 
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4.1.5.8      Leakage Power Estimation for the Combinational Logic Circuit at A=0, B=1, C=1 and D=1 state 

Figure 4.39 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when A is low and rest of 

the inputs are high. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 15878.32 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.37 Current Source graphs for the combinational logic gate for A=0, B=1, C=1 and D=1 state 

4.1.5.9      Leakage Power Estimation for the Combinational Logic Circuit at A=1, B=0, C=0 and D=0 state 

Figure 4.40 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when A is high and rest of 

the inputs are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 12670.21 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 
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Figure 4.38 Current Source graphs for the combinational logic gate for A=1, B=0, C=0 and D=0 state 

4.1.5.10      Leakage Power Estimation for the Combinational Logic Circuit at A=1, B=0, C=0 and D=1 state 

Figure 4.41 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when A and D are high, and 

B and C are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 16483.72 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.39 Current Source graphs for the combinational logic gate for A=1, B=0, C=0 and D=1 state 
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4.1.5.11      Leakage Power Estimation for the Combinational Logic Circuit at A=1, B=0, C=1 and D=0 state 

Figure 4.42 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when A and C are high, and 

B and D are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 15210.64 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.40 Current Source graphs for the combinational logic gate for A=1, B=0, C=1 and D=0 state 

4.1.5.12      Leakage Power Estimation for the Combinational Logic Circuit at A=1, B=0, C=1 and D=1 state 

Figure 4.43 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when B is low and rest of 

the inputs are high. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 13969.77 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 
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Figure 4.41 Current Source graphs for the combinational logic gate for A=1, B=0, C=1 and D=1 state 

4.1.5.13      Leakage Power Estimation for the Combinational Logic Circuit at A=1, B=1, C=0 and D=0 state 

Figure 4.44 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when A and B are high, and 

C and D are low. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 15253.85 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.42 Current Source graphs for the combinational logic gate for A=1, B=1, C=0 and D=0 state 
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4.1.5.14      Leakage Power Estimation for the Combinational Logic Circuit at A=1, B=1, C=0 and D=1 state 

Figure 4.45 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when C is low and rest of 

the inputs are high. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 15931.58 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 

 
Figure 4.43 Current Source graphs for the combinational logic gate for A=1, B=1, C=0 and D=1 state 

4.1.5.15      Leakage Power Estimation for the Combinational Logic Circuit at A=1, B=1, C=1 and D=0 state 

Figure 4.46 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when D is low and rest of 

the inputs are high. One plot is for the simulated current values while the other is for the values obtained 

from the equations shown above. An average speed up of 16589.74 was observed when the power 

contributor models were used to compute the leakage power as against the simulator performing the 

computation. The average error and maximum error are as shown in the figure. 
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Figure 4.44 Current Source graphs for the combinational logic gate for A=1, B=1, C=1 and D=0 state 

4.1.5.16      Leakage Power Estimation for the Combinational Logic Circuit at A=1, B=1, C=1 and D=1 state 

Figure 4.47 shows 2-plot graphs for VA, VB, VC, VD, VDD and VSS current sources when all the inputs are 

high. One plot is for the simulated current values while the other is for the values obtained from the 

equations shown above. An average speed up of 15240 was observed when the power contributor models 

were used to compute the leakage power as against the simulator performing the computation. The 

average error and maximum error are as shown in the figure. 

 
Figure 4.45 Current Source graphs for the combinational logic gate for A=1, B=1, C=1 and D=1 state 
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4.2 Summary 

Table 4.2 summarizes the leakage power estimation results discussed in section 4.1 for INV, NAND2, XOR2 

and NAND4 gates. The average error between the values generated by IVDD current equations and the 

simulated power supply source current values is 2.93% with the maximum error being 40.5%. 
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Table 4.2 Leakage Power Estimation Error in Standard Cells 

Standard 
Gate 

State 
% Error in Model (Average / Maximum) 

VDD VSS IN1 IN2 IN3 IN4 

INV_X1 
A=0 1.1/4.8 1.1/5.0 0.5/4.6 N/A N/A N/A 

A=1 2.7/13.3 1.7/4.5 1.4/11.6 N/A N/A N/A 

NAND2_X1 

A1=0, A2=0 2/6.7 0.4/2.2 0.3/3.8 0.7/6.0 N/A N/A 

A1=1, A2=0 1.1/4.8 1.1/5.0 - 12.9/16.5 N/A N/A 

A1=0, A2=1 1.2/5.7 1.2/5.9 0.5/4.1 1.4/12.1 N/A N/A 

A1=1, A2=1 2.1/9.6 1.6/4.9 1.3/11.5 1.3/11.4 N/A N/A 

XOR2_X1 

A=0, B=0 1.2/4.6 1.0/5.0 1.2/4.9 0.9/4.9 N/A N/A 

A=1, B=0 1.1/5.0 1.1/4.7 1.4/11.1 6.8/10.3 N/A N/A 

A=0, B=1 1.1/5.4 1.1/5.2 1.0/4.5 2.6/11.9 N/A N/A 

A=1, B=1 1.9/7.3 1.7/7.3 1.3/10.2 1.4/10.6 N/A N/A 

NAND4_X1 

A1=0, A2=0, A3=0, 
A4=0 

4.7/10 0.4/1.2 0.9/2.7 2.6/5.4 0.5/6.2 0.3/6.3 

A1=1, A2=0, A3=0, 
A4=0 

3.8/9.6 0.4/1.1 - 3.0/6.1 1.9/5.5 0.3/6.3 

A1=0, A2=1, A3=0, 
A4=0 

12.7/26 1.9/10.6 0.8/1.7 - 2.2/4.3 0.3/6.2 

A1=1, A2=1, A3=0, 
A4=0 

2.2/7.3 0.5/2.1 - - 8.9/13 1.1/5.8 

A1=0, A2=0, A3=1, 
A4=0 

4.2/12.6 1.7/5.5 0.8/2.2 2.2/4.3 - 0.3/5.7 

A1=1, A2=0, A3=1, 
A4=0 

1.9/7.8 1.8/8.5 - 4.8/7.7 - 1.2/5.4 

A1=0, A2=1, A3=1, 
A4=0 

13/40.5 2.0/13.0 0.5/2.3 - - 1.3/4.6 

A1=1, A2=1, A3=1, 
A4=0 

1.1/5.3 1.1/5.2 - - - 28/37.5 

A1=0, A2=0, A3=0, 
A4=1 

4.2/10.5 0.8/7.1 0.7/2.8 2.0/5.5 0.3/6.3 1.2/11.7 

A1=1, A2=0, A3=0, 
A4=1 

2.4/7.9 0.7/4.6 - 5.4/7.8 1.1/5.8 1.2/11.7 

A1=0, A2=1, A3=0, 
A4=1 

2.0/8.8 1.5/5.6 0.5/2.7 - 1.2/5.4 1.2/11.7 

A1=1, A2=1, A3=0, 
A4=1 

1.1/5.3 1.1/5.2 - - 24.1/30.
9 

1.2/11.7 

A1=0, A2=0, A3=1, 
A4=1 

2.8/9.0 0.8/6.7 0.5/2.9 1.1/5.8 1.2/11.7 1.2/11.7 

A1=1, A2=0, A3=1, 
A4=1 

1.2/5.5 - 18.2/22 1.2/11.7 1.2/11.7 1.2/11.7 

A1=0, A2=1, A3=1, 
A4=1 

1.5/6.3 0.4/3.3 1.2/11.8 1.2/11.8 1.2/11.8 1.2/11.7 

A1=1, A2=1, A3=1, 
A4=1 

2.0/7.5 1.7/5.8 1.2/11.4 1.2/11.4 1.2/11.3 1.2/11.3 
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Table 4.3 summarizes the leakage power estimation results discussed in section 4.1 for the combinational 

logic circuit (in figure 4.31). The average error between the values generated by IVDD current equations 

and the simulated power supply source current values is 1.78% with the maximum error being 16.6%. 

 

Table 4.3 Leakage Power Estimation Error in the Combinational Logic Circuit 

Standard 
Gate 

State 
% Error in Model (Average / Maximum) 

VDD VSS IN1 IN2 IN3 IN4 

CL 
CIRCUIT 

A=0, B=0, C=0, D=0 1.7/4.9 1.0/4.7 0.4/3.5 0.9/4.9 0.3/3.8 0.5/5.9 

A=0, B=0, C=0, D=1 1.6/4.5 1.0/5.0 0.4/3.9 0.9/4.9 0.5/4.1 1.3/10.7 

A=0, B=0, C=1, D=0 2.4/4.3 1.8/3.6 0.4/3.5 0.9/4.9 - 8.0/11.3 

A=0, B=0, C=1, D=1 1.5/4.3 1.1/4.5 0.4/3.8 0.9/4.9 1.3/11.5 1.3/10.5 

A=0, B=1, C=0, D=0 1.4/3.9 1.0/4.7 0.4/3.4 2.6/11.9 0.3/3.8 1.0/5.3 

A=0, B=1, C=0, D=1 1.5/4.3 1.1/5.5 0.7/3.9 2.6/11.9 0.5/4.1 1.3/10.7 

A=0, B=1, C=1, D=0 1.3/4.1 1.0/4.9 0.4/3.4 2.6/11.9 - 7.6/10.7 

A=0, B=1, C=1, D=1 1.4/4.1 1.1/4.8 0.4/3.6 2.6/11.9 1.3/11.5 1.3/10.5 

A=1, B=0, C=0, D=0 1.2/4.3 1.0/4.6 1.6/10.9 6.8/10.3 0.3/3.8 18.3/26 

A=1, B=0, C=0, D=1 1.6/4.1 1.2/4.6 1.2/9.0 6.8/10.3 0.5/4.1 1.3/10.5 

A=1, B=0, C=1, D=0 1.2/4.6 1.1/4.8 1.6/10.9 6.8/10.3 - 21.1/28 

A=1, B=0, C=1, D=1 1.2/4.5 1.1/4.4 1..7/10.8 6.8/10.3 1.3/11.5 1.3/10.5 

A=1, B=1, C=0, D=0 3.8/16.6 2.0/9.4 1.3/10.2 1.4/10.6 0.3/3.8 0.9/5.7 

A=1, B=1, C=0, D=1 1.9/5.9 1.2/4.4 1.4/10.1 1.4/10.6 0.5/4.1 1.3/10.7 

A=1, B=1, C=1, D=0 2.2/7.7 1.5/4.4 1.3/10.2 1.4/10.6 - 7.7/11.1 

A=1, B=1, C=1, D=1 2.7/13.2 2.2/9.5 5.0/7.0 1.4/10.6 1.3/11.5 1.3/10.5 

Table 4.4 summarizes the speed up observed when the power contributor models were used to compute 

the leakage power for a few standard gates as against the simulator performing the computation. The 

speed ups average out to 48367.95 for all the states of all the gates shown in table 4.4. 
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Table 4.4 Speed up observed in leakage power computation with MATLAB models for a few standard gates 

Standard 
Gate 

State 

Total 
Number 
of Data 
Points 

SPICE Simulator 
MATLAB 
Models 

Speed-Up 
Total 
Time 
(ms) 

Avg 
Time 
(ms) 

Total 
Time 
(ms) 

Avg 
Time 
(ms) 

INV_X1 
A=0 72 48520 673.89 1.4 0.01944 34657.14 

A=1 72 47950 665.97 0.4 0.00556 119875.00 

NAND2_X1 

A1=0, A2=0 72 71000 986.11 1.3 0.01806 54615.38 

A1=1, A2=0 72 48490 673.47 1.2 0.01667 40408.33 

A1=0, A2=1 72 55480 770.56 1.3 0.01806 42676.92 

A1=1, A2=1 72 58680 815.00 0.5 0.00694 117360.00 

XOR2_X1 

A=0, B=0 72 51710 718.19 1.8 0.02500 28727.78 

A=1, B=0 72 51200 711.11 2.6 0.03611 19692.31 

A=0, B=1 72 52390 727.64 2.7 0.03750 19403.70 

A=1, B=1 72 52640 731.11 1.3 0.01806 40492.31 

NAND4_X1 

A1=0, A2=0, A3=0, A4=0 72 55150 765.97 1.3 0.01806 42423.08 

A1=1, A2=0, A3=0, A4=0 72 52620 730.83 1.4 0.01944 37585.71 

A1=0, A2=1, A3=0, A4=0 72 59060 820.28 1.4 0.01944 42185.71 

A1=1, A2=1, A3=0, A4=0 72 56350 782.64 1.4 0.01944 40250.00 

A1=0, A2=0, A3=1, A4=0 72 63580 883.06 1.4 0.01944 45414.29 

A1=1, A2=0, A3=1, A4=0 72 64150 890.97 1.4 0.01944 45821.43 

A1=0, A2=1, A3=1, A4=0 72 75870 1053.75 1.3 0.01806 58361.54 

A1=1, A2=1, A3=1, A4=0 72 64780 899.72 1.4 0.01944 46271.43 

A1=0, A2=0, A3=0, A4=1 72 58530 812.92 1.3 0.01806 45023.08 

A1=1, A2=0, A3=0, A4=1 72 55170 766.25 1.4 0.01944 39407.14 

A1=0, A2=1, A3=0, A4=1 72 50230 697.64 1.4 0.01944 35878.57 

A1=1, A2=1, A3=0, A4=1 72 50120 696.11 1.3 0.01806 38553.85 

A1=0, A2=0, A3=1, A4=1 72 55430 769.86 1.4 0.01944 39592.86 

A1=1, A2=0, A3=1, A4=1 72 51410 714.03 1.3 0.01806 39546.15 

A1=0, A2=1, A3=1, A4=1 72 54760 760.56 1.3 0.01806 42123.08 

A1=1, A2=1, A3=1, A4=1 72 50610 702.92 0.5 0.00694 101220.00 

Table 4.5 summarizes the speed up observed when the power contributor models were used to compute 

the leakage power for the complex circuit as against the simulator performing the computation. The speed 

ups average out to 15287.09 for all the states of the complex circuit shown in table 4.4. 
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Table 4.5 Speed up observed in leakage power computation with MATLAB models for the complex circuit 

Standard 
Gate 

State 

Total 
Number 
of Data 
Points 

SPICE Simulator MATLAB Models 

Speed-Up 
Total 
Time 
(ms) 

Average 
Time 
(ms) 

Total 
Time 
(ms) 

Average 
Time 
(ms) 

CL 
CIRCUIT 

A=0, B=0, C=0, D=0 72 67270 934.31 4.3 0.05972 15644.19 

A=0, B=0, C=0, D=1 72 61200 850.00 4.4 0.06111 13909.09 

A=0, B=0, C=1, D=0 72 72420 1005.83 4.3 0.05972 16841.86 

A=0, B=0, C=1, D=1 72 60500 840.28 3.4 0.04722 17794.12 

A=0, B=1, C=0, D=0 72 64700 898.61 4.4 0.06111 14704.55 

A=0, B=1, C=0, D=1 72 59650 828.47 4.4 0.06111 13556.82 

A=0, B=1, C=1, D=0 72 70110 973.75 4.7 0.06528 14917.02 

A=0, B=1, C=1, D=1 72 60330 837.92 3.8 0.05278 15876.32 

A=1, B=0, C=0, D=0 72 59550 827.08 4.7 0.06528 12670.21 

A=1, B=0, C=0, D=1 72 70880 984.44 4.3 0.05972 16483.72 

A=1, B=0, C=1, D=0 72 71490 992.92 4.7 0.06528 15210.64 

A=1, B=0, C=1, D=1 72 60070 834.31 4.3 0.05972 13969.77 

A=1, B=1, C=0, D=0 72 59490 826.25 3.9 0.05417 15253.85 

A=1, B=1, C=0, D=1 72 60540 840.83 3.8 0.05278 15931.58 

A=1, B=1, C=1, D=0 72 64700 898.61 3.9 0.05417 16589.74 

A=1, B=1, C=1, D=1 72 60960 846.67 4 0.05556 15240.00 

As discussed in section 4.1, the inconsistencies in the leakage power estimation results are due to the 

imperfections in the power contributor models (discussed in section 3.4) and the incapability of the 

leakage power contributor definition to account for the non-trivial gate current flowing through the gate 

in a channel contributor. 

An attempt was made to approximate the non-trivial gate current flowing through the gate in a channel 

contributor of a certain width and type by the IGD component of the gate tunneling current flowing 

through the gate in a gate contributor of the same width and type. However, this approximation did not 

work well for the channel contributors 5, 8, 10, 12, 14, 18 and 114 because of the voltage dropping across 

the transistors whose drain and gate are at a high potential (for NMOS) or at a low potential (for PMOS). 

This causes the voltage at the drain of the subsequent transistor to be slightly lower than VDD (for NMOS) 

or slightly higher than VSS (for PMOS) and thus, rendering the gate current approximation inaccurate. 
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CHAPTER 5 FUTURE SCOPE 
 

5.1 Modeling Leakage Power Dissipation with Process Variation 

As discussed in section 3.3, the leakage current in a channel contributor or a gate contributor is a function 

of power supply and temperature. However, it also varies with process variation and the following steps 

discuss how it could be modeled with ‘σ’. 

• As mentioned in section 3.3.1, the BSIMSOI Verilog-A model uses several SPICE model card 

parameters and some of these parameters depend upon process variation and thus, could be 

modeled with σ. 

• The Vds, Vgs, Vbs and delTemp variables would also have to modeled with σ along with VDD and 

temperature. 

5.2 Defining Power Contributors for Non-Trivial Gate Current flowing in 

Channel Contributors 

As illustrated in figure 4.3, an attempt was made to approximate the non-trivial gate current flowing 

through the gate in a channel contributor of a certain width and type by the IGD component of the gate 

tunneling current flowing through the gate in a gate contributor of the same width and type. However, 

this approximation did not work well for the channel contributors 5, 8, 10, 12, 14, 18 and 114 because of 

the voltage dropping across the transistors whose drain and gate are at a high potential (for NMOS) or at 

a low potential (for PMOS). This causes the voltage at the drain of the subsequent transistor to be slightly 

lower than VDD (for NMOS) or slightly higher than VSS (for PMOS) and thus, rendering the gate current 

approximation inaccurate. Therefore, additional power contributors need to be defined and modeled 

which could determine this non-trivial gate current in channel contributors. 
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CHAPTER 6 CONCLUSION 
 

In this thesis, leakage power modeling was presented in detail in the context of a complex combinational 

logic circuit consisting of an inverter, a 2-input NAND gate, a 2-input XOR gate and a 4-input NAND gate 

from a 45 nm NanGate standard cell library. The leakage current through the subthreshold and gate 

leakage power contributors for these standard gates at all possible states, as identified by David Hathaway 

from IBM, were modeled with power supply, temperature and width using a non-linear regression tool in 

MATLAB. Because of the discrepancies between MATLAB and SPICE simulator in computing large 

exponential values, and inaccuracies of the planar equations with which the voltages between the 

transistor nodes were modeled, these leakage power contributor models deviated from the original 

results with an average error of 1.08% and a maximum error of 12.98%. 

The leakage power contributor models were then used to estimate the leakage power dissipated in the 

complex combinational logic circuit that was mentioned earlier. The limitation in the leakage power 

contributor definition to account for non-trivial gate currents flowing through channel contributors was 

mitigated by approximating the non-trivial gate current using existing contributors. However, because of 

the imperfections discussed earlier in the leakage power contributor models, the leakage power 

estimated in the circuit deviated from the original results with an average error of 1.78% and a maximum 

error of 16.6%. An average speed up of 15287.09 was observed when the C-code version of MATLAB 

models was used to compute the leakage power in the circuit as against the SPICE simulator performing 

the computation. 
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