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THESIS ABSTRACT 

     SUBTHRESHOLD CIRCUIT DESIGN AND OPTIMIZATION 
 

Sungil Kim 

Bachelor of Electrical Engineering, May 8, 2016 

78 Typed Pages 

Directed by Prof. Vishwani D. Agrawal 
 
 

     Modern electronics, whether medical imaging electronics, sensors, portable devices, 

or high-performance computers, are constrained by their power. It is well known that 

subthreshold circuit design where the supply voltage is less than the device threshold 

voltage can reduce the energy. That power reduction comes with significant performance 

drawback and susceptibility to process, voltage, and temperature (PVT) variations.  

     The energy saving and operation of the subthreshold circuit is demonstrated, and its 

advantages and limitations are discussed here. The analytical model to estimate circuit 

delay is also analyzed, particularly Alpha-Power Law. The estimated circuit delay by 

Alpha-Power Law is proven to be not effective in the subthreshold region because the 

subthreshold drain current exponentially depends on the gate-source voltage and subjects 

to PVT variations. To better estimate the circuit delay and understand the effect of 

variations in the subthreshold region, a variations-aware analytical model is proposed and 

verified through simulations. It is found that the circuit delay exponentially depends on 
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λ(VDD2− VDD1)
2mVT

, where λ is the drain-induced barrier lowering (DIBL) coefficient, m is the 

subthreshold slope factor, and VT is the thermal voltage. In a 45nm BSIM bulk CMOS 

technology from the PTM model [21], λ is 0.001 and m is 27. With an average error of 15% 

in the subthreshold region, the proposed analytical model is proved to be a more effective 

measure of subthreshold circuit delay. Moreover, the effect of variations is analyzed, and 

the smaller technology nodes are found to have greater errors.  

     To optimize both performance and power consumption, dual-threshold circuit design 

is explored, and a gate assignment algorithm is formulated using linear optimization 

(linear programming). The usage of both low threshold gates (fast and greater leakage 

power) and high threshold gates (slow and less leakage power) can improve performance 

while leakage power is reduced, and the circuit still operates properly.  

     Because wire capacitance does not scale with the supply voltage, and global wire 

delay is increasing with technology scaling, on-chip global interconnects causes 

significant performance degradation. Therefore, two techniques—repeater insertions and 

tapered interconnect driver—are discussed. In the subthreshold region where the driver 

delay dominates the overall interconnect delay, repeater insertions that superthreshold 

interconnects often use proved to be ineffective. An optimally sized, tapered driver can 

reduce up to 75% of the power-delay product. Also, the effect of interconnect length is 

discussed, and it is found that as interconnect length increases, a tapered driver is more 

effective.  

 
 
 
 
 



 

 vii 

 

 

 
ACKNOWLEDGMENTS 

 
 
     I would like to thank my thesis advisor, Dr. Vishwani Agrawal, for guiding my 

research and advising and encouraging me. Throughout the process, my appreciation and 

interest in integrated circuit design have greatly increased. Also, I would like to thank 

Auburn University Honors College and the Department of Electrical and Computer 

Engineering for this undergraduate research opportunity. Finally, I would like to thank 

my family and friends for their encouragement, motivation, and inspiration.   

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 



 

 viii 

 

 

 
     Style manual or journal used Auburn University’s Graduate School’s Guide to   

Preparation and Submission of Theses and Dissertations. Bibliography follows Institute  

of Electrical and Electronics Engineers (IEEE) Citation Reference and is sorted in  

alphabetical order           

     Computer software used Microsoft Word        

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



 

 ix 

 

 

 
TABLE OF CONTENTS 

 
 

List of Figures  .................................................................................................................. xii 

List of Tables ................................................................................................................... xiv 

Chapter 1 Introduction  ........................................................................................................1 

Chapter 2 Background of Power Dissipation and Estimation  ............................................3 

 2.1 Types of Power Dissipation  ..............................................................................3 

         2.1.1 An Estimation of Transition Power  ........................................................4 

        2.1.2 An Estimation of Short-Circuit Power  ....................................................4 

        2.1.3 An Estimation of Static Power  ................................................................5 

 2.2 Effects of Transistor Sizing  ..............................................................................5 

 2.3 Power-Reducing Mechanisms  ..........................................................................5 

Chapter 3 Subthreshold Operation  ......................................................................................7 

 3.1 Origin of Subthreshold CMOS Design  .............................................................7 

 3.2 Motivation  .........................................................................................................9 

 3.3 Advantages  ........................................................................................................9 

 3.4 Limitations and Summary  ...............................................................................16 

Chapter 4 Background of Variations .................................................................................17 

 4.1 Types of Variation  ......................................................................................... 17 

 4.2 Comparison to Near-threshold Design ............................................................17 

 4.3 Summary  .........................................................................................................18 



 

 x 

Chapter 5 Analytical Circuit Delay Model: The Alpha-Power Model and the Proposed  

                 Model  ...............................................................................................................19 

 5.1 Introduction  .....................................................................................................19 

 5.2 Comparison to Shockley Model ......................................................................20 

        5.2.1 Shockley Model  ....................................................................................20 

        5.2.2 Alpha-Power Model  ..............................................................................21 

  5.3 Summary of Alpha-Power Law  .....................................................................22 

        5.3.1 Drain Current  ........................................................................................22 

        5.2.1 Delay  .....................................................................................................22 

        5.2.1 Frequency  ..............................................................................................22 

 5.4 Device Parameters ...........................................................................................22 

 5.5 Simulation Results ...........................................................................................25 

 5.6 Proposed Analytical Model .............................................................................31 

 5.7 Effect of Variations  .........................................................................................34 

        5.7.1 Process Variation  ..................................................................................34 

        5.7.2 Supply Voltage Variation  .....................................................................35 

        5.7.3 Temperature Variation  ..........................................................................36 

 5.8 Summary  ........................................................................................................ 37 

Chapter 6 Optimization of Subthreshold Circuit using Linear Programming  ..................39 

 6.1 Linear Programming  .......................................................................................39 

 6.2 Motivation  .......................................................................................................40 

 6.3 Optimization Methodology  .............................................................................40 

 6.4 Summary  .........................................................................................................41 



 

 xi 

Chapter 7 The Dual-Threshold Voltage CMOS Design  ...................................................42 

 7.1 History .............................................................................................................42 

 7.2 Motivation  .......................................................................................................43 

 7.3 Algorithm  ........................................................................................................43 

 7.4 Simulation Results  ..........................................................................................44 

 7.5 Effect of Technology Scaling  .........................................................................45 

 7.6 Summary  .........................................................................................................47 

Chapter 8 Optimization of Subthreshold Global Interconnects  ........................................48 

 8.1 History .............................................................................................................48 

 8.2 The Repeater Insertion Technique  ..................................................................51 

        8.2.1 Motivation  .............................................................................................51 

        8.2.2 Method and Simulation Results  ............................................................52 

 8.3 Proposed Model  ..............................................................................................55 

        8.3.1 Motivation  .............................................................................................55 

        8.3.2 Tapered Driver  ......................................................................................55 

 8.5 Summary  .........................................................................................................58  

Chapter 9 Conclusion  ........................................................................................................60 

 9.1 Conclusion  ......................................................................................................60 

 9.2 Future Research  ..............................................................................................61 

Bibliography  .....................................................................................................................63 

 
 
 
 
 
 



 

 xii 

 

 

 
List of Figures 

 
 
3.1 Early measurement of the lD(VGS) characteristics of a P-channel metal-gate MOS  

      transistor [28]  ................................................................................................................8 

3.2 CMOS inverter .............................................................................................................10 

3.3 CMOS inverter characteristics .....................................................................................10 

3.4 Quadratic growth of total power with an increase of VDD  ..........................................12 

3.5 The power-delay product for the CMOS inverter  .......................................................13 

3.6 The power-delay product for a multiplier ....................................................................14 

3.7 NMOS I-V characteristics ...........................................................................................15 

3.8 The DIBL effect  ..........................................................................................................16 

4.1 Subthreshold and nearthreshold region  .......................................................................18 

5.1 Measured VDS-ID characteristics and the Shockley model [24] ...................................20 

5.2 α–power law MOS model [24] ....................................................................................21 

5.3 I-V characteristics for NMOS and PMOS ...................................................................23 

5.4 Curve fit for an NMOS  ...............................................................................................24 

5.5 Curve fit for an PMOS  ................................................................................................25 

5.6 The size 5 inverter chain  .............................................................................................26 

5.7 Delay for various VDD  .................................................................................................26 

5.8 TPHL at various VDD  .....................................................................................................28 

5.9 TPLH at various VDD  .....................................................................................................28 



 

 xiii 

5.10 Percentage error between measured and estimated delays  .......................................29 

5.11 Percentage error for various sizes of inverter chain ..................................................30 

5.12 TPHL at various VDD  ...................................................................................................33 

5.13 TPLH at various VDD  ...................................................................................................33 

5.14 Percentage error for VTH variation  ............................................................................35 

5.15 Percentage error for VDD variation  ............................................................................36 

5.16 Percentage error for temperature variation  ...............................................................37 

7.1 Optimal assignment for 32nm 32-bit adder  ................................................................45 

7.2 Leakage for various technologies [26] .........................................................................46 

7.3 Total power for various technologies [26] ...................................................................46 

8.1 Scaling trend of logic delay and interconnect delay [8, 11]  .......................................49 

8.2 Global interconnect delay in subthreshold region [11]  ...............................................51 

8.3 Static power consumption for various size of technology nodes  ................................53 

8.4 Effect of repeater insertion for a subthreshold global interconnect .............................53 

8.5 Effect of repeater insertion for a subthreshold global interconnect .............................54 

8.6 Driver and the interconnect delay [7]  .........................................................................55 

8.7 An interconnect driver  ................................................................................................56 

8.8 A tapered interconnect driver ......................................................................................56 

8.9 Power-delay product  ...................................................................................................57 

8.10 Energy saving for various interconnect length ..........................................................58 

 
 
 
 
 
 



 

 xiv 

 

 

 
List of Tables 

 
 

3.1 Power for various voltages of the CMOS inverter  .................................................... 11 

3.2 Power and delay for various voltages of the multiplier  ............................................ 14 

5.1 Delay in the CMOS inverter chain for various VDD  ................................................. 27 

5.2 Absolute error for various inverter chain size and VDD  ............................................ 30 

 

 



 

 1 

 

 

 
Chapter 1 

Introduction 
 
 

     Moore’s law describes the rapidly increasing trend in the number of transistors in an 

integrated circuit as specifically doubling every two years [9]. Concerns about power 

dissipation and its management are important in modern technology, especially for 

medical electronics and sensors that require ultralow power consumption [5, 17].  

     As one of the method to potentially solve the power consumption issue, this paper 

explores the subthreshold operation region. Although subthreshold operation design 

reduces power consumption according to past studies, its performance degradation and 

susceptibility to noise and variations of temperature have prevented its application. Thus, 

dual-threshold subthreshold circuit design and the optimization of global interconnects 

are discussed in this paper. Further, the analytical model for delay of the circuit (Alpha-

Power law) is analyzed, and a more accurate analytical model is proposed for the 

subthreshold region.  

     This paper begins with a discussion of the types of power dissipation and methods to 

minimize power and the benefit of subthreshold operation CMOS design and its power 

advantage in terms of low leakage current and less power consumption. It further 

discusses the advantage of subthreshold circuit in energy saving. Then, two major 

problems of subthreshold CMOS design are reviewed, i.e., performance drawback and 

sensitivity to process/voltage/temperature (PVT) variation. It proposes a new design to 
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deter performance drawback using dual-threshold circuit design and on-chip global 

interconnect optimization. The types of variations are explained, and the Alpha-Power 

law is verified through simulations. The analytical model for a subthreshold circuit is 

analyzed, and a more accurate, variations-aware analytical model is proposed. The 

comparison between the subthreshold and near-threshold circuit design is also examined. 
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Chapter 2 

Background of Power Dissipation and Estimation 
 
 

     This Chapter begins with a summary of the components of power dissipation, the 

effect of technology sizing and the variation of other parameters (such as threshold 

voltage), and the methods used to reduce power consumption. In Chapter 2.1, three types 

of power dissipation and the components within each type are analyzed. The effect of 

transistor sizing is discussed in Chapter 2.2. Chapter 2.3 examines several techniques for 

reducing power consumption. 

 

2.1. Types of Power Dissipation 

     There are two types of power dissipation—dynamic and static power. Dynamic power 

weighs more than static power.  

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑 +  𝑃𝑃𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡 =  𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑𝑠𝑠 +  𝑃𝑃𝑠𝑠𝑠𝑠 +  𝑃𝑃𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡              (2.1) 

Dynamic power occurs during signal transitions (𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑𝑠𝑠). Dynamic power is dissipated 

mainly by logic activity, glitches, and short-circuits (𝑃𝑃𝑠𝑠𝑠𝑠). Static power (𝑃𝑃𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡), also 

known as leakage, occurs, however, regardless of whether the circuit is transitioning.  

 

2.1.1. An Estimation of Transition Power 

     Transition power can be estimated using Equation 2.2. As electronics operate more 

frequently without any idle (sleep) mode, they will have more transitions, increasing the 
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activity factor α. In modern biomedical electronics (i.e. blood pressure monitor), the 

activity factor and operating frequency are low, and thus, the constraint on power 

consumption is more important than is the performance requirement.  

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑𝑠𝑠 = 𝛼𝛼𝑓𝑓𝑐𝑐𝑐𝑐𝐶𝐶𝑉𝑉2

2
  , α = activity factor and fck = clock frequency            (2.2) 

 

2.1.2. An Estimation of Short-Circuit Power 

     Short-circuits power can be estimated using equation 2.3.  

𝑃𝑃𝑠𝑠𝑠𝑠 =  𝛼𝛼𝑓𝑓𝑠𝑠𝑐𝑐𝐸𝐸𝑠𝑠𝑠𝑠                                                      (2.3) 

𝐸𝐸𝑠𝑠𝑠𝑠𝑓𝑓 =  � 𝑉𝑉𝐷𝐷𝐷𝐷𝑖𝑖𝑠𝑠𝑠𝑠(𝑡𝑡)𝑑𝑑𝑡𝑡
𝑡𝑡𝐸𝐸

𝑡𝑡𝐵𝐵
=

(𝑡𝑡𝐸𝐸 − 𝑡𝑡𝐵𝐵)𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑓𝑓𝑉𝑉𝐷𝐷𝐷𝐷
2

=  
𝑡𝑡𝑓𝑓(𝑉𝑉𝐷𝐷𝐷𝐷 − �𝑣𝑣𝑇𝑇𝑇𝑇� −  𝑉𝑉𝑇𝑇𝑑𝑑)𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑓𝑓

2
  

𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡 =  𝑡𝑡𝑟𝑟(𝑉𝑉𝐷𝐷𝐷𝐷−�𝑣𝑣𝑇𝑇𝑇𝑇�− 𝑉𝑉𝑇𝑇𝑇𝑇)𝐼𝐼𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟

2
                                       (2.4) 

     Short circuit current increases with the size of the transistors and decreases with load 

capacitance. It is largest when load capacitance equals zero [19]. Short circuit power can 

be often negligible because most of the power dissipation depends heavily on dynamic 

and static power. Also, it should be noted that short circuit power remains the smallest 

fraction of total power regardless of whether the circuit operates in superthreshold or 

subthreshold operation region.  

     Short circuit power increases with rise and fall times of input and decreases for larger 

output load capacitance because a large capacitor takes most of the current. Short circuit 

power is approximately 5~10% of dynamic power.  

 

2.1.3. An Estimation of Static Power 

𝑃𝑃𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠 =  𝐼𝐼𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑉𝑉𝐷𝐷𝐷𝐷                                                  (2.5) 
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𝐼𝐼𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠 =  𝐼𝐼𝑠𝑠𝑠𝑠𝑏𝑏 + 𝐼𝐼𝐷𝐷 +  𝐼𝐼𝐺𝐺 +  𝐼𝐼𝑃𝑃𝑇𝑇 + 𝐼𝐼𝐺𝐺𝐼𝐼𝐷𝐷𝐺𝐺                                 (2.6) 

     As shown in equation 2.6, static current can be estimated by adding five components: 

the subthreshold conduction, reverse bias PN junction conduction, gate tunneling, drain 

source punchthough due to short channel and high drain-source voltage, and gate induced 

drain leakage due to tunneling at the gate-drain overlap. The two major components are 

𝐼𝐼𝑠𝑠𝑠𝑠𝑏𝑏 and 𝐼𝐼𝐷𝐷 while 𝐼𝐼𝐺𝐺  tends to become a greater fraction of total power with scaling. In the 

subthreshold region, 𝐼𝐼𝑠𝑠𝑠𝑠𝑏𝑏 increases, and leakage dominates.  

 

2.2. Effects of Transistor Sizing 

     In today’s submicrometer circuits, the sizing of the transistor significantly affects 

power consumption of the circuit. Because the parasitic capacitances and the velocity 

saturation effect are larger in submicrometer circuits, the power reduction achievable 

from the transistor sizing ranges from 50% to 30% [23]. When this technique is coupled 

with technology scaling, even larger savings is achievable. However, the critical delay of 

the original circuit should remain the same to ensure there is no timing error in the 

circuit.  

 

2.3. Power-Reducing Mechanisms 

     Using the above equations, there are various power-reducing mechanisms for reducing 

supply voltage to device scaling. Because supply voltage can reduce the dynamic power 

quadratically, it has been a popular mechanism to use to reduce the total dissipated power 

and energy. However, reducing supply voltage to the point of the subthreshold region 

increases the subthreshold current and leakage with an expense of performance. Thus, it 
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suits some electronic devices, such as medical sensors, which do not need higher 

frequency or stay on and off. Further, it suits mobile devices (cell phones) since the 

reduction of supply voltage ensures portability and increases battery life.  

     Another mechanism includes architectural modification, such as transistor sizing. As 

more and more transistors are equipped in devices due to more advanced packaging and 

sizing technology, technologies have been sized down tremendously, now heading 

toward less than 10 ns. Reduction of size has also been proven to be power-efficient as 

discussed in Chapter 2.2.   
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Chapter 3 

Subthreshold Circuit Operation 
 
 

     Subthreshold, or weak inversion, circuit design uses a supply voltage that is less than 

the threshold voltage of the transistors. Unlike the traditional circuit design that uses a 

supply voltage greater than a threshold voltage, a subthreshold circuit design saves 

energy at the expense of performance. In this Chapter, the origin, motivation, advantages, 

and limitations of the subthreshold circuit design are discussed. 

 

3.1. Origin of Subthreshold CMOS Design 

     While the weak inversion region had been ignored for years, the need to limit the 

power consumption of the electronic watch drew the attention of the digital design 

community [27]. While modern electronics still heavily operate in a superthreshold 

region, or a strongly inverted region, due to their performance specifications, some 

devices that require low to ultra-low power consumption or have a low activity factor are 

ideal devices to operate in the subthreshold or near-threshold region.  

     Watchmaker’s Electronic Center first started its design in bipolar technology and then 

switched to CMOS technology. After characterizing MOS transistors at a very low drain 

current level, they demonstrated that the drain current exponentially depends on the gate 

voltage (Vgs) as shown in Figure 3.1 below.  
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Figure 3.1: Early measurement of the lD(VGS) characteristics of a P-channel metal-gate 
MOS transistor (cleaned-up plot from E. Vittoz' notebook, CEH, 1967) [28]. 

 

     Then, in 1972, Barron demonstrated the exponential dependence on the surface 

potential. Swanson and Meindl explained this effect by relating it to the gate voltage and 

a capacitive divider. Their paper in 1976 at the second European Solid-State Circuits 

Conference showed that the compact model characterizeed the drain current as Equation 

3.1.  

𝐼𝐼𝐷𝐷 = 𝐼𝐼𝐷𝐷0
𝑊𝑊
𝐺𝐺
𝑒𝑒�

𝑐𝑐𝑉𝑉𝑔𝑔
𝑈𝑈𝑇𝑇

�(𝑒𝑒
𝑉𝑉𝑠𝑠
𝑈𝑈𝑇𝑇−𝑒𝑒−

𝑉𝑉𝐷𝐷
𝑈𝑈𝑇𝑇)                           (3.1) 

     While the utilization of a subthreshold was heavily limited to analog circuits in the 

1980s, greater importance being placed on the management of power allowed the 

exploration of the subthreshold circuit operation. Thus, in the 21st century, many devices 
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that do not have a high activity level employ this technique to reduce both dynamic 

power and overall power consumption.  

 

3.2. Motivation 

     Subthreshold is the region below the threshold voltage that can operate with a current 

less than the superthreshold current, thus achieving low energy with a performance 

penalty in terms of frequency. When using a supply voltage (𝑉𝑉𝐷𝐷𝐷𝐷) less than a threshold 

voltage, transistors have a much smaller ratio of Ion
Ioff

. Thus, the subthreshold circuit design 

reduces dynamic power and saves active energy quadratically because power is 

dependent on supply voltage squared [9]. However, subthreshold current tends to become 

higher when the circuit operates in the subthreshold region, suggesting that leakage of 

current and delay will vary significantly due to slight changes in VDD. Thus, a clear 

understanding of the susceptibility to variations can make subthreshold circuit design 

more reliable and applicable to various devices. Furthermore, algorithms to deter a 

performance penalty while operating in subthreshold or near-threshold region are 

essential for broad applications of subhtreshold circuit design. 

 

3.3. Advantages 

     The power saving of the subthreshold circuit design has been tested through the 

simple CMOS inverter. The CMOS inverter was designed in Mentor Graphics Design 

Architecture after importing the Verilog netlist synthesized on LeonardoSpectrum using 

TSMC 0.18 µm technology with optimization for delay. Then, the operation was tested 
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using HSPICE by generating the transfer function and observing the output in EZWAVE. 

As shown in Figure 3.3, the input was inverted to output with some time delay.  

 

Figure 3.2: CMOS inverter  
 

 
Figure 3.3: CMOS inverter characteristics 
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     The DC analysis is shown in Table 3.1. As the supply voltage decreases, the power 

consumption decreases significantly while the delay increases. Since the supply voltage 

quadratically influences the dynamic (transitioning) power as shown in Figure 3.4, the 

subthreshold circuit design reduces the overall power by reducing the dynamic power 

quadratically. Further, because the dynamic power composes the most of the total power 

consumption, reducing the dynamic power is effective. Additionally, the CMOS circuit 

operates correctly under a variation of timing, supply voltage, temperature, and process, 

while it is, however, more susceptible to the variations.  

 

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑𝑠𝑠 = 𝛼𝛼𝑓𝑓𝑐𝑐𝑐𝑐𝐶𝐶𝑉𝑉2

2
  , α = activity factor and fck = clock frequency  

 

Table 3.1. Power for various voltages of the CMOS inverter 

Supply Voltage (V) Total Power (pW) 
0.1 0.01 
0.2 0.08 
0.3 0.18 
0.4 0.32 
0.5 0.50 
0.6 0.72 
0.7 0.98 
0.8 1.28 
0.9 1.60 
1.0 2.00 
1.5 4.50 
2.0 8.00 
2.5 12.00 
3.0 18.00 
3.5 24.00 
4.0 32.00 
4.5 40.00 
5.0 50.00 
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Figure 3.4: Quadratic growth of total power with an increase of VDD  

     A 45nm high performance PTM model [21] is used to analyze the energy efficiency at 

the subthreshold region. At a supply voltage of 0.45V, the optimal power-delay product is 

achieved. For this model, the threshold voltage is 0.47V. The power saving at this region 

compared to 1V is 95%, and the energy saving is 65%. 
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Figure 3.5: The power-delay product for the CMOS inverter 

     The benchmark circuit is also used to demonstrate the optimal operation region 

defined as the minimum power-delay product. In this case, a 16 x 16 bit multiplier 

(ISCA85 c6288) with 32nm LP PTM model [21] was used. This technology has a 

threshold voltage of 0.63V. Obtained from a HSPICE simulation, test vectors including 

critical path delay were applied. The power and delay is shown in Table 3.2. Shown in 

Figure 3.4, when compared to the 1V supply voltage operation (above threshold), the 

operation at the subthreshold voltage (specifically at 0.55V) achieves a 99% reduction in 

total power. The simulation verifies that the circuits behave correctly at the subthreshold 

region. Also, an 8-bit and 16-bit ripper carry adder has a minimum energy operation point, 

where the circuit consumes the least energy per cycle, below the threshold voltage [13, 

14]. Thus, when energy consumption is in main concern, operating at subthreshold 

supply voltage is ideal. 
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Table 3.2. Power and delay for various voltages of the multiplier 

Supply 
Voltage (V) 

Total Power (μW) Delay (ns) Power-Delay  
Product 

0.20 0.05 4700 235 
0.40 0.15  120 18.0 
0.45 0.60    41 24.6 
0.50 1.40    12 16.8 
0.55 1.80     4 7.20 
0.60 6.00 1.60 9.60 
0.80  110 0.18 19.8 
1.00  640 0.07 44.8 

 

 

Figure 3.6: The power-delay product for a multiplier  

     While the subthreshold operation region does not have any area overhead, its effect on 

variations needs to be analyzed. After NMOS was characterized as shown in Figure 3.5, 

the DIBL (drain-induced barrier lowering) effect on the MOS transistors was analyzed. 

As the technology node decreases, greater leakage current (thus leakage power) occurs 
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due to a shorter channel length between the source and the drain. In the subthreshold 

region, the delay of the circuit increases exponentially, and leakage current decreases. 

Figure 3.6 shows that as Vds decreases from 0.9V to 0.2V, the drain current also 

decreases. That also means that as Vds increases, the threshold voltage decreases. As 

shown in the DIBL effect, the mechanism used to reduce leakage power becomes more 

and more important in modern electronics.  

 

Figure 3.7: NMOS I-V characteristics  
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Figure 3.8: The DIBL effect  

 

3.4. Limitations and Summary 

     Although the subthreshold circuit design reduces the dynamic and static power, it does 

have several drawbacks and limitations. The major limitation of a subthreshold circuit 

design is the rapid increase of subthreshold current and leakage and performance 

degradation. Further, global interconnect delays in the subthrehsold region dominate the 

overall circuit delay, resulting in performance degradation. Therefore, optimizing the 

subthrehsold interconnect is important. Also, as the dynamic power decreases 

quadratically, the ratio of static power to the total power dissipation also increases. Thus, 

the focus of further modification rests in a reduction of static power (leakage) and a 

mechanism to recover the performance drawback and susceptibility of PVT variations.  
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Chapter 4 

Background of Variations 
 
 

4.1. Types of Variations  

     There are mainly three types of variations predominant in a subthrehsold circuit, 

which are also known as PVT: Process, voltage, and temperature corners. Because of the 

exponential relationship between subthreshold current and threshold voltage variations, 

subthreshold circuit designs are highly sensitive to variations [12]. These variations cause 

variations in timing as well as in power for system on chip (SoC) designs [1]. Therefore, 

the assumption made during the design stage may not be valid under such fluctuations; 

thus additional efforts should be made to address the PVT variations. Previous research 

indicates a statistical timing analysis as well as the effect of PVT variability [10, 15]. 

Work by Zhai et al. was able to that random dopant fluctuations (RDF) and suggested 

design strategies to maintain variability levels of less than 30% while demonstrating a 24% 

energy reduction through pipelining [31].   

 

4.2. Comparison to Near-threshold Design  

     When supply voltage scales down to the near-threshold voltages, both energy and 

performance decrease by a factor of 10 [5]. Further, from the near-threshold region to the 

subthreshold region, energy decreases by a factor of two, while time delay rises 50 to 100 
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times [5]. Thus, a comparison between the subthreshold and near-threshold circuit design 

is crucial when performance drawback is being considered.  

 

 

Figure 4.1: Subthreshold and nearthreshold region 

 

4.3. Summary 

     While the subthreshold design is susceptible to variations, careful circuit design that 

considers and addresses such variations can ensure functionality of the circuit. In the 

subthreshold region, random dopant fluctuations dominate. Also, the proper usage of 

pipelining and system-level and architecture-level optimization will achieve variability-

aware low-power design. 
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Chapter 5 

Analytical Circuit Delay Model: The Alpha-Power Model and the Proposed Model 
 
 

     The Alpha-Power law developed by Takayasu Sakurai presents a simple, yet useful, 

characterization of MOSFET, which considers the velocity saturation effects of carriers 

and applies them to recent submicrometer technology. The model can be verified in 

various environments: such as via the variations of supply voltage (VDD) and the size of 

the CMOS inverter chain. Our analysis concluded that The Alpha-Power law predicts 

propagation delay within 5% of the measured delay; however, it is not applicable to a 

near-threshold operation region or a large circuit where the delay is greater. Thus, a new 

analytical model for a subthreshold and near-threshold region is needed for accurate 

simulations and analytical treatment of circuit behavior. 

 

5.1. Introduction 

     Simple, yet practical, models for MOSFETs are useful for analytical expressions of 

circuit behavior and simulations. The historical Shockley model has been used 

extensively; however, its application is not effective to recent short-channel 

submicrometer MOSFETs because that model does not consider velocity saturation 

effects of a carrier [24]. Thus, as a new approach to overcome these limitations, the 

Alpha-Power law MOSFET model developed by Takayasu Sakurai defines the voltage-

current characteristics of MOSFETs and derives simple analytical expressions for the 
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drain current, short-circuit power, logic threshold voltage, and propagation delay. 

     CMOS inverter delay was first characterized by Burns [2], but more research on the 

circuit behavior is needed to consider the submicrometer region, parasitic delay, voltage 

dependence, and gate-source capacitance.  

 

5.2. Comparison to Shockley Model 

5.2.1. Shockley Model 

     The Shockley model expresses drain current as follows: 

 

ID =  

⎩
⎪
⎨

⎪
⎧

0                               , VGS ≤ Vth (cutoff region)
K{(VGS − Vth)VDS − 0.5VDS2 }                                  
                              , VDS < VDSAT (linear region)
K
2

(VGS − Vth)2                                                           

                   , (VDS ≥ VDSAT (saturation region)

 

 
where K is a drivability factor, and VDSAT is drain saturation voltage.  
 

 
Figure 5.1. Measured VDS-ID characteristics and the Shockley model [24] 
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The Shockley Model does not accurately predict drain saturation voltage as it fails to 

consider the velocity saturation effects found in short-channel MOSFETs.  

 
5.2.2. Alpha-Power Model 

     The Alpha-Power law model expresses drain current as follows: 

 

𝐼𝐼𝐷𝐷 =  

⎩
⎪
⎨

⎪
⎧ 0                           ,𝑉𝑉𝐺𝐺𝐺𝐺 ≤ 𝑉𝑉𝑡𝑡ℎ (cutoff region)

�
𝐼𝐼𝐷𝐷0′

𝑉𝑉𝐷𝐷0′
�𝑉𝑉𝐷𝐷𝐺𝐺             ,𝑉𝑉𝐷𝐷𝐺𝐺 < 𝑉𝑉𝐷𝐷𝐺𝐺𝐷𝐷𝑇𝑇 (linear region)

𝐼𝐼𝐷𝐷0′              , (𝑉𝑉𝐷𝐷𝐺𝐺 ≥ 𝑉𝑉𝐷𝐷𝐺𝐺𝐷𝐷𝑇𝑇 (saturation region)

 

 
where  

𝐼𝐼𝐷𝐷0′ =  𝐼𝐼𝐷𝐷0 �
𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡ℎ
𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑡𝑡ℎ

�
𝛼𝛼

 

𝑉𝑉𝐷𝐷0′ =  𝑉𝑉𝐷𝐷0 �
𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝑡𝑡ℎ
𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑡𝑡ℎ

�
𝛼𝛼/2

 

 
From the above expressions, the α-power law depends on Vth (threshold voltage), α 

(velocity saturation index), VD0 (drain saturation voltage), and ID0 (drain current). 

 
Figure 5.2. α–power law MOS model [24] 
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       The Alpha-Power law does not characterize a subthreshold (below threshold) or 

near-threshold region as shown in Figure 5.2.  

 

5.3. Summary of Alpha-Power Law 

5.3.1. Drain Current 

     The Alpha-Power law model characterizes the drain current as the following equation. 

K is the device constant. 

 
𝐼𝐼𝐷𝐷𝐺𝐺 = 𝐾𝐾(𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑡𝑡ℎ)𝛼𝛼                                                   (5.1) 

 
5.3.2. Delay 

     From the Alpha-Power law MOS model, the delay is inversely dependent on (𝑉𝑉𝐷𝐷𝐷𝐷 −

𝑉𝑉𝑡𝑡ℎ)𝛼𝛼 [25] To express equation 3.2 as equality, device constant K, different from the K in 

equation 3.1, can be used as a multiplier.  

 

𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷 ∝   
𝑉𝑉𝐷𝐷𝐷𝐷

(𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑡𝑡ℎ)𝛼𝛼 
                                                 (5.2) 

 
5.3.3. Frequency 

     The expression for frequency can be obtained from delay.   

 
𝐹𝐹𝐹𝐹𝑒𝑒𝐹𝐹𝐹𝐹𝑒𝑒𝐹𝐹𝐹𝐹𝐷𝐷 ∝   (𝑉𝑉𝐷𝐷𝐷𝐷−𝑉𝑉𝑡𝑡ℎ)𝛼𝛼

𝑉𝑉𝐷𝐷𝐷𝐷
                                              (5.3)          

 
5.4. Device Parameters  

     To verify the Alpha-Power law model, several parameters (K, Vth, and α) were 

extracted using HSPICE and MATLAB. First, I-V Characteristics for 45nm BSIM bulk 

CMOS library from an ASU PTM model [21] were obtained through HSPICE. Then, 
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necessary data was extracted: VGS 0.5V to 1.0V for NMOS and VGS 0V to 0.5V for 

PMOS (VDS was set to 0.5V). The data for these values were most consistent.  

 

 

 
Figure 5.3. I-V Characteristics for NMOS (top) and PMOS (bottom) 

 
     Using MATLAB, the best fits for 11 samples were found for a NMOS and a PMOS 

(Figure 5.3). According to the Alpha-Power law, the drain current can be expressed using 

Equation 3.1.  

     For a NMOS device, a threshold voltage (Vth) of 0.25 and alpha of 1.3 best fit the 

samples. Additionally, when the threshold increased, the drain current was 

underestimated. When alpha decreased, the slope of the curve increased.  
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     For a PMOS device, a threshold voltage (Vth) of 0.80 and an alpha of 1.5 best fit the 

samples. Also, when the threshold increased, the slope of the curve also increased. When 

alpha increased to 1.5, the curve moved closer to the best-fit scenario. 

 

 
 Figure 5.4. Curve fit for an NMOS 
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Figure 5.5. Curve fit for an PMOS  

 

5.5. Simulation Results 

     Using a 45nm BSIM bulk CMOS library from the PTM model [21], a transient 

analysis was done using HSPICE. An input pulse wave was applied to check its timing 

and functionality. An inverter chain with a size of 5 was created by repeating the 

previously designed inverter with a capacitor of 10 pF using HSPICE.  A 10 pF capacitor 

was used since average propagation delay (tPAVG), low-to-high delay (tPHL), and high-to-

low delay (tPLH) were measured as shown in Table 5.1. Figure 5.7 shows the average 

propagation delay. 
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Figure 5.6. The size 5 inverter chain 

 
 

 
Figure 5.7. Delay for various VDD 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 27 

Table 5.1. Delay in the CMOS inverter chain for various VDD 
VDD (V) tPHL (ns) tPLH (ns) tPAVG (ns) 

3.0 0.95 4.60 2.77 
2.9 1.02 4.86 2.94 
2.8 1.09 5.13 3.11 
2.7 1.16 5.40 3.28 
2.6 1.25 5.66 3.45 
2.5 1.32 5.90 3.61 
2.4 1.39 6.14 3.76 
2.3 1.46 6.34 3.90 
2.2 1.52 6.51 4.02 
2.1 1.58 6.66 4.12 
2.0 1.63 6.82 4.23 
1.9 1.67 6.99 4.33 
1.8 1.72 7.17 4.45 
1.7 1.76 7.40 4.58 
1.6 1.80 7.71 4.76 
1.5 1.84 7.97 4.90 
1.4 1.88 8.36 5.12 
1.3 1.95 8.85 5.40 
1.2 2.03 9.47 5.75 
1.1 2.14 10.29 6.21 
1.0 2.29 11.42 6.86 
0.9 2.53 13.02 7.77 
0.8 2.87 15.55 9.21 
0.7 3.44 19.43 11.43 
0.6 4.77 23.26 14.01 
0.5 8.83 7.56 8.20 

 
     When NMOS is discharging the output capacitors, the effect of PMOS can be ignored 

[7]. The predicted delay of tPHL and the measured delay of the inverter chain are shown in 

Figure 5.8. A case wherein PMOS is charging the output capacitors is shown in Figure 

5.9. For the delay when the circuit is operating at a near-threshold or subthreshold region, 

the Alpha-Power law does not accurately characterize the delay. The Vth for NMOS was 

0.25, and the Vth for PMOS was 0.8. For PMOS where VDD equals Vth, the delay was 

predicted to be extremely large because VDD-Vth approaches zero. Thus, the estimation 

for the near-threshold region is not accurate for PMOS as shown in Figure 5.9. 
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Figure 5.8. TPHL at various VDD 

 

 
Figure 5.9. TPLH at various VDD 
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     The absolute error between the predicted and the measured delay is shown in Figure 

5.10. For the near-threshold or a VDD approaching 3V, the percentage error was 46.12% 

and 33.10%, respectively. In between those extreme points, the percent error was less 

than 10%. Thus, the Alpha-Power law closely characterizes the propagation delay for the 

regions other than those near-threshold or for a large supply voltage. 

 
Figure 5.10. Percentage error between measured and estimated delays 

 
     To compare the results to a different size of an inverter chain, a total of five different 

sizes of  inverter chain were simulated via HSPICE. A supply voltage of 2.4V, 2.5V, and 

2.6V were chosen because the minimal percentage error was found at these operation 

regions.  
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Table 5.2. Absolute error for various inverter chain size and VDD 
 

Size 
VDD = 2.4 VDD = 2.5 VDD = 2.6 

Delay 
(ns) 

Error 
(%)  

Delay 
(ns) 

Error 
(%)  

Delay 
(ns) 

Error 
(%)  

5 1.39 0.21 1.32 3.69 1.25 7.92 
10 1.38 3.53 1.31 0.2 1.23 4.01 
100 1.24 3.99 1.17 0.07 1.10 4.41 
1000 1.03 6.94 0.94 0.06 0.85 8.00 

10,000 0.97 23.67 0.72 0.13 0.49 44.68 
 
     The error becomes larger as the size of the inverter chain increases as shown in Figure 

5.11. It was also observed that the predicted delay is not accurate for the circuit when the 

delay is too small or too large. When an output capacitor of 100 fF was used, the delay 

was too small, such that the dependence on delay according to the Alpha-Power law 

could not be clearly observed.   

 

 
Figure 5.11. Percentage error for various sizes of inverter chain 
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5.6. Proposed Analytical Model  

     For the subthreshold region, a new relationship was proposed to estimate subthreshold 

circuit delay. This relationship can be used to observe the future trend of the subthreshold 

circuit, and it has been simulated and verified. The Alpha-Power law is based on the fact 

that the drain current of short-channel MOSFETs is proportional to (VGS-VTH)α, where  

the α (carrier velocity saturation index) is around 1.3 for modern technology [25]. 

However, the delay in the subthreshold region increases at a much faster pace than what 

the Alpha-Power law predicts. The past research [6] presents the variation-aware 

analytical model that can be used for a subthreshold circuit region in addition to a 

superthreshold region. The inverter delay for a 0 to 1 transition can be estimated using the 

following equation:  

𝜏𝜏𝑠𝑠𝑡𝑡𝑠𝑠𝑇𝑇 = 𝐷𝐷𝐹𝐹2 ∗
2𝑚𝑚𝑉𝑉𝑇𝑇
𝐼𝐼𝑡𝑡𝜆𝜆2𝑉𝑉𝐷𝐷𝐷𝐷

∗ �
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷

2 + 𝑚𝑚𝑉𝑉𝑇𝑇

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷
2𝑠𝑠𝑉𝑉𝑇𝑇

−
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑚𝑚𝑉𝑉𝑇𝑇

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷
𝑠𝑠𝑉𝑉𝑇𝑇

� ∗ (𝐶𝐶𝐺𝐺 + 𝐶𝐶𝑠𝑠𝑑𝑑𝑡𝑡)                   (5.4) 

                             
where 𝐼𝐼𝑡𝑡 =  𝜇𝜇𝐶𝐶𝑂𝑂𝑂𝑂 ∗

𝑊𝑊
𝐺𝐺

(𝑚𝑚 − 1)𝑉𝑉𝑇𝑇2𝑒𝑒𝑉𝑉𝐺𝐺𝐺𝐺−𝑉𝑉𝑡𝑡ℎ/𝑚𝑚𝑉𝑉𝑇𝑇. 𝜇𝜇  is the carrier mobility, COX is the 

oxide capacitance for the unit area, VT is the thermal voltage, m is the subthrehsold slope 

factor, λ is the DIBL coefficient, CL is the external load and Cint is its internal 

subthreshold capacitance.  

     Using the parameters of a 45nm BSIM bulk CMOS library from the PTM model [21], 

where VT is 26mV at room temperature, m is 27, 𝜆𝜆 is 0.001, the dependence of delay on a 

different supply voltage can be written as Equation 5.5. 
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𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷 ∝  
𝜏𝜏𝑠𝑠𝑡𝑡𝑠𝑠𝑇𝑇,𝑉𝑉𝐷𝐷𝐷𝐷1
𝜏𝜏𝑠𝑠𝑡𝑡𝑠𝑠𝑇𝑇2,𝑉𝑉𝐷𝐷𝐷𝐷2

=
𝑉𝑉𝐷𝐷𝐷𝐷2
𝑉𝑉𝐷𝐷𝐷𝐷1

∗

�
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷1

2 + 𝑚𝑚𝑉𝑉𝑇𝑇

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷1
2𝑠𝑠𝑉𝑉𝑇𝑇

− 𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷1 + 𝑚𝑚𝑉𝑉𝑇𝑇

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷1
𝑠𝑠𝑉𝑉𝑇𝑇

�

�
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷2

2 + 𝑚𝑚𝑉𝑉𝑇𝑇

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷2
2𝑠𝑠𝑉𝑉𝑇𝑇

− 𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷2 + 𝑚𝑚𝑉𝑉𝑇𝑇

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷2
𝑠𝑠𝑉𝑉𝑇𝑇

�

                         (5.5) 

Because 𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷
2𝑠𝑠𝑉𝑉𝑇𝑇  ≈  𝑒𝑒

𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷
𝑠𝑠𝑉𝑉𝑇𝑇 , the above equation can be further reduced to the following: 

𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷 ∝  
𝑉𝑉𝐷𝐷𝐷𝐷2
𝑉𝑉𝐷𝐷𝐷𝐷1

∗

�
−𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷12

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷1
2𝑠𝑠𝑉𝑉𝑇𝑇

�

�
−𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷22

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷2
2𝑠𝑠𝑉𝑉𝑇𝑇

�

    

=  
𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷2
2𝑠𝑠𝑉𝑉𝑇𝑇

𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷1
2𝑠𝑠𝑉𝑉𝑇𝑇

 =  𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷2
2𝑠𝑠𝑉𝑉𝑇𝑇

  −𝑒𝑒
𝜆𝜆𝑉𝑉𝐷𝐷𝐷𝐷1
2𝑠𝑠𝑉𝑉𝑇𝑇  = 𝑒𝑒

𝜆𝜆(𝑉𝑉𝐷𝐷𝐷𝐷2− 𝑉𝑉𝐷𝐷𝐷𝐷1)
2𝑠𝑠𝑉𝑉𝑇𝑇

                              (5.6)   

     It is observed that delay exponentially depends on λ(VDD2− VDD1)
2mVT

 
. HSPICE simulation 

was run to verify the proposed analytical model. As shown in Figures 5.12 and 5.13, the 

proposed model is more accurate in the subthreshold region while the Alpha-Power law 

estimates circuit delay more accurately in that superthreshold region. The average 

percentage error of a high to low switch in the subthreshold region is 15%, and the 

maximum error of 32% is found at the subthreshold region. The average percentage error 

for low to high switch in the subthreshold region is 15%, while the maximum error is 19% 

in the subthrehold region and 77% in the superthreshold region 
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Figure 5.12. TPHL at various VDD 

 

 

Figure 5.13. TPLH at various VDD 
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5.7. Effect of Variations 

     PVT variations affect the delay of the subthreshold circuit. Using the models 

developed by Lin, et al [16], PVT variations were analyzed and simulated using the 32nm 

PTM model [21]. A study [16] proposed and verified the following analytical models that 

account for PVT variations for the  BSIM4 level-54 model. 

 

5.7.1. Process Variation 

     In the subthreshold region, threshold voltage variation is the dominant factor and has 

an exponential relationship to circuit delay variation [16]. Therefore, the following 

equation shows the impact of threshold voltage variation on the delay. 

∆𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑 =
𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑2
𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑1

∗ 100% = 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑉𝑉𝑡𝑡2 − 𝑉𝑉𝑡𝑡1
𝐹𝐹𝑉𝑉𝑡𝑡ℎ

� ∗ 100%          …                 (5.5) 

 
     Because previous research focused on 130nm technology, further simulation was 

carried out for the 32nm LP PTM model [21], whose threshold voltage is 0.63. A supply 

voltage of 0.5V was used. The HSPICE simulation result is shown in Figure 5.14.  
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Figure 5.14. Percentage error for VTH variation 
 

5.7.2. Supply Voltage Variation 

     Voltage variation affects the supply voltage of the circuit, and delay as well as power 

consumption can vary depending on the supply voltage. The following equation shows 

the exponential relationship of supply voltage variation on the delay. 

∆𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑 =
𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑2
𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑1

∗ 100% =
𝑉𝑉𝐷𝐷𝐷𝐷1
𝑉𝑉𝐷𝐷𝐷𝐷2

𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑉𝑉𝐷𝐷𝐷𝐷1 − 𝑉𝑉𝐷𝐷𝐷𝐷2

𝐹𝐹𝑉𝑉𝑡𝑡ℎ
� ∗ 100%          …                 (5.6) 

 
     A simulation result shows a maximum 26% error of the analytical model on a 50mV 

variation of supply voltage.  
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Figure 5.15. Percentage error for VDD variation 
 

5.7.3. Temperature Variation 

     Temperature variation affects delay exponentially. Parameter UTE (average value of -

1.85) is mobility temperature constant, and KT1 (average value of -0.25) is temperature 

coefficient for threshold voltage.  

∆𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑 =
𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑2
𝑇𝑇𝑑𝑑𝑠𝑠𝑡𝑡𝑡𝑡𝑑𝑑1

∗ 100% 

= (
𝑇𝑇1
𝑇𝑇2

)2+𝑈𝑈𝑇𝑇𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 �(𝑉𝑉𝑡𝑡 − 𝐾𝐾𝑇𝑇1 − 𝑉𝑉𝐷𝐷𝐷𝐷) ∗
(𝑇𝑇1 − 𝑇𝑇2)𝐹𝐹
𝐹𝐹𝑛𝑛𝑇𝑇1𝑇𝑇2

� ∗ 100%            …                 (5.7) 

 

     Temperature was varied from 5°C to 25°C. The simulation result is shown in Figure 

5.16, and the maximum error was 3%. 
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Figure 5.16. Percentage error for temperature variation 
 

5.8. Summary 

     The Alpha-Power law provides a simple and yet practical analytical model for 

MOSFET. As the size of the inverter chain increases, the error of the predicted delay als 

o increases. Average error is less than 5% for an above-threshold operation region unless 

the delay is significantly large or significantly small. When the size of the inverter 

exceeds 1,000, the error becomes larger and approaches 25%. When the circuit is 

operating at a near-threshold or subthreshold region, the error can be as large as 50%. 

     As The Alpha-Power law does not accurately characterize the circuit behavior of a 

subthreshold or near-threshold operation region, an alternative variation-aware analytical 

model is proposed. The proposed model has an average of 15% error in the subthreshold 
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region while The Alpha-Power law has a 21% error in high to low switch and a 404% 

error in low to high switch. The maximum error improved in the proposed model.  

     Furthermore, PVT variations were analyzed using analytical models and HSPICE 

simulation. It was found that error is greater in smaller technology nodes. Along with the 

analytical model and the effect of PVT variations, the subthreshold delay trend can be 

better analyzed, and its design can be improved so as to consider its variations.  
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Chapter 6 

Optimization of Subthreshold Circuit using Linear Programming 
 
 

     Using Linear Optimization (LP) to optimize the subthreshold circuit was proven  to be 

effective, especially when various design approaches are possible. In the subthreshold 

circuit, there are multiple parameters: Supply voltage, projected leakage, estimated delay, 

performance degradation, and sensitivity. In this study, since the focus is on  improving 

the performance while taking advantage of low power consumption, LP was utilized to 

demonstrate how much power can be  increased when a certain amount of performance 

degradation is recovered. In this section, a brief introduction of linear programming along 

with a discussion of  the methodology to improve the subthreshold circuit performance.  

 

6.1. Linear Programming 

     Linear Programming (or linear optimization) is set by the objective function defined 

as either a maximization or minimization problem and a set of constraints defined by 

linear equalities and inequalities. After defining the objective function, the linear 

programming solver utilizes several versions of a simplex algorithm to solve the 

optimization problem and produce one of three possible cases: (1) optimal, (2) 

unbounded, and (3) infeasible.  Optimal solution(s) can be obtained from the optimal case, 

while such is impossible in an unbounded or infeasible case due to either a lack of 
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necessary constraint or an unfeasible objective function. How the simplex algorithm 

works is briefly described in the following section. 

 

6.2. Motivation 

     Whether circuit designers aim for ultra-low power or energy-efficient design, the 

optimization of the circuit is essential. Often, optimization for area, power, or delay is the 

main interest. One example would be minimization of power, given a certain delay while 

the circuits do not violate a critical delay. Through optimization, circuits can achieve 

robustness, ultra-low power, energy-efficiency, or a smaller area.   

 

6.3. Optimization Methodology 

     The optimization considerations are mainly computational complexity and accuracy. 

To achieve near complete accuracy, computational complexity must increase, and it takes 

more time and effort. Thus, a heuristic approach is often used for large circuits. A 

comparison of the complexity and accuracy between a greedy heuristic and linear 

programming can indicate which method is best to use. Also, values for parameters do 

not have to be exact for initial optimization, as they only serve to give one a general idea 

of the trend. These values can be fixed later for better accuracy. After the circuits are 

optimized, SPICE simulation can verify the functionality of the circuit. When the 

simulation does not match the expected result, one or more constraints may be missing, 

or the input parameters may not be accurate enough.  
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6.4. Summary 

     As circuits contain various characteristics that designers want to optimize, their 

interest often conflicts. Thus, an optimization model with the necessary constraints was 

developed to find the optimal solution. When computational complexity is the main 

interest, a greedy heuristic can be used instead after analyzing the trade-off in terms of 

optimization accuracy. Optimized circuits need to function properly; therefore, software 

simulations are important to make sure of their precise functionality.  
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Chapter 7 

The Dual-Threshold Voltage CMOS Design 
 
 

     To reduce the leakage of a subthreshold circuit, the dual-threshold voltage design 

technique is discussed in this chapter. While the low threshold gate is fast and produces 

more leakage power, the high threshold gate is slow and produces less leakage power. By 

assigning two types of gates optimally through linear programming, a reduction of 

leakage power is achieved. Moreover, further architectural modification and due 

considerations of different technology size are discussed to achieve ultra-low power 

consumption. This algorithm takes into account the variation of threshold and supply 

voltage, while the previous research assumed that the threshold and supply voltage would 

remain relatively stable, which is often not the case in the subthreshold circuit.  

 

7.1. History 

     While a dual threshold circuit design has been prevalent for a strong inversion region, 

its exploration has been largely limited. Yao [29, 30] presents a gate-slack- based, dual-

threshold subthreshold circuit design and reduction of energy consumption per cycle. A 

experimental study of a 32-bit ripple carry adder verifies the reduction of energy 

consumption per cycle at 29% compared to the single threshold design [29, 30].  
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7.2. Motivation 

     As dynamic power depends on the capacitance and the supply voltage, reducing the 

leakage (static power) has been a main focus in the subthreshold circuit. Especially for 

modern submicrometer technology, the leakage is consistently increasing while the 

dynamic power is manageable in the subthreshold circuit by lowering the supply voltage 

significantly below the threshold voltage.  

 

7.3. Algorithm  

     First, the given circuit is analyzed using HSPICE simulation to extract the total power 

consumption and critical path delay. Then, a library is characterized for delay and power 

consumption. For example, the PTM model [21] contains both low power (LP) and high 

performance (HP) models with a different threshold. High performance gates consume 

more power while producing less delay, and low power gates consume less power while 

having more delay. Gates in the critical path with an assigned low threshold are assigned 

to maximize the speed and ensure functionality of the circuit, and gates in a non-critical 

path are analyzed. If a certain delay condition is met, those gates can be changed. Thus, 

the following integer programming model was utilized.  

     A simplified version of the dual-threshold circuit design developed by Yao [29, 30] 

was employed to build the integer programming to reduce the computational complexity 

while still maintaining reasonable accuracy and energy saving.   

     Ti is defined as the signal arrival time at gate i output, and Tj is defined as signal 

arrival time at jth input of gate i. fo(i) is defined as the number of fanouts from gate i. Xi is 

equal to zero when a low threshold (high performance) gate is assigned and equal to one 
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when a high threshold (low power) gate is assigned. PLT and PHT correspond to the power 

consumption for a low threshold and high threshold gate, respectively, and DLT and DHT 

correspond to the delay for a low threshold and high threshold gate, respectively.  

𝑀𝑀𝑖𝑖𝐹𝐹𝑖𝑖𝑚𝑚𝑖𝑖𝑀𝑀𝑒𝑒 𝐸𝐸 =  � 𝑃𝑃𝐺𝐺𝑇𝑇(1 − 𝑋𝑋𝑠𝑠) ∗ 𝑓𝑓𝑡𝑡(𝑖𝑖)
𝑡𝑡𝑡𝑡𝑡𝑡 𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠

+ 𝑃𝑃𝐻𝐻𝑇𝑇𝑋𝑋𝑠𝑠 ∗ 𝑓𝑓𝑡𝑡(𝑖𝑖) 

𝑆𝑆𝐹𝐹𝑆𝑆𝑆𝑆𝑒𝑒𝐹𝐹𝑡𝑡 𝑡𝑡𝑡𝑡 𝑇𝑇𝑠𝑠  ≥  𝑇𝑇𝑗𝑗 + 𝐷𝐷𝐺𝐺𝑇𝑇(1 − 𝑋𝑋𝑠𝑠) ∗ 𝑓𝑓𝑡𝑡(𝑖𝑖) + 𝐷𝐷𝐻𝐻𝑇𝑇 ∗ 𝑋𝑋𝑠𝑠 ∗ 𝑓𝑓𝑡𝑡(𝑖𝑖) 𝑓𝑓𝑡𝑡𝐹𝐹 𝐷𝐷𝐷𝐷𝐷𝐷 𝑆𝑆 

     After the gate assignment according to the output of the integer programming, the 

circuit is simulated, and energy consumption is measured. Because all low threshold 

gates are used for the critical path delay, the performance remains the same, and the 

optimization mainly reduces the leakage power by replacing the low threshold gates with 

high threshold gates but without violating the critical delay.  

 

7.4. Simulation Results 

     Using the 32nm PTM model [21], the simulation for the 32-bit adder was obtained. 

There were two models used: Low power (LP) and high performance (HP). While the 

low power consumes less power, its delay is greater than the high performance gates. 

Figure 9.3 shows the major four cases: (1) assignment of all low Vth, (2) assignment of all 

high Vth, (3) random assignment, and (4) optimal assignment. The optimal assignment 

requires no change in the critical path delay, as the increase in that delay may trigger the 

malfunction of the circuit while the power is minimized. In this simulation, the variation 

of threshold and supply voltage was not taken into account. The integer programming 

was solved using MATLAB.  
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Figure 7.1. Optimal assignment for 32nm 32-bit adder 
 

     The optimized circuit demonstrated a 25% reduction in power consumption with no 

change in critical path delay. While a more thorough algorithm [29, 30] could achieve 

29% reduction in energy consumption per cycle, the algorithm used here is more 

simplified and thus takes less computational time.  

     

7.5. Effect of Technology Scaling  

     Figure 7.2 demonstrates the consistently increasing leakage as the technology node 

decreases. For instance, from 90nm to 16nm, the leakage increases 40 times. As shown in 

Figure 7.3, the static component of the total power is, on average, 25% greater than for 

the dynamic power. Also, considering that the supply voltage was 2.4V for this result, the 
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subthreshold circuit has even greater portions of static power. Thus, the trend for sizing 

down technology shows there is a need to reduce static power while still managing 

dynamic power using a reduced supply of voltage. 

 

Figure 7.2. Leakage for various technologies [26] 

 

Figure 7.3. Total power for various technologies [26] 
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7.6. Summary 

     As the technology node decreases, the need for a circuit design that reduces the 

leakage power reduction  increases. Because focusing entirely on power consumption 

leads to severe performance degradation and thus limits the application of the circuit, a 

dual-threshold circuit design that maintains the same critical path delay and performance 

while reducing power consumption about 25% is beneficial. The simplified integer 

programming model was demonstrated, simulated, and verified in this Chapter.  
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Chapter 8 

Optimization of Subthreshold Global Interconnects 
 
 
     In this Chapter, global interconnect optimization is surveyed, and several techniques 

used to optimize global interconnects are considered. As wire capacitance does not scale 

with the supply voltage, an on-chip global interconnect suffers significant performance 

degradation. For example, a conventionally used repeater insertion technique for the 

superthreshold circuit applied to the subthreshold global interconnects proved to be 

ineffective. Thus, a tapered driver is used to optimize the circuit delay and energy 

(power-delay product). In Chapter 8.1, past research on global interconnect optimization 

for both superthreshold and subthreshold is surveyed. Motivation for the proposed 

technique is discussed in Chapter 8.2. Chapter 8.3 and Chapter 8.4 discuss method and 

results, respectively, and Chapter 8.4 is devoted to a summary of results. 

 

8.1. History 

     As demand for low power consumption is increasing, more challenges regarding 

circuit performance have been presented. As the technology node is decreasing, the 

portion of global wire delay heavily overweighs logic delay as shown in Figure 8.1. In 

32nm, global wire delay is responsible for 99% of total delay without repeater and 91% 

with repeater [8, 11]. Especially, performance degradation by global interconnects 

significantly reduces overall circuit performance and more significantly for subthreshold 
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circuit. Furthermore, the effect of PVT should be considered for optimizing any 

subthreshold global interconnect.  

 

Figure 8.1. Scaling trend of logic delay and interconnect delay [8, 11] 
 

     For electronics that require a balance between energy and performance, optimization 

of the CMOS interconnect is crucial to obtain the required throughput for the system. 

Introduced by Deodhar, the throughput per bit-energy proves to offer the optimal 



 

 50 

interconnect design between throughput and energy per bit [3]. The optimal number of 

repeater insertions in the global interconnect achieves maximum throughput per bit-

energy. The case study of various supply voltage from 0.8V to 2.5V reveals that 1V is the 

optimal supply voltage without a loss in throughput, and also that the circuit cannot 

achieve the required throughput at 0.8V.  

     Furthermore, a study by Nalarnalpu and Burleson [18] presents a complex model for 

the delay and optimal repeater spacing and sizing. It utilizes the Alpha-Power law to 

model the propagation delay. The estimated performance achieves a maximum error of 

only 5% in 0.13 pm CMOS technology [18] 

     However, the study by Deodhar and Davis [3] does not include any discussion on 

subthreshold global interconnect optimization, and the Alpha-Power law used by 

Nalarnalpu and Burleson [18] has great discrepancy in circuits operating in the 

subthreshold region as discussed in Chapter 5. As shown in Figure 8.2, as the supply 

voltage decreases from 1V to 0.2V, while logic delay decreases, global interconnect 

delay remains the same. This suggests that a global interconnect technique for the 

subthreshold region should be different from one for a superthreshold region.  

     As subthreshold gains more attention, more studies have been conducted on the 

interconnect technique for subthreshold circuits, including those on circuit level [11] and 

device level optimization [22]. A study by Kil and Kim [11] presented the capacitive 

boosting technique, internally boosting the gate voltage of the driver to shows a 2.6x 

faster switching speed and 2.4x less delay sensitivity under temperature variations. A 

study by Rahaman and Chowdhury [22] utilized the negative capacitance effect in 
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composite ferroelectric semiconductor MOSFET to present a theoretical model in the 

device level.  

 

Figure 8.2. Global interconnect delay in a subthreshold region [11] 
 

8.2. The Repeater Insertion Technique 

8.2.1. Motivation  

     As authors in [3] explore the benefit of repeater insertion to find the minimum 

dynamic power loss, the study of its application to a subthreshold operation region has 

not been explored thoroughly. It is suggested that a subthreshold circuit can utilize the 

same repeater insertion technique to achieve maximum throughput per bit-energy and 

compensate for performance drawback. Without the change in wire area, repeater 

insertion to the global interconnect may be able to increase the throughput of a 

subthrehsold circuit and compensate for the performance drawback caused by the supply 
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voltage being below threshold. Thus, the efficiency of repeater insertion in the 

subthreshold region is discussed here. 

 

8.2.2. Method and Simulation Results 

     Considerations for optimizing a global interconnect includes threshold voltage, the 

number of repeater insertions, and the technology being used. As static energy 

consumption is becoming more and more important for modern technology as seen in 

Figure 8.3, the focus of the power reducing mechanism for the global interconnect lies in 

reducing leakage current and static power consumption. Therefore, a high threshold 

model is used for simulation, and the static power consumption is measured during the 

PTM model [21] on a HSPICE simulation using a subthreshold operation region. For 

simplicity, a simple CMOS inverter was chosen for the repeater. Also, to characterize 

wire and its parasitic effects accurately, a RLC network was used. The additional cost of 

each repeater insertion was a delay and power consumption of an inverter. Various 

numbers of repeaters were used, and the simulation result is shown in Figure 8.4.  
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Figure 8.3. Static power consumption for various size of technology nodes 

 

 

Figure 8.4. Effect of repeater insertions for a subthreshold global interconnect 
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     As the repeater is inserted into a subthreshold global interconnect, delay increases 

more than 2x. When 20 repeaters are inserted, a 4x increase in delay is observed, and this 

drastic increase in delay likely makes the circuit not able to meet the performance 

requirement. When a repeater is inserted in a superthreshold global interconnect, the 

throughput is increased as illustrated in Figure 8.5. The same PTM model is used in the 

simulation, and a CMOS inverter is used for the repeater.  

     As driver size increases, driver delay dominates the interconnect delay [20] as shown 

in Figure 8.6. In subthreshold operation, the driver delay dominates the interconnect 

delay; therefore, a larger driver is needed to reduce the total delay, while area penalty 

exists [20]. Thus, optimizing a driver, such as a tapered driver, is more useful for a 

subthreshold global interconnect than is the repeater insertion technique. 

 

Figure 8.5. Effect of repeater insertion for a superthreshold global interconnect 
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Figure 8.6. Driver and the interconnect delay [20] 

 

8.3. Proposed Method 

8.3.1. Motivation 

     As discussed in Chapter 8.2, the repeater insertion technique is not effective for a 

subthreshold global interconnect because the driver, not interconnects, dominates the 

circuit delay in a subthreshold region. Furthermore, this technique is susceptible to PVT 

variations. Therefore, a subthreshold global interconnect optimization technique that can 

reduce PVT variations and alleviate performance degradation issues is needed. 

 

8.3.2. Tapered Driver 

     A tapered driver has been suggested for reduced receiver delay and thus, an overall 

total path delay [20]. A tapered driver is to use to upsize the interconnect driver as shown 

in Figure 8.8. For interconnects, RLC networks have been used, and their values were 

determined using parameters by International Technology Roadmap for Semiconductors 
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(ITRS) [8]. Unlike the traditional interconnect circuit shown in Figure 8.7, a larger 

interconnect driver was utilized.  

 

 

Figure 8.7. An interconnect driver 
 

 

Figure 8.8. A tapered interconnect driver 
 

     Because the driver delay dominates the total path delay, using a tapered driver 

significantly reduces the total path delay with but a small increase in power consumption. 

However, since the total path delay decreases significantly, total energy— the power-

delay product—is saved. The tapered driver (twice the larger size) was used for the same 

circuit that was simulated in Figure 8.4. without repeater. The simulation result is shown 

in Figure 8.9.  
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Figure 8.9. Power-delay product  
 

     The optimal energy (power-delay product) is achieved at 20x of minimal driver size. 

Because of a low swing under the subthreshold region, power dissipation increases only 

minimally [20]. Thus, while total delay is reduced significantly, energy savings is 

achieved with the tapered driver. With a 20x tapered driver, 75% of the energy saving is 

achieved. This result varies depending on the interconnect, interconnect length, type of 

driver, driver size, and the technology being used. Therefore, various lengths of 

interconnect were simulated, and that result is shown in Figure 8.10.  
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Figure 8.10. Energy saving for various interconnect length 
 

     As interconnect length increases, energy saving is also increasing from 60% to 80%. 

Because both driver delay and interconnect delay are larger in the longer interconnect, 

and driver delay dominates under the subthrehosld region, energy savings for the tapered 

driver in the longer interconnect is greater.  

 

8.4. Summary 

     A commonly used repeater insertion technique for superthreshold was simulated for 

subthreshold interconnects. As the driver delay dominates, repeater insertion was shown 

to be ineffective for subthreshold interconnect optimization. Therefore, the tapered driver 

for global interconnect optimization was analyzed and simulated. That result shows that 
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total path delay is significantly reduced while power consumption is minimally increased 

due to much less power in the subthreshold circuit, thus reducing total energy and 

improving performance. With an optimally sized driver, a 75% reduction in power-delay 

product was achieved. In addition, the effect of interconnect length was analyzed. It was 

observed that as interconnect length increases in the subthreshold region, a tapered driver 

becomes more effective. As global wire delay is increasing more and more due to 

technology scaling, greater focus on subthreshold driver optimization is needed to deter 

further performance degradation in the subthreshold region.  
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Chapter 9 

Conclusion 
 
 

9.1. Conclusion 

     As the number of transistors is increasing due to technology scaling and improved 

lithography technology, the focus of study over the last decade has been the concern over 

power management. 

     In Chapter 2, the background regarding power dissipation and estimation was 

explored and the effects of transistor sizing discussed. Furthermore, several power-

reducing mechanisms were suggested, and subthrehsold operation indicated as the focus 

of study in this thesis. 

     In Chapter 3, the discussion indicated that a circuit operates successfully in a 

subthreshold region. Its origin, advantages, and limitations are discussed. The two major 

limitations of subthreshold circuit design are (1) susceptibility to PVT variations and (2) 

performance degradation. 

     In Chapter 4, types of variations were discussed along with a concise comparison of 

them to near-threshold circuit design.  In Chapter 5, the Alpha-Power model, analytical 

model was analyzed to estimate circuit delay. The simulation result revealed that the 

Alpha-Power law does not accurately characterize subthreshold operation. Thus, a new 

analytical model that considers variations was derived and verified through simulation. 
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Further, the effect of technology scaling on PVT variations was analyzed and verified 

through simulations. 

     In Chapter 6, the background of linear programming is explained, and in Chapter 7, 

linear optimization model and an algorithm were formed to assign either high-threshold 

or low-threshold gates for a dual-threshold voltage CMOS design. By using two different 

threshold voltages, the circuit consumes less power without circuit failure, thus ensuring 

that the critical path delay is not violated.  

     In Chapter 8, the global interconnect delay in superthreshold and subthrehsold was 

discussed, and it was found that driver delay dominates in the subthreshold region. 

Therefore, the repeater insertion technique often used in the superthrehsold is not ideal. A 

tapered driver can be used to optimize energy.  

     Because both performance degradation and variations are inevitable in both 

subthreshold and near-threhsold circuits, a variation-aware analytical model was 

developed, dual-threshold voltage design and its optimization model was then discussed, 

and a tapered driver optimization technique was used to increase throughput and  proven 

to be more effective than repeater insertions. 

 

9.2. Future Research  

     Further efforts and research on the combination effects of several techniques discussed 

in this paper will guide both circuit design and optimization technique that can deter 

performance degradation and variations susceptibility. For instance, dual-VDD assignment 

[14] can be combined with dual-threshold voltage assignment to maximize energy saving. 
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Additionally, further investigation on the effect of technology scaling is needed, as more 

challenges will appear in the smaller and smaller technology nodes of the future. 
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