
POWER MANAGEMENT TECHNIQUES FOR

ULTRA-LOW VOLTAGE INTEGRATED

CIRCUITS

By:

Md Shazzad Hossain

A Doctoral Thesis

Supervised By:

Professor Ioannis Savidis

Department of

Electrical and Computer Engineering

Drexel University

Philadelphia, Pennsylvania

2021



GRADUATE THESIS APPROVAL FORM
AND SIGNATURE PAGE

Instructions: This form must be completed by all doctoral students with a thesis requirement. This form MUST be included

as page 1 of your thesis via electronic submission to ProQuest.

Thesis Title: Power Management Techniques for 
Ultra-low Voltage Integrated Circuits 

Author’s Name:  MD Shazzad Hossain

Submission Date:  12/15/2021

The signatures below certify that this thesis is complete and approved by the Examining Committee.

Role:   Chair Name:   Baris Taskin
Title:   Professor
Department:   Electrical & Computer Engineering
Approved:   Yes Date: 12/16/2021

Role:   Member Name:   Ioannis Savidis
Title:   Associate Professor
Department:   Electrical & Computer Engineering
Approved:   Yes Date: 12/17/2021

Role:   Member Name:   Nagarajan Kandasamy
Title:   Professor
Department:   Electrical & Computer Engineering
Approved:   Yes Date: 12/16/2021

Role:   Member Name:   Bahram Nabet
Title:   Professor
Department:   Electrical & Computer Engineering
Approved:   Yes Date: 12/16/2021

Role:   Member Name:   Geoffrey Mainland
Title:   Associate Professor
Department:   Computing
Approved:   Yes Date: 12/16/2021



© Copyright by Md Shazzad Hossain 2021

All Rights Reserved

ii



iii

Contents

List of Tables viii

List of Figures xi

Abstract xxii

1 Introduction 1

1.1 Low Power Design of Integrated Circuits . . . . . . . . . . . . . . . . 4
1.2 Power Loss due to Leakage Current in State-of-the-art Integrated Circuits 7
1.3 Leakage Loss in Memory . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 Low Power Techniques at the Circuit, Architecture, and System Level 12
1.5 Outline of Research Proposal . . . . . . . . . . . . . . . . . . . . . . 14

2 Introduction to Power Management Techniques for Improved En-

ergy Efficiency 19

2.1 Dynamic Power Management . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Components of the Power Delivery System . . . . . . . . . . . . . . . 22
2.3 Dynamic Voltage Scaling and Dynamic Voltage Frequency Scaling (DVFS) 25
2.4 Power Gating and Multi-threshold Design . . . . . . . . . . . . . . . 28
2.5 Activity Based Clock Gating . . . . . . . . . . . . . . . . . . . . . . . 31
2.6 Core Utilization in Modern Multi-core Platforms and System On Chips 33
2.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37



3 Techniques to Operate Circuits at Ultra-Low Voltages 38

3.1 Introduction to Near- and Sub-Threshold Computing . . . . . . . . . 39
3.1.1 Near-threshold Computing . . . . . . . . . . . . . . . . . . . . 40
3.1.2 Sub-threshold Computing . . . . . . . . . . . . . . . . . . . . 41
3.1.3 Energy-delay Tradeoffs of Near- and Sub-threshold Circuits . . 44

3.2 Low Voltage Aware Logic Design . . . . . . . . . . . . . . . . . . . . 45
3.2.1 Current Mode Logic (CML) for Near-threshold Operation . . 47
3.2.2 Sense Amplifier Based Logic for Near-threshold Operation . . 52

3.3 Interfacing of Ultra-Low Voltage Circuits With Higher Voltage Domains 54
3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4 Power Management Techniques for Ultra-Low Voltage Circuits 57

4.1 Dynamic Voltage Scaling at Near- and Sub-threshold Operation . . . 58
4.1.1 Panoptic Dynamic Voltage Scaling . . . . . . . . . . . . . . . 59
4.1.2 Voltage Dithering . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2 Voltage Stacking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 Power Management Techniques Based on Temperature Effect Inversion 68
4.4 Error Detection and Correction (EDAC) Techniques . . . . . . . . . . 72
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5 Near-/In-Memory Computing and Custom ASICs for Deep Neural

Networks 77

5.1 Introduction to Deep Neural Networks (DNNs) . . . . . . . . . . . . 79
5.2 Hardware Implementation of AI Workloads . . . . . . . . . . . . . . . 82
5.3 Custom ASICs for AI Acceleration . . . . . . . . . . . . . . . . . . . 85
5.4 Memory Requirements of AI Accelerators . . . . . . . . . . . . . . . . 89
5.5 Dataflows for AI Accelerator . . . . . . . . . . . . . . . . . . . . . . . 92
5.6 Near- and In-Memory Computing for Reduced Latency and Improved

Energy Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

iv



6 Circuits and Techniques for Ultra-Low Voltage Operation 105

6.1 Dynamic Differential Signaling Based Logic Families . . . . . . . . . . 106
6.1.1 Dynamic Current Mode Logic (DCML) . . . . . . . . . . . . . 107
6.1.2 Latched Dynamic Current Mode Logic (LDCML) . . . . . . . 113
6.1.3 Dynamic Feedback Current Mode Logic (DFCML) . . . . . . 115

6.2 Implementation of Boolean Functions and a Multiplier . . . . . . . . 117
6.2.1 Universal Gates . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.2.2 Multiplier Implementation . . . . . . . . . . . . . . . . . . . . 120

6.3 Evaluation of DDSL Families Through SPICE Simulation . . . . . . . 121
6.3.1 Characterization of the Maximum Operating Frequency, Power

Consumption, and Area . . . . . . . . . . . . . . . . . . . . . 123
6.3.2 Characterization of Static, Dynamic, and Total Power Con-

sumption for Different Activity Factors . . . . . . . . . . . . . 130
6.3.3 Characterization of Energy-Delay Product (EDP) . . . . . . . 132
6.3.4 Characterization of Circuit Robustness to Noise . . . . . . . . 132
6.3.5 Analysis of Local and Global Statistical Variation . . . . . . . 147
6.3.6 Comparison Between Near- and Super-Vt Operation . . . . . . 148
6.3.7 Summary of Results . . . . . . . . . . . . . . . . . . . . . . . 150

6.4 Interfacing of Ultra-Low Voltage Circuits . . . . . . . . . . . . . . . . 151
6.5 Single Ended Level Shifter for NTC . . . . . . . . . . . . . . . . . . . 154
6.6 Bi-directional Input/Output Circuits . . . . . . . . . . . . . . . . . . 155
6.7 Simulated Results of Interface Circuit . . . . . . . . . . . . . . . . . . 157

6.7.1 Simulation Setup . . . . . . . . . . . . . . . . . . . . . . . . . 157
6.7.2 Characterization of Level Shifters . . . . . . . . . . . . . . . . 158
6.7.3 Characterization of I/O Circuit Configurations . . . . . . . . . 162

6.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7 Clock-Power Co-Deign and Optimum Voltage Selection 166

7.1 Challenges of Sub-Threshold Power and Clock Distribution . . . . . . 169
7.2 Clock-Power Co-Design for Ultra-Low Voltage Circuits . . . . . . . . 172

v



7.2.1 Multi-Voltage Domains and Distributed Power Delivery for Local

Clock Distribution Networks . . . . . . . . . . . . . . . . . . . . 174
7.2.2 Voltage Regulator Selection for the Proposed Clock-Power Network 178

7.3 Simulation Results on Clock-Power Co-Design . . . . . . . . . . . . . 182
7.3.1 Delay Variation of Flip Flops Under Supply Variation . . . . . . . 182
7.3.2 Timing Constraints and Skew Variation in Sub-Threshold Circuits 183
7.3.3 Sensitivity of Clock Network to Power Supply Variation . . . . . . 188

7.4 Selection of Optimum Supply and Threshold Voltage . . . . . . . . . 191
7.4.1 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . 192
7.4.2 Expansion of the Algorithm for Larger Circuit Blocks . . . . . 195

7.5 Simulation Results and Analysis . . . . . . . . . . . . . . . . . . . . . 197
7.5.1 Method of Evaluation . . . . . . . . . . . . . . . . . . . . . . 197
7.5.2 Comparison of the Algorithm with Simulation Results . . . . . 198
7.5.3 Feasible Region of the Optimal Solution . . . . . . . . . . . . 201

7.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

8 Leakage Reuse for Energy Efficient Computing 204

8.1 Introduction to Leakage Reuse Technique . . . . . . . . . . . . . . . . 205
8.1.1 Rationale for leakage reuse . . . . . . . . . . . . . . . . . . . . 208
8.1.2 Feasibility of Leakage Reuse Technique . . . . . . . . . . . . . 212
8.1.3 Reusing Leakage Current of Super-Vt Cores to Drive Sub-Vt Cores216
8.1.4 Trade-off Between Voltage Stacking and Leakage Reuse Technique241

8.2 Analysis of Energy Break-Even Point . . . . . . . . . . . . . . . . . . 245
8.3 Algorithms for Leakage Reuse . . . . . . . . . . . . . . . . . . . . . . 259

8.3.1 Circuit and System Model of Leakage Reuse . . . . . . . . . . 261
8.3.2 Scheduling of Idle Donor Cores for Leakage Current Reuse . . 263
8.3.3 Longest Idle Time - Leakage Current Reuse Algorithm . . . . 265

8.4 Simultaneous Leakage Reuse and Power Gating . . . . . . . . . . . . 266
8.4.1 Longest Idle Time - Simultaneous Leakage Reuse and Power

Gating Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 268
8.4.2 Simulation Framework . . . . . . . . . . . . . . . . . . . . . . 271

vi



8.4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 276
8.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

9 Leakage Reuse for Energy Efficient Near-memory Computing of Het-

erogeneous DNN Accelerators 283

9.1 Custom DNN Accelerators for Edge Applications . . . . . . . . . . . 285
9.1.1 Storing a Large Number of Network Parameters On-chip . . . 287
9.1.2 Layer-by-Layer Processing of Neural Network Models . . . . . 290
9.1.3 Limited Scope of Monolithic DNN Accelerators . . . . . . . . 292

9.2 Leakage Reuse in Memory . . . . . . . . . . . . . . . . . . . . . . . . 297
9.2.1 Bank-level Leakage Reuse . . . . . . . . . . . . . . . . . . . . 298
9.2.2 Functionality of Donors During Leakage Reuse . . . . . . . . . 304
9.2.3 Functionality of Receivers During Leakage Reuse . . . . . . . 307

9.3 Power Management of DNN Accelerator by Reusing SRAM Leakage . 309
9.3.1 Proposed Heterogeneous DNN Accelerator Architecture Imple-

menting Near-Memory Computing through Leakage Reuse . . 311
9.3.2 Evaluation Framework . . . . . . . . . . . . . . . . . . . . . . 314
9.3.3 Characterization of a Monolithic Accelerator Architecture Us-

ing the MobileNets Model . . . . . . . . . . . . . . . . . . . . 318
9.3.4 Characterization of Energy Efficiency and Throughput of the

Proposed Heterogeneous Architecture that Includes Leakage
Reuse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

9.3.5 Characterization of Total Power Consumption . . . . . . . . . 322
9.3.6 Circuit Techniques for Robust Leakage Reuse Under Process,

Voltage, and Temperature Variations . . . . . . . . . . . . . . 326
9.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330

Conclusions 332

Bibliography 337

vii



viii

List of Tables

1.1 Characterization of leakage power and access time of SRAM with
standard-Vt transistors, high-Vt transistors, and transistors with 25%
longer channel length. . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2 On-chip memory usage in state-of-the-art inference accelerators imple-
mented on an ASIC. . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1 Characterization of power consumption and delay for CMOS and current-
mode logic circuits at a near-threshold voltage of 400 mV [135]. . . . 51

5.1 AlexNet model simulated using two popular AI accelerator architectures. 94
5.2 Advantages and challenges of in-memory and near-memory computing

architectures for AI acceleration. . . . . . . . . . . . . . . . . . . . . 101
5.3 Leakage power consumption of SRAM cells [17, 270, 271]. . . . . . . . 102

6.1 Comparison of the performance, area, and power consumption of an
inverter chain operating at a 400 mV supply voltage. . . . . . . . . . 123

6.2 Comparison of the performance, area, and power consumption of an
inverter chain operating at a 450 mV supply voltage. . . . . . . . . . 124

6.3 Characterization of the propagation delay and total power consumption
of a 4×4 bit array multiplier implemented with all logic families in
three process corners at a supply voltage of 450 mV and temperature
of 27◦C. All delay and power results are normalized to, respectively,
the delay and power of a CMOS multiplier operating in the tt corner
and a temperature of 27◦C. . . . . . . . . . . . . . . . . . . . . . . . 142



6.4 Characterization of propagation delay and total power consumption of
a 4×4 bit array multiplier implemented with all logic families for supply
voltages between 0.35 V and 0.5 V. All delay and power results are
normalized to, respectively, the delay (14.3 ns) and power consumption
(3.615 µW) of a CMOS multiplier operating at a supply voltage of 0.45
V with the tt corner and a temperature of 27◦C. . . . . . . . . . . . . 143

6.5 Characterization of propagation delay and total power consumption of
a 4×4 bit array multiplier implemented with all logic families at 27◦C,
50◦C, and 100◦C, a supply voltage of 450 mV, and a process corner of tt.
All delay and power results are normalized to, respectively, the delay
(14.3 ns) and power consumption (3.615 µW) of a CMOS multiplier
operating in the tt corner and at a temperature of 27◦C. . . . . . . . 144

6.6 Figures of merit at near-threshold voltage of 0.45 V (exceptNMavg/VDD,
which is analyzed at 0.4 V). All results are normalized to CMOS logic
operating at 1.2 V. Results for CML are from simulations by the au-
thors. The topology of the CML universal gate described in [131] is
implemented and characterized. . . . . . . . . . . . . . . . . . . . . . 149

6.7 Summary of results for all logic families normalized to CMOS for a
supply voltage of 450 mV. . . . . . . . . . . . . . . . . . . . . . . . . 151

6.8 Transistor size of the level shifters. . . . . . . . . . . . . . . . . . . . 158
6.9 Configurations of the I/O circuits based on the type of implemented

level shifters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
6.10 Comparison with state-of-the-art low voltage level shifters. . . . . . . 162
6.11 Conversion range of I/O circuit configurations for VPAD of 1.2 V and

3.3 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7.1 Maximum tolerable noise of clock network for three PDN configura-
tions using nominal and sub-Vt buffers at 250 mV. . . . . . . . . . . . 190

7.2 Optimization of Vdd and Vt for constraints Nm, Pm, Vdd range, and Vt
range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

ix



7.3 Characterization of NMavg and fmax through SPICE simulation with
optimally selected Vdd and Vt. . . . . . . . . . . . . . . . . . . . . . . 200

7.4 Comparison of average noise margin and maximum frequency between
130 nm and 45 nm technologies. . . . . . . . . . . . . . . . . . . . . . 201

8.1 Active area of the chain of inverters (COI), s27, and s208 circuits for
the three analyzed topologies. . . . . . . . . . . . . . . . . . . . . . . 224

8.2 Trade-off between the percentage noise permitted on the VGND node,
the total power consumption, and the area in the non-stacked mode.
Power consumption and area are normalized to the baseline topology
(independent power delivery networks for the super and sub-Vt cores)
for the COI, s27, s208 circuits. . . . . . . . . . . . . . . . . . . . . . . 233

8.3 Off-chip and on-chip electrical parameters of the power delivery net-
work [329–331]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

8.4 Characterization through SPICE simulation of s27 implemented with
the baseline, leakage reuse, and voltage stacking techniques. . . . . . 243

8.5 Circuit parameters used in the analysis of the energy break-even point
of the leakage reuse technique. . . . . . . . . . . . . . . . . . . . . . . 246

8.6 Execution order of four donor cores and the corresponding assignments
by the LIT-LR and LIT-LRPG algorithms for leakage current reuse
and power gating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

8.7 Voltage generated on the receiver core from reused charge from idle
donor cores for different switch sizes and process corners. . . . . . . . 278

9.1 Characterization of leakage power and access time of SRAM with
standard-Vt transistors, high-Vt transistors, and transistors with 25%
longer channel length. . . . . . . . . . . . . . . . . . . . . . . . . . . 302

9.2 Control signals corresponding to SRAM Bank0. . . . . . . . . . . . . 307
9.3 Hardware specification of the proposed heterogeneous multi-voltage

domain accelerator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314
9.4 Power consumption of the baseline and the proposed accelerators. . . 326

x



xi

List of Figures

1.1 Past, present, and future driving forces of the IC market [2, 4–10, 16,
18, 19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Microphotographs revealing the evolution of transistor density in mi-
croprocessors: (a) Intel 4004 processor that was released in 1971 with
2250 transistors [36] and (b) Apple M1 processor that was released in
2020 with 16 billion transistors [37]. . . . . . . . . . . . . . . . . . . . 4

1.3 Increase in transistor count from 2250 devices to over 15 billion, which
limits the maximum clock frequency due to thermal and power budget
constraints [2–4, 19, 37–40]. . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Stagnation in the improvement of both the supply voltage and corre-
sponding energy efficiency with technology scaling [41]. . . . . . . . . 7

1.5 Comparison of leakage and dynamic power for different technology
nodes [17, 24, 46, 46, 50–52]. . . . . . . . . . . . . . . . . . . . . . . . 9

1.6 Summary of low power techniques applied to the circuit, architecture,
and system level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1 Overview of hierarchical power management in integrated circuits [73]. 22
2.2 Summary of three types of voltage regulators implemented in modern

power delivery systems [84]. . . . . . . . . . . . . . . . . . . . . . . . 23
2.3 Dynamic voltage and frequency scaling (DVFS) varies both the supply

voltage and operating frequency at run-time to achieve the minimum
energy cost for a target performance requirement that dynamically
changes in time [105]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 27



2.4 Hardware and software layer implementation of DVFS [101]. . . . . . 28
2.5 Conventional method of power gating, where the ground network is

gated through sleep transistors. . . . . . . . . . . . . . . . . . . . . . 30
2.6 A schematic representation of a circuit implementing data driven gate

level clock gating [122]. . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.7 Cumulative distribution function of idle events as a function of idle

event duration for various modern CPU-GPU benchmark applications
[26]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1 Effect of supply voltage scaling on the maximum operating frequency
and average noise margins of a CMOS inverter with a PMOS width of
5.77 µm and a NMOS width of 2 µm in a 130 nm technology. . . . . 42

3.2 Optimum operating points in near- and sub-threshold operation, where
a) the energy per operation is minimal at near- and sub-threshold volt-
ages, b) the delay is optimal at near- and sub-threshold voltages, and
c) the combined delay and energy efficiency with respect to supply
voltage [18, 157]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 An inverter/buffer implemented using current mode logic (CML) [135,
163]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.4 Universal gates based on current-mode logic implementing (a) NAND/AND
gate, and (b) NOR/OR gate [135]. . . . . . . . . . . . . . . . . . . . 50

3.5 Schematic representation of a) a generic gate implemented with sense
amplifier based pass transistor logic (SAPTL) that consists of a driver,
network of pass transistors, and a sense amplifier and b) a 4-input XOR
gate implemented with SAPTL [136]. . . . . . . . . . . . . . . . . . . 52

3.6 Differing minimum operating voltage (Vmin) of circuit blocks of an SoC
[24]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.1 A circuit block implementation of panoptic dynamic voltage scaling
(PDVS) that allows for execution of DVS at a fine temporal and spatial
granularity [22]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

xii



4.2 Characterization of the energy consumption as a function of operating
frequency for four power management scenarios [168]. . . . . . . . . . 61

4.3 Circuit level implementation of the voltage dithering technique [168]. 63
4.4 Power delivery using a) a conventional non-stacked method and b) the

voltage stacking technique, where three cores are vertically stacked [172]. 65
4.5 Dedicated on-chip voltage regulators are required at the intermediate

nodes of a voltage stacked system to avoid adverse effects due to the
imbalance of current between stacked domains [68]. . . . . . . . . . . 66

4.6 Effect of increasing temperature on the delay of circuits operating at
ultra-low voltages in a bulk CMOS process [48]. . . . . . . . . . . . . 69

4.7 Effects of increasing temperature on the maximum frequency of a fan-
out-of-four (FO4) ring oscillator designed in a 16 nm FinFET technol-
ogy [47]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.8 Razor flip-flop utilized to implement an error detection and correction
methodology. The associative timing diagram is also provided [183]. . 72

4.9 Error correction through architectural and power management tech-
niques: (a) pipeline flushing and re-execution of instructions and (b) a
closed-loop voltage regulation technique based on the EDAC technique
[183]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.1 Historical advancement of artificial intelligence [211–213]. . . . . . . . 79
5.2 An overview of training and inference in artificial neural networks and

the growth of artificial intelligence over the years [211–213]. . . . . . . 81
5.3 An abstract representation of a neuron [211]. . . . . . . . . . . . . . . 82
5.4 An overview of processing in central processing unit (CPU) and graphic

processing unit (GPU) [230] . . . . . . . . . . . . . . . . . . . . . . . 83
5.5 DNN model for inference with two hidden layers. The computation in

each layer is decomposed into matrix-vector operations. . . . . . . . . 85
5.6 Block representation of a systolic array based architecture [59, 63]. . . 87
5.7 Two versions of a systolic array architecture, which include a) conven-

tional and b) clustered PEs with global buffers (GLBs). . . . . . . . . 88

xiii



5.8 The size of on-chip memory utilized in AI accelerators that were de-
veloped in the last five years. . . . . . . . . . . . . . . . . . . . . . . 90

5.9 Block representation of in-memory computing (IMC) and near-memory
computing (NMC) circuits [199, 206, 207, 209, 210, 230, 264–266]. . . 97

5.10 Summary of the energy efficiency of AI accelerators developed in the
last six years that are implemented on an FPGA, CPU, GPU, digi-
tal Von Neumann architecture based custom SoC (represented as an
ASIC), an architecture based on near-memory computing (NMC), and
an architecture based on in-memory computing (IMC). . . . . . . . . 99

5.11 Summary of on-chip memory utilized in state-of-the-art custom AI
accelerators including Von Neumann based digital SoCs, which are
represented as ASICs, in-memory computing (IMC), and near-memory
computing (NMC) in the figure. . . . . . . . . . . . . . . . . . . . . . 103

6.1 Implementation of an inverter with dynamic current-mode logic (DCML).
The differential logical operation of the DCML inverter is provided in
the table. The output of a DCML inverter is connected to inputs of
either a single-ended or differential signal based logic gate as shown by
the sub-figure in the dotted box. . . . . . . . . . . . . . . . . . . . . . 108

6.2 Voltage transfer curve of a differential inverter for a Vdd of 1.2 V. . . . 109
6.3 Implementation of an inverter with latched DCML. . . . . . . . . . . 115
6.4 Implementation of an inverter with a) dynamic feedback current-mode

logic (DFCML) and b) latched DFCML (LDFCML). . . . . . . . . . 115
6.5 Implementation of universal gates using a) dynamic current-mode logic

(DCML), b) latched DCML (LDCML), c) dynamic feedback current-
mode logic (DFCML), and d) the implementation of four logical func-
tions using two different input and output combinations. . . . . . . . 119

6.6 Circuit diagram of a 4×4 bit array multiplier [274]. . . . . . . . . . . 121
6.7 Transient simulation for iso-area comparison of a CMOS, CML, and

LDCML chain of four inverters operating at 450 mV and 140 MHz. . 126

xiv



6.8 Characterization of the maximum operating frequency and area of uni-
versal gates at 450 mV. CMOS NAND/NOR gates were implemented
for comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.9 Characterization of the power consumption of universal gates (UG) at
a supply voltage of 450 mV. . . . . . . . . . . . . . . . . . . . . . . . 128

6.10 Power, area, and maximum operating frequency of a 4×4 bit array
multiplier implemented in all logic families. . . . . . . . . . . . . . . . 130

6.11 Power consumption of a chain of four inverters implemented with all
logic families for activity factors of 25%, 50%, and 100% and for a
supply voltage of 400 mV. . . . . . . . . . . . . . . . . . . . . . . . . 131

6.12 Energy delay product of a chain of inverters operating at a supply
voltage of 450 mV. All values are normalized to the EDP of a CMOS
inverter chain (0.02×10−20 J·s). . . . . . . . . . . . . . . . . . . . . . 133

6.13 VTC characterization to determine the noise margins of a DCML in-
verter at a supply voltage of 400 mV. . . . . . . . . . . . . . . . . . . 134

6.14 VTC of all differential inverters at a 400 mV supply voltage. . . . . . 135
6.15 Comparison of the noise margins of the logic families at a near-threshold

voltage of 400 mV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.16 VTC of a LDCML inverter at a 400 mV supply voltage. An initial -400

mV differential input results in LDCML output 1, whereas an initial
0 V differential input results in LDCML output 2. LDCML output 3
exhibits a symmetric VTC. . . . . . . . . . . . . . . . . . . . . . . . . 138

6.17 Characterization of the maximum operating frequency fmax with±10%

variation in the threshold voltage of universal gates implemented in all
logic families, where the maximum operating frequency at a supply
voltage of 450 mV for all logic families is provided in Fig. 6.8. . . . . 141

6.18 Monte Carlo simulation with 200 runs of a 4×4 bit array multiplier to
characterize a) delay and b) power. . . . . . . . . . . . . . . . . . . . 147

6.19 Conventional level shifter topologies. a) Cross coupled, and b) current
mirror. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.20 Proposed level shifter with single ended input and differential output. 155

xv



6.21 Proposed bidirectional input/output circuit. . . . . . . . . . . . . . . 157
6.22 Comparison of the delay of the level shifters at an output voltage VDD,H

of 1.2 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
6.23 Comparison of the a) propagation delay, and b) total power of the level

shifters for an input voltage VDD,L of 0.625 V. . . . . . . . . . . . . . 161
6.24 Comparison of different I/O circuit configurations for a VDOUT of 0.55

V. a) Propagation delay, and b) total power consumption. . . . . . . 164

7.1 Effect of supply voltage scaling on buffer and interconnect delay. . . . 170
7.2 Noise propagation from the power supply network to a subsection of a

clock network operating in sub-Vt. . . . . . . . . . . . . . . . . . . . . 173
7.3 Circuit model of the co-designed clock-power networks. . . . . . . . . 174
7.4 Basic circuit representation of a switching DC-DC buck converter. . . 179
7.5 Conversion efficiency and regulator loss of a DC-DC buck converter

that generates an output voltage of 0.6 V from input voltages of 5 V
and 12 V for current loads of 5 A and 15 A. . . . . . . . . . . . . . . 181

7.6 Delay variation of a flip-flop operating in sub-threshold. . . . . . . . . 183
7.7 Circuit model used to analyze the effect of supply noise on timing. . . 185
7.8 DC behavior of the nominal and sub-Vt inverters. . . . . . . . . . . . 187
7.9 Variation in (a) insertion delay, and (b) skew, minimum clock period,

and FO4 delay. The clock network with nominal and sub-Vt buffers is
represented as, respectively, solid and dashed lines. . . . . . . . . . . 189

7.10 Expanding Algorithm 1 for multi-gate circuits. . . . . . . . . . . . . . 195
7.11 Feasible region of optimum solution for Test 5. The unit value of x

and y correspond to, respectively, 100 mV of supply voltage and 100
mV of threshold voltage. . . . . . . . . . . . . . . . . . . . . . . . . . 202

8.1 Comparison of a) conventional PDNs with two independent voltage
domains, and b) the proposed PDN implementing the leakage reuse
technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

8.2 Operating flow diagram of the proposed leakage reuse technique. . . . 208

xvi



8.3 Comparison of (a) total and leakage power consumption of super-Vt
cores, and (b) total power consumption of sub-Vt cores. . . . . . . . 210

8.4 Delivering current to a sub-threshold circuit block through a) voltage
stacking technique, where two circuit blocks within a core are vertically
stacked regardless of the circuit activity of the super-Vt (top) circuit
block, and b) the proposed technique of delivering current to sub-Vt
(bottom) circuit blocks, where only an idle super-Vt circuit block is
stacked. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

8.5 System level model of reusing the leakage current of super-threshold
circuits to drive sub-threshold circuits. . . . . . . . . . . . . . . . . . 217

8.6 Circuit model of the proposed leakage reuse technique, where the ground
distribution network is modified to allow for voltage stacking during
idle mode operation of the super-Vt core(s). Blocks A and C supply
leakage current to one sub-Vt core. . . . . . . . . . . . . . . . . . . . . 218

8.7 MOS switches to connect the super-Vt core to true ground when active
or to the sub-Vt core when idle. . . . . . . . . . . . . . . . . . . . . . 220

8.8 Characterization of a) average power consumption per cycle, and b)
peak power consumption of the COI, s27, and s208 benchmark circuits
at 5 MHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

8.9 Characterization of a) average power consumption per cycle and b)
peak power consumption for 5 MHz to 2 GHz operation of the super-
Vt circuit blocks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

8.10 Characterization of the peak VSS bounce and the settling time (S.T.)
of the peak VSS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

8.11 Characterization of the peak VGND bounce and settling time of the
VGND, where switches for LR are sized for 10% noise on the stacked
and non-stacked VGND. . . . . . . . . . . . . . . . . . . . . . . . . . . 229

8.12 Variation in peak power, average power, and settling time for s27 as a
function of switch size. . . . . . . . . . . . . . . . . . . . . . . . . . . 232

8.13 Methodology to characterize workload variation of a sub-threshold core
with SPICE simulation. . . . . . . . . . . . . . . . . . . . . . . . . . 234

xvii



8.14 Circuit model of the off-chip and on-chip PDN used to evaluate the
voltage noise due to variation in the workload of a 32-bit RISC-V core
operating at a sub-threshold voltage of 380 mV. . . . . . . . . . . . . 237

8.15 A 380 mV supply voltage is generated for the RISC core through the
leakage reuse technique, where the target activity factor is 20%. The
variation in the supply voltage of the RISC core is characterized for
circuit activity factors of 15% to 25%. . . . . . . . . . . . . . . . . . . 238

8.16 SPICE simulation results indicating a stable sub-threshold supply volt-
age when the activity of the RISC-V core increases from 20% to 30%. 240

8.17 Transient simulation of the leakage reuse and voltage stacking tech-
niques comparing the noise on the virtual ground node and the voltage
of the output signals of the super-Vt and sub-Vt circuits. . . . . . . . 242

8.18 Schematic representation of the proposed technique to reuse the leakage
current from i number of super-Vt cores supplying current to one sub-Vt
core. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

8.19 Switching transitions of SV G and SG corresponding to the time intervals
when leakage reuse is active (Φ = 0). . . . . . . . . . . . . . . . . . . 248

8.20 Comparison between analytical and simulation results when determin-
ing the number of idle clock cycles of the super-Vt core corresponding
to the break-even point in energy consumption for frequencies of 50
MHz to 1 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

8.21 Characterization of the energy per cycle normalized to the baseline for a
range of idle cycles (133 to 1330) when the super-Vt core is operating at
1 GHz and for 1.33 µs. The left Y-axis represents the energy consumed
by both the super-Vt and sub-Vt core per cycle, while the right Y-axis
represents energy consumed by switches SG and SV G per cycle. . . . . 257

8.22 System level model of the leakage reuse technique with dynamic idle
core assignment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

8.23 DAG with nine tasks representing the executing application used to
characterize LIT-LR and LIT-LRPG algorithms. . . . . . . . . . . . 272

xviii



8.24 Identification of donor cores with longest idle time that are assigned
for leakage current reuse using the LIT-LR algorithm. . . . . . . . . . 273

8.25 Optimized PDN modeled with off-chip and on-chip impedance to eval-
uate the LIT-LR and LIT-LRPG algorithms. . . . . . . . . . . . . . 275

8.26 SPICE simulation results characterizing the activity of both the donor
and receiver cores when executing the leakage reuse technique when
applying the LIT-LR algorithm. . . . . . . . . . . . . . . . . . . . . . 277

8.27 Figures of merit characterizing the LIT-LR algorithm (solid lines) and
random core assignment (dotted lines). . . . . . . . . . . . . . . . . . 278

8.28 Simulated figure of merits using proposed Algorithm 4, where T1, T2,
T3, T4 represents, respectively, simultaneous implementation of LR
and PG, LR only, PG only, and baseline without LR and PG. . . . . 280

9.1 Layer-by-layer processing of the convolution operation, where the algo-
rithm implementing convolution for n number of CNN layers is given
by Algorithm 5. A two-dimensional convolution operation of a CNN
layer is shown. [253]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 290

9.2 Characterization of the utilization of the PEs and the average number
of cycles to execute a set of DNN models for array sizes of 12×14, 6×6,
and 2×2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

9.3 An overview of applying the leakage reuse technique at the memory
bank level, where leakage current from x number of SRAM banks
(donors) provide power to y number of computing elements (receivers). 298

9.4 Schematic representation of the leakage control blocks and the LC
wrapper. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

9.5 Circuit representation of an implemented SRAM bank (Bank0) with
a cell array of m rows and n columns, where the supply and ground
node of Bank0 is, respectively, VDD and VSS0. . . . . . . . . . . . . 300

9.6 Analysis of the functionality of SRAM Bank0 (donor) as a 4×4 cell
array before and after implementing leakage reuse. . . . . . . . . . . 306

xix



9.7 Intrinsic data retention of SRAM cells when accounting for the imple-
mentation of the leakage reuse technique. . . . . . . . . . . . . . . . . 308

9.8 Functional verification of a 4-bit carry look-ahead adder (receiver) that
is supplied current from the implementation of the leakage reuse tech-
nique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

9.9 Architecture of the proposed multi-voltage domain DNN accelerator
implementing both near-memory computing and leakage reuse. . . . . 311

9.10 Block level representation of the proposed multi-voltage domain het-
erogeneous DNN accelerator based on the Eyeriss architecture. . . . . 312

9.11 A single processing element with a 0.5 KB on-chip memory and two
8-bit MACs. The 0.5 KB memory is implemented as 16 16×16 SRAM
banks, where at any given time one bank is utilized for leakage reuse. 314

9.12 Energy efficiency of the accelerator with a monolithic 12×14 PE array
across five voltages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

9.13 A monolithic 12×14 PE array is characterized for energy consumption
and completion time of each layer when executing the 27 convolutional
layers of the MobileNets model and operating at each of five different
supply voltages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

9.14 Characterization of the mean and standard deviation of the completion
time and energy consumed per layer, which are averaged across all
layers of each respective model. . . . . . . . . . . . . . . . . . . . . . 320

9.15 Comparison of a) total power consumption and b) throughput for the
baseline, proposed technique without leakage reuse, and proposed tech-
nique with leakage reuse. . . . . . . . . . . . . . . . . . . . . . . . . . 322

9.16 Characterization of the energy efficiency of all MAC sub-array sizes in
TOPS/W when assuming all processing elements in each topology are
equally loaded and at the same voltage. . . . . . . . . . . . . . . . . . 323

9.17 Characterization of the total power consumption of a 2×2 sub-array,
where a single PE within each 2×2 sub-array is composed of 0.5 KB
memory and two 8-bit MACs. . . . . . . . . . . . . . . . . . . . . . . 324

xx



9.18 Characterization of total power consumption of the accelerator SoC for
four different percentage of weight memory utilization for leakage reuse. 325

9.19 Proposed circuit that maintains a stable supply voltage for the receiver
in the presence of process and/or temperature variation. . . . . . . . 327

9.20 Modified leakage control block that dynamically increases the supply
voltage for the receiver. . . . . . . . . . . . . . . . . . . . . . . . . . . 329

9.21 Characterization of the supply voltage of the receiver with TT, FF,
and SS process corners and at the temperatures of 27◦C, 50◦C, and
100◦C, where a) includes the results without variation mitigation and
b) shows the results with the proposed process and temperature vari-
ation mitigation technique. . . . . . . . . . . . . . . . . . . . . . . . . 330

xxi



Abstract

Energy efficient computing is one of the primary requirements of ubiquitous battery-

operated edge devices including mobile phones, wearables, active implantable medical

devices, unmanned aerial, autonomous, and electric vehicles, and hardware modules

used in smart IoT infrastructure and cyber-physical systems. One of the primary

sources of loss in energy efficiency is the leakage current of logic and memory cir-

cuits. In addition, the emergence of on-device intelligence requires a greater number

of computations, increased storage per device, and an increased number of operations

per watt. Operating circuits at ultra-low voltages including near- and sub-threshold

is an effective means to improve the energy efficiency. However, circuit techniques,

algorithms, and power management methodologies are required that are tailored to

ultra-low voltage operation. Moreover, novel techniques and architectures are needed

to improve the overall energy efficiency of circuits that implement neural network

models. Techniques to reduce and conserve the leakage current of an IC are, there-

fore, essential to further minimize the consumed power of a circuit.

In this research, novel circuits and algorithms are developed that allow for robust

and energy efficient ultra-low voltage operation. Completed research tasks include

the development of dynamic differential signaling based logic (DDSL) families, inter-

face circuits that allow for signal propagation between ultra-low voltage and nominal

xxii



xxiii

voltage power domains, supply and threshold voltage optimization, and clock-power

co-design for sub-threshold operation. The developed DDSL families operate between

400 mV and 450 mV and reduce the total power consumption to 0.96× that of CMOS

logic circuits, while improving the performance and noise margin by, respectively,

1.4× and 2.5×. The developed interface circuits include a single ended level shifter

and a bidirectional input/output (I/O) circuit, which efficiently convert an input volt-

age of 450 mV to an output voltage of 3.3 V while consuming only 4.87 mW. The

developed clock-power co-design methodology provides a robust power supply voltage

of 250 mV to the clock distribution network while assuring resilience to as much as

10% noise on the power network.

A novel power management technique defined as ‘leakage reuse’ is developed to

recycle the leakage current from idle circuits or cores and deliver the recycled en-

ergy to active circuit blocks or cores. The circuit techniques, scheduling algorithms,

and the determination of the energy break-even point are completed for the leakage

reuse technique. The power delivery to sub-Vt circuits through leakage reuse reduces

the total power consumption to 0.41× that of a conventional power delivery system

when generating a supply voltage of 380 mV from the recycled leakage current of

circuits operating at 1.2 V. Two scheduling algorithms are developed that allow for

the simultaneous execution of power gating and leakage reuse and reduce the total

power consumption by 50.2% as compared to a baseline topology that includes neither

leakage reuse or power gating.

In addition, techniques and methodologies are developed to recycle leakage energy

from idle on-chip SRAM memories. Moreover, a novel multi-voltage domain hetero-

geneous accelerator architecture is developed for energy efficient execution of neural



xxiv

network models. A near-memory computing architecture is developed for the hetero-

geneous accelerator that leverages the leakage reuse technique applied to an SRAM

memory array, where the leakage current of idle memory banks within each processing

element is utilized to deliver current to the adjacently placed multiply-and-accumulate

(MAC) units. The proposed heterogeneous architecture with leakage reuse results

in an energy efficiency of 3.27 tera-operations per second per watt (TOPS/W) as

compared to a conventional monolithic and single voltage domain architecture that

exhibits an energy efficiency of 0.0458 TOPS/W.





Chapter 1

Introduction

Energy efficient computing is the key driving force behind the development of

state-of-the-art integrated circuits (ICs) constrained by a stringent power budget.

Power consumed by ICs is rapidly growing as the commercial and government sectors

in countries around the world are increasingly applying automation across multiple

business and defense sectors as well as the larger demand for mobile devices and

systems that require greater computational power. The electronic infrastructure and

devices needed for the information communication technology (ICT) sector contribute

10% of global electricity consumption [1]. From the very first use of integrated cir-

cuits, improvements in transistor scaling, transistor density, and performance were

the fundamental objectives targeted by both academia and industry [2–5]. In more

recent years, the significant growth in battery operated or energy harvested mobile

devices, ubiquitous edge devices with on-device intelligence, and internet of things

1
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Fig. 1.1: Past, present, and future driving forces of the IC market [2, 4–10, 16, 18, 19].

(IoT) devices for smart cities, homes, and transportation has shifted the focus to

more energy efficient and reliable computing [6–10]. An overview of past, present,

and future market driving forces of the semiconductor industry is provided in Fig. 1.1.

Integrated circuits for desktop and server class computers dominated the semiconduc-

tor market beginning in the 1980’s through the mid 2000’s. From the mid 2000’s and

continuing to the present and beyond, growth in the IC market is dominated by ubiq-

uitous battery operated or battery-less devices, where energy efficiency is the primary

design objective [6–17].

Many techniques have been developed at the circuit, architecture, and system

level to improve the energy efficiency of an IC by reducing the dynamic power, the

leakage power, or both simultaneously [18, 20–29]. Since the early 2000’s, dynamic

supply voltage scaling has been implemented to reduce both the leakage and dynamic
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power consumption of a circuit [18, 20–22, 30–33], while dynamically scaling the

supply voltage to as low as the sub-threshold region of operation of a transistor

has gained additional traction in the last decade [22, 24, 25]. Operating circuits

with a supply voltage that is less than the threshold voltage of the transistors (sub-

threshold) is an effective method to significantly reduce the energy per operation for

applications where performance is not of critical importance [22, 32, 33]. Therefore,

circuits operating at sub-threshold are suitable for mobile and edge devices, where

a smaller energy per operation is more desired than high performance computing

[22, 33–35].

Operating circuits with a supply voltage that is slightly above the threshold volt-

age of the transistors (near-threshold) is another effective technique that provides an

optimum energy and performance point. Near-threshold operation allows for lower

energy per operation without significantly impacting the performance of the circuit

[18, 21, 30, 31]. In order to take advantage of operating circuits at ultra-low voltages,

the development of novel optimized circuits and algorithms for logic, interfacing, clock

distribution, and power management is needed.

The chapter begins with an introduction to the importance of low power design.

The energy loss due to the leakage current of state-of-the-art ICs is described in

Section 1.2. The energy loss due to idle memories is discussed in Section 1.3. An

overview of low power techniques that are implemented at the circuit, architecture,
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(a) (b)

Fig. 1.2: Microphotographs revealing the evolution of transistor density in micropro-
cessors: (a) Intel 4004 processor that was released in 1971 with 2250 transistors [36]
and (b) Apple M1 processor that was released in 2020 with 16 billion transistors [37].

and system level is provided in Section 1.4. An outline of the research proposal is

provided in Section 1.5.

1.1 Low Power Design of Integrated Circuits

The primary advantages of low power circuits implemented for mobile and edge

devices include improvement in a) computational throughput for a given energy bud-

get, b) mobility by increasing battery lifetime, c) portability by requiring smaller

or no battery, d) security by allowing the storing and computation of data at the

edge, e) latency by avoiding interfacing with the cloud, g) cost, and h) environmen-

tal pollution by reducing the carbon footprint due to the energy use of the ICs. As

mentioned, during the early stages of semiconductor development, the improvement

of the computing performance of integrated circuits was the primary objective. The
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Fig. 1.3: Increase in transistor count from 2250 devices to over 15 billion, which
limits the maximum clock frequency due to thermal and power budget constraints

[2–4, 19, 37–40].

first commercial processor, the 4-bit Intel 4004 consisting of only 2250 transistors,

was produced in 1971 and operated at a clock frequency of 740 kHz [38]. Since the

introduction of the Intel 4004, the semiconductor industry has rapidly progressed,

where the operating frequency of processors now exceeds 4 GHz and there are well

over 5 billion transistors implemented in a single IC [2–4, 19, 37–40]. A micrograph of

the first Intel processor and the latest Apple M1 processor is shown in Fig. 1.2. The

Apple M1 processor consists of 16 billion transistors with a word size of 64 bits, which

indicates a rapid increase in the transistor density and computational throughput over

the past 50 years [37].

As shown in Fig. 1.3 the number of transistors per IC has significantly increased

to well over a billion devices, The increase in transistor density has resulted in new
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challenges beyond ones due solely to performance driven semiconductor growth which

include a) limited cooling capacity and b) a limited power budget. The improvement

in clock frequency has, therefore, flattened, as indicated by the red dots in Fig. 1.3.

In addition, the scaling of the supply voltage has also stagnated beginning with the

65 nm technology node, as shown in Fig. 1.4, due to the technological limit of further

reducing the transistor threshold voltage [41]. The stagnation in the reduction of the

supply voltage and the increased energy loss due to leakage in state-of-the-art ICs

results in a decrease in the overall energy efficiency of the circuit (more discussion on

leakage loss is provided in Section 1.2) [41, 42].

While the maximum clock frequency of computing cores has saturated, the num-

ber of edge and IoT devices has grown exponentially in recent years [6, 7, 43, 44].

Edge devices operate under stringent energy efficiency requirements and cover a broad

spectrum of applications that include mobile devices, smart cities, smart homes, self-

driving cars, unmanned aerial vehicles, and unmanned underwater vehicles. Recent

advancements in on-device artificial intelligence further increase the demand for en-

ergy efficient edge devices as improved computation is needed within a highly con-

strained energy budget [8–10]. The global market for edge computing is projected

to rise to $15.7 billion dollars by 2025 from the current market value of $3.6 billion

dollars in 2020 [45]. Therefore, the current and projected future demand of battery

operated or battery less edge devices requires novel methods and circuit techniques
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Fig. 1.4: Stagnation in the improvement of both the supply voltage and corresponding
energy efficiency with technology scaling [41].

to address unique design challenges and target objectives. Additional design con-

siderations include robustness to process variation and supply noise, in addition to

robustness to ambient temperature and humidity variations as edge devices are found

in multiple environments.

1.2 Power Loss due to Leakage Current in State-of-

the-art Integrated Circuits

Power loss due to leakage significantly reduces the energy efficiency of mobile

devices with stringent power budgets. For a given application and implementation,

technology scaling provides improved computation per unit area. However, there is

a greater rate of increase in the leakage power consumption than the dynamic power
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consumption [42] as shown in Fig. 1.5, where the leakage power consumption as a per-

centage of the dynamic power consumption for different technology nodes is plotted.

For older process technology nodes, the leakage power was not a significant concern

as the dynamic power consumption was always the dominant component. Beginning

with the 130 nm technology node, an increasing proportion of the total power con-

sumption is contributed to leakage. The advent of FinFET technology introduced a

new device structure that resulted in less leakage current than bulk CMOS technology

due to better control of the transistor channel. However, the reduction in the leak-

age current due to FinFET technology is in comparison to previous technology node,

while the amount of leakage as a percent of the total power consumption still remains

high. For state-of-the-art FinFET technologies, the contribution of leakage power

to the total power consumption exceeds 15% [46]. In addition, the leakage power of

FinFET based circuits increases exponentially as the temperature increases [47–49].

Further, although operating CMOS and FinFET based circuits at a lower supply volt-

age (near-threshold and sub-threshold) improves the energy efficiency, the percentage

of the total power attributed to the leakage current of the cores and system-on-chip

is larger as the leakage power consumption is comparable to the dynamic power con-

sumption at low operating voltages [24, 50].



9

Fig. 1.5: Comparison of leakage and dynamic power for different technology nodes
[17, 24, 46, 46, 50–52].

1.3 Leakage Loss in Memory

The energy consumption of an integrated circuit that is not actively switching

or a memory circuit that is not reading or writing any data is considered as loss.

The energy loss during inactive periods is inevitable in modern integrated circuits,

where combinational circuits, sequential circuits, analog blocks, and memory circuits

implemented within CPUs, GPUs, FPGA, hardware accelerators, and system-on-

chips (SoCs) all contribute leakage current [53–56]. As the number of battery operated

devices increasing and as for the majority of the time the full hardware resources are

not utilized, the amount of wasted energy also increases.

The leakage current of a single 6T SRAM cell, a 16×16 cell array, and a 16×16
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Table 1.1: Characterization of leakage power and access time of SRAM with standard-
Vt transistors, high-Vt transistors, and transistors with 25% longer channel length.

One 6T
bit-cell

16×16
cell array

16×16 memory
bank

Access time of a
6T memory cell
Read Write

Standard-Vt
and L 95.25 pW 104.5 W 113.3 W 0.179 ns 0.152 ns

High-Vt 40.51 pW 39.11 W 47.91 W 0.195 ns 0.172 ns
25% longer
gate length (L) 60.08 pW 77.74 W 86.54 W 0.192 ns 0.166 ns

Total power of a
8b MAC (@0.45 V) 14.53 W

SRAMmacro are characterized, with results as listed in Table 9.1. Existing techniques

that minimize the leakage current of SRAM memory cells are also considered in this

work. Three scenarios are evaluated: a) an SRAM cell that includes transistors with

standard-Vt and gate length, b) an SRAM cell that includes high-Vt transistors, and c)

an SRAM cell that includes transistors with 25% longer gate length. Note that high-

Vt transistors are utilized in both the pull-up and the pull-down networks of both

inverters of the 6T SRAM cell to produce the maximum reduction in the leakage

current as reported in [57, 58]. Despite the reduction in the leakage current of the

SRAM cells that include transistors with high-Vt and long gate length, a significant

amount of power is dissipated as leakage as indicated by the results listed in Table 9.1.

Specifically, the leakage power of a 6T SRAM is 95.25 pW, 60.08 pW, and 40.51 pW

when implemented with transistors of, respectively, standard-Vt and gate length, 25%

longer gate length, and higher-Vt. In addition, SRAM cells that are implemented with

transistors of higher threshold voltage and gate length result in greater access time
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for both read and write operations as indicated by the results listed in Table 9.1,

which negatively impacts the overall performance of the accelerator.

Table 1.2: On-chip memory usage in state-of-the-art inference accelerators implemented on
an ASIC.

Google TPU [59] MIT Eyeriss V2 [60] DiaNano [61] Mythic [62]
SRAM/Global buffer size
as the percentage of total
on-chip area

37% 32% 38% 20%

Die power
Idle 28 W N/A N/A N/A
Active 40 W N/A 0.485 W 5 W

A memory cell is actively utilized only when there is a memory request for either a

read or write operation, while for the remainder of the time the memory cell remains

idle retaining the current bit value. For example, the Eyeriss V2 includes a 246

KB on-chip SRAM and utilizes a 3.9 MB DRAM for implementation of a sparse

MobileNet DNN model [63]. However, in each processing element, the utilization

of 8-bit fixed point numbers for the activations and weights and 20-bit fixed-point

numbers for accumulation requires a maximum length of 20 bits from memory cells

per clock cycle [63]. With 192 processing elements, less than 1 KB of on-chip memory

is sufficient for both read and write requests per cycle [63]. Therefore, at any given

clock cycle, the majority of the off-chip and on-chip memory cells remain idle. The

idle memory blocks lead to a significant amount of power consumption as seen from

data listed in Table 1.2. The power consumption of the Google TPU is 28 W, which

is more than 50% of the active power consumption of 40 W [59]. One of the primary

reasons for the higher power consumption during idle mode is the large area occupied
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by the on-chip memories (37% of the total die area) [59]. A similar trend in energy

loss due to memory is present in more recent AI accelerators including Eyeriss V2

from MIT [63], DiaNano [61], and Mythic [62], where the on-chip memory occupies

up to 38% of total on-chip area. Due to the large area occupied by the memory and

idle state (hold state) of the memory cells for a large percentage of the IC lifetime,

there is an opportunity to significantly reduce the in energy consumption by recycling

the leakage charge from memory circuits without perturbing the state of stored bits.

1.4 Low Power Techniques at the Circuit, Architec-

ture, and System Level

Low power techniques are applied at the circuit, architecture, and system level

to improve the overall energy efficiency of the IC. A summary of different low power

techniques is provided through Fig. 1.6. The techniques shown at the intersection

between the circuit and architectural levels are applicable to both. Similarly, the

techniques that fall within the intersection of both the dynamic and leakage bound-

ing boxes are applied to reduce both the dynamic and leakage power consumption.

The circuit level low power techniques include block level voltage scaling, voltage

stacking, multi-threshold design, reverse body biasing, and adiabatic logic. In addi-

tion, clock gating, power gating, and dynamic voltage and frequency scaling (DVFS)
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Fig. 1.6: Summary of low power techniques applied to the circuit, architecture, and
system level.

are widely used techniques that are applied both at the circuit and architectural level.

The system level low power techniques include optimized task scheduling, memory

partitioning, and the use of different power states (i.e. P-states and C-states). De-

spite the application of low power techniques at the circuit, architecture, and system

level, a significant amount of energy is lost as leakage in state-of-the-art ICs, where

techniques and methodologies to recycle the leakage energy are not well addressed in

the research community. In addition, existing leakage reduction techniques such as

power gating, clock gating, and voltage stacking result in a degradation of the power

supply noise while also causing an additional wake-up penalty [21, 27–29, 64–67].
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1.5 Outline of Research Proposal

The primary goal of this research effort is the development of novel circuits,

methodologies, and algorithms for energy-efficient and reliable computing for ubiq-

uitous edge devices. An introduction to general power management techniques is

provided in Chapter 2, where the core utilization of state-of-the-art ICs is also dis-

cussed. An overview of ultra-low voltage circuits is described in Chapter 3, where

the benefits and challenges of using near-threshold and sub-threshold computing are

described. In addition, the challenges of implementing ultra-low voltage circuits with

CMOS logic, the importance of the robustness of sub- and near-threshold circuits

to noise, and interfacing sub- and near-threshold circuits with higher voltages are

also discussed in Chapter 3. Background on state-of-the-art power management tech-

niques for ultra-low voltage circuits is provided in Chapter 4, where voltage stacking,

dynamic voltage scaling, ultra-low voltage regulation, dynamic power management

based on the temperature effect inversion (TEI), and error detection and correction

are all discussed. In addition, the energy and power considerations of implementing

neural networks on FPGAs, CPUs, GPUs, and domain specific custom accelerators

including digital SoCs and architectures based on near-memory computing and in-

memory computing is provided in Chapter 5.

Circuits and methodologies developed as part of this proposal are discussed in
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Chapter 6, where novel ultra-low voltage logic families and an interface between

high and low voltage domains is described. The chapter begins with a description

of three novel differential signaling based logic families developed for robust and

energy-efficient ultra-low voltage computing, which are described as dynamic current

mode logic (DCML), latched dynamic current mode logic (LDCML), and dynamic

feedback current mode logic (DFCML). The three logic families are developed in a

130 nm technology to operate at 400 mV and 450 mV and are compared with CMOS

and current-mode logic.

In addition, novel circuits are described in Chapter 6 that are developed to inter-

face between circuit blocks that operate in an ultra-low voltage domain with circuits

that operate at higher voltages. A bi-directional input/output circuit with integrated

level shifters is developed for multiple near-threshold voltage domains. The circuit

provides a conversion range of 0.38 V to 1.2 V and 0.45 V to 3.3 V depending on the

target output voltage.

The co-design of the clock and power delivery networks of ultra-low power edge

devices operating in sub-threshold is discussed in Chapter 7. A distributed, multi-

voltage domain and hierarchical power distribution network is proposed to deliver

current to the clock buffers, registers, and combinational circuits of a local clock

distribution network. The variation of the clock skew, setup time, hold time, and

clock-to-q delay are analyzed under process and supply voltage variation. The effect
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on timing due to supply and process variation is analyzed for a target operating volt-

age and frequency of, respectively, 250 mV and 2 MHz in a 130 nm CMOS technology.

An optimization technique developed for robust ultra-low voltage circuit operation

that sets the supply voltage of a circuit for a given range of threshold voltages is also

described in Chapter 7. The algorithm accounts for the variations in the maximum

operating frequency fmax, the noise margins, and the threshold voltage of the circuit.

The algorithmically determined optimal supply and threshold voltages of a CMOS

circuit for the 130 nm and 45 nm technology nodes are analyzed through SPICE

simulation, where a percent error of up to 14% and 8% is observed for, respectively,

the average noise margins NMavg and the maximum operating frequency fmax as

compared to target circuit specifications.

Novel power management techniques developed as part of this research effort

are discussed in Chapter 8. The chapter begins with a description of the leakage

reuse technique and the importance of energy efficient computing for multiple-voltage

domain systems. The unused leakage current during idle-mode operation of super-

threshold (super-Vt) circuits is used to supply current to circuits operating in sub-

threshold (sub-Vt). Super-Vt and sub-Vt circuits are simulated in a 45 nm CMOS

technology node, where the super-Vt circuits operate at 1.2 V and generate a sub-

Vt voltage of 380 mV. The proposed technique is compared with two conventional

methods, one that includes separate power distribution networks for the super-Vt and
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sub-Vt circuits (baseline) and the second that implements voltage stacking [21, 55,

67, 68].

The overhead and challenges of implementing the leakage reuse technique are

also presented in Chapter 8. An analysis of the energy break-even point (BEP) is

performed, which is defined as the number of clock cycles at which the total energy

savings obtained from the implementation of the leakage reuse technique equals the

total energy consumed by the PMOS/NMOS switches and control circuitry required

to implement the technique. The analytical model of the BEP is compared with

SPICE simulated results.

The application of the leakage reuse technique on an on-chip memory and the

implementation of a multi-voltage domain heterogeneous AI accelerator that includes

both leakage reuse and near-memory computing are discussed in Chapter 9. The

leakage reuse technique described in Chapter 8 is applied to logic circuits only. The

completed research includes the development of novel circuit techniques and method-

ologies that reuse leakage current from on-chip SRAM. The developed heterogeneous

AI accelerator with leakage reuse exhibits an energy efficiency of 3.27 tera operations

per seconds per watt (TOPS/W), while a conventional monolithic single voltage do-

main accelerator exhibits an energy efficiency of 0.0458 TOPS/W. The application

of the leakage reuse technique to only half of the 0.5 KB of memory within each pro-

cessing element results in a 26% (99.4 mW) reduction in the power consumption of
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the accelerator as compared to an equivalent circuit that does not implement leakage

reuse. In addition, techniques are developed to mitigate the effects of process, volt-

age, and temperature (PVT) variations on accelerators that implement the leakage

reuse technique on SRAM memory banks, which ensures a stable supply voltage of

450 mV for the near-threshold power domain.



Chapter 2

Introduction to Power Management

Techniques for Improved Energy

Efficiency

Power management techniques involve generation and distribution of power to the

circuits within an integrated circuit. Developing and executing effective power man-

agement techniques and algorithms is essential to improve the overall system energy-

efficiency and reliability. Power management techniques are broadly categorized into

two types: i) static power management techniques that are applied at design time,

and ii) dynamic power management techniques that are applied at run-time. While

static power management techniques are applied to optimize the energy efficiency at

19
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design time, the proper implementation of dynamic power management techniques is

the most effective means to improve the energy-performance trade-offs of an active

IC.

This chapter provides an overview of state-of-the-art dynamic power management

techniques for improved energy efficiency. A review of dynamic power management

techniques is provided in Section 2.1. The components of the power delivery system

and a detailed description of voltage regulators are discussed in Section 2.2. A review

of the dynamic voltage and frequency scaling technique, which reduces both dynamic

and leakage power, is provided in Section 2.3. The techniques to reduces leakage

current through power and clock gating are discussed in, respectively, Section 2.4

and Section 2.5. In addition, an overview of core utilization as relating to the power

management of modern processors and system-on-chips is provided in Section 2.6.

2.1 Dynamic Power Management

Dynamic power management (DPM) policies provide control of the generation,

distribution, and regulation of power throughout the operation of an integrated cir-

cuit. The total power consumption of a CMOS based integrated circuit is given by

(2.1), where Istatic is the total current when the circuits are idle [69–72]. The dynamic

power consumption is linearly dependent on the activity factor α, load capacitance

CL, and clock frequency fclock, while quadratically dependent on the supply voltage
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Vdd [70–72]. The two primary factors that determine the dynamic power consump-

tion of a circuit at run time are the supply voltage and operating frequency. Power

management techniques such as dynamic voltage and frequency scaling (DVFS) dy-

namically apply variable operating voltages and frequencies at run-time based on

the executing workloads to achieve a target power-performance point. In addition,

both power gating and clock gating are two effective dynamic power management

techniques that improve the overall energy efficiency of the system [29, 73–75].

Ptotal = Pdynamic + Pstatic = α · fclock · V 2
dd · CL + Vdd · Istatic (2.1)

The dynamic power management techniques are applied at different hierarchical

levels of the integrated circuit stack including the system level, core level, and circuit

block level. A schematic representation of hierarchical power management is shown

in Fig. 2.1 [73]. The on-chip power management integrated circuit (PMIC) acts as

a global controller and establishes the data transfer between the system level power

management algorithms and the core or circuit block power management control

knobs. The PMIC initiates global controls such as chip-level power saving methods,

as well as managing the local control knobs integrated within the memory hierarchy,

interconnect, and cores. The local knobs provide independent control of components

that implement the power management policy. For example, the core level local

control knobs initiate DVFS by changing the reference voltage of on-chip voltage
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Fig. 2.1: Overview of hierarchical power management in integrated circuits [73].

regulators (OCVRs) or initiate power gating of a core or circuit block. The OCVRs

are also an integral component of state-of-the-art power management methodologies

as the on-chip voltage regulators reduce the transient noise on the power distribution

network by being placed close to points with the greatest load current demand within

the circuit [76–83].

2.2 Components of the Power Delivery System

The primary components of a power delivery system (PDS) include the voltage

regulators, decoupling capacitors, and the power grid(s) [84, 85]. The components
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Fig. 2.2: Summary of three types of voltage regulators implemented in modern power
delivery systems [84].

of the PDS are designed such that the resistive IR drop and inductive Ldi
dt

voltage

ripple (or noise) is minimized [84, 85]. The primary goals of a voltage regulator are

to improve the power conversion efficiency, the line regulation, and load regulation,

while minimizing the voltage ripple on the PDN [84, 86–90]. Many prior research

efforts have proposed different on-chip voltage regulator topologies to up- or down-

convert and deliver supply current at multiple voltages. On-chip voltage regulators

provide many advantages over off-chip voltage regulators including improved power

integrity, greater power savings with per-core voltage control, a faster transient re-

sponse, and reduced IR losses. A summary of the structure and characteristics of the

three primary types of voltage regulators is provided through Fig. 2.2 [84]. Linear
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regulators are widely used as each occupies a small area. However, linear regulators

suffer from a low power conversion efficiency due to the conduction of a DC current

[87, 88, 91, 92]. Low-dropout (LDO) voltage regulators, a type of linear regulator,

are popular due to a highly area efficient topology and improved load regulation

characteristics [87–90, 92]. However, large output capacitors are required with LDOs

to maintain stability with a reasonable response time. Despite the recent improve-

ments in the on-chip integration of capacitors that provide improved stability and

performance, an off-chip output capacitor is still required [86–90].

Switching DC-DC converters are implemented due to the relatively high con-

version efficiency and improved regulation, while requiring a large area [93, 94]. A

switching DC-DC converter, for example, converts a higher voltage to a lower voltage

(buck converters), but occupies a relatively large on-chip area due to the required

passive capacitor and inductor within the low-pass filter. Therefore, a hybrid switch-

ing DC-DC converter and linear voltage regulator topology is proposed to provide

distributed on-chip voltage regulation while improving both the area and power con-

version efficiency [86]. In addition, many variants of on-chip fully integrated switched

capacitor voltage regulators (SCVRs) were proposed in recent years, where a conver-

sion to low voltages including near-threshold has been shown [76–83, 95]. The benefit

of implementing a SCVR is the improved efficiency as compared to an LDO without

the requirement of an inductor [95, 96].
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All on-chip voltage regulators suffer from non-zero conversion loss as well as from

area and power overhead. Therefore, in order to improve the overall energy efficiency

of any integrated circuit, the energy loss due to the voltage regulators must be reduced

or advanced power management techniques must be developed that require a fewer

number of active voltage regulators without compromising the stability of the power

delivery system.

2.3 Dynamic Voltage Scaling and Dynamic Voltage

Frequency Scaling (DVFS)

In the last fifteen years, significant effort has been placed in the research commu-

nity to develop voltage scaling based power management techniques that reduce the

power consumption of integrated circuits [20, 22, 35, 41, 97–100]. Power management

techniques are applied across the entire IC from the device and circuit level through

the architecture and system level. At the lower levels of the computing stack, tech-

niques aim to reduce the a) capacitive load, b) supply voltage, c) switching frequency,

and/or d) circuit activity. Among all techniques mentioned, supply voltage scaling is

the most effective technique to date to improve the energy efficiency.

The dynamic power dissipation of CMOS based circuits changes quadratically with
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supply voltage as given by (2.1). As the peak performance is not continuously re-

quired throughout the operation of a processor, significant energy savings is achieved

by dynamically changing the supply voltage and operating frequency based on the ex-

ecuting workload [101]. There are several variants of supply voltage scaling including

adaptive voltage scaling (AVS) [102, 103], dynamic voltage scaling (DVS) [22, 100],

dynamic voltage and frequency scaling (DVFS) [100, 104], and dynamic voltage and

threshold scaling (DVTS) [98], each of which allows for the operation of a circuit from

the super-Vt to sub-Vt operating region based on the performance requirements of the

executing applications.

Dynamic voltage and frequency scaling is one of the most effective power man-

agement techniques developed as an optimum power-performance point is set by si-

multaneously varying both the supply voltage and operating frequency [101, 105].

The supply voltage of an integrated circuit is chosen to support the peak operating

frequency. However, the peak performance is not always required and greatly varies

according to the executing workload as shown in Fig. 2.3. Therefore, the supply volt-

age is dynamically adjusted such that the power consumption is minimized for the

given workload. The DVS and DVFS techniques are implemented both at the circuit

level and system level [101, 105]. The interaction between the hardware and software

layers of a computing device when implementing DVFS based power management is

shown in Fig. 2.4. System level DVFS techniques assign the cores or circuit blocks to



27

Fig. 2.3: Dynamic voltage and frequency scaling (DVFS) varies both the supply
voltage and operating frequency at run-time to achieve the minimum energy cost for
a target performance requirement that dynamically changes in time [105].

different performance-states (P-states) based on the executing workload. The on-chip

DC-DC converter(s) and on-chip phased-locked loop(s) then dynamically modify the

supply voltage and clock frequency, respectively, in response to the set P-state.

Several techniques have been developed to optimize CMOS based circuits for ultra-

low supply voltage operation [32, 33, 106, 107]. In the last decade, DVFS techniques

were implemented to dynamically vary the supply voltages within the near- and sub-

threshold operating regions of a CMOS based system [22, 34, 35, 99, 108, 109]. How-

ever, scaling the supply voltage from nominal to near- or sub-threshold voltages does

not provide robust operation as the reliability and performance of a CMOS circuit is

highly sensitive to power supply noise when operating at ultra-low voltages. Despite
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Fig. 2.4: Hardware and software layer implementation of DVFS [101].

advancements in circuit and architectural level DVFS techniques to reduce the volt-

age to near- and sub-threshold circuit operation, the development of energy efficient

and robust logic families for near-/sub-threshold operation has not been explored as

a means to address the limitations of CMOS based circuits operating at ultra-low

supply voltages.

2.4 Power Gating and Multi-threshold Design

Power gating (PG), a method to disconnect idle circuits from the power and/or

ground network, is a widely used power management technique to reduce leakage

current [26, 28, 65, 110–116]. The conventional method of power gating is illustrated

in Fig. 2.5, where gating of only the ground network is shown.
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The sleep transistors shown in Fig. 2.5 are conventionally implemented with high-

threshold PMOS or NMOS devices to suppress leakage current in power-gated mode

[28, 64–66, 116]. The use of multi-threshold voltage CMOS (MTCMOS) devices in

integrated circuits is a widely used technique that allows for high-performance oper-

ation with low-threshold transistors and relatively lower performance operation and

low standby power consumption with high-threshold transistors, all while operating

at the same supply voltage [117]. Power gating implemented with an MTCMOS

process enables low-leakage operation by using high-threshold sleep transistors, while

the logic or memory circuits are implemented with low-threshold transistors to allow

for high performance operation [28, 64–66, 116]. The primary advantages of using

sleep transistors in the idle mode are 1) the ground node (virtual ground) of the

cores charged to a steady state value close to Vdd results in a reduction of the leakage

current [28], and 2) the on-resistance of the transistors, assuming the source terminal

of the NMOS transistors is connected to virtual ground, is significantly greater due

to an increased threshold voltage through the reverse body-bias effect [118, 119].

Techniques developed through prior research apply cut-off and intermediate mode

power gating at the core, block, memory, and network-on-chip (NoC) level in CPU,

GPU, and SoC platforms [26, 28, 65, 113–115, 120]. A block level PG technique has

been proposed that analyzes the correlation between RTL modules, and based on the

analysis, power gates the module(s) in the case of inactivity [113]. A technique based
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Fig. 2.5: Conventional method of power gating, where the ground network is gated
through sleep transistors.

on probabilistic analysis of NoC routers has been proposed, where queuing theory is

used to model the break-even point in consumed energy when applying PG to the

buffers of the router [114]. In [115], a power gating technique is applied to the caches

and GPUs of a multi-core platform to reduce the energy loss due to leakage current.

In addition, adaptive power gating is proposed to gate idle functional units [121].

A system level power gating technique assigns circuit blocks within a core or cores

within a multi-core system to different operating modes (C-states) based on idle

activity patterns to improve the performance per watt [26, 120]. Power gating with

single and multiple sleep modes raises the voltage on the virtual ground node by

up to V DD when applying a power-down mode and, therefore, reduces the leakage

current of the circuit [28, 65, 112]. Prior work has demonstrated a 47% reduction

in the leakage current when adaptive power gating is applied, while maintaining the

same performance [64].
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However, the reduction in the leakage current is achieved at a cost of increased

current transients on the power distribution network (PDN) and a large power con-

sumption by the sleep transistors due to the discharge of charge from the virtual

ground node to the true GND node during mode transitions [111, 112]. The primary

challenges of power gating include: 1) greater ground bounce due to sleep-to-active

mode transitions, 2) longer wake-up (or settle) times, and 3) an increase in the power

consumption due to leakage current through the sleep transistors that must be offset

by savings from applying PG [28, 64–66].

2.5 Activity Based Clock Gating

In modern digital integrated circuits, more than 30% of the total dynamic power

is consumed by the clock delivery network [122]. Clock gating is a widely used power

management technique that disables a portion of flip-flops (FFs) in an integrated

circuit due to inactivity, which minimizes the power consumed [29, 74, 75, 122, 123].

Clock gating is applied with both fine and coarse granularity at the architecture, core,

block, and gate level [122, 123].

Through the simulation of a digital signal processing (DSP) core with 22K flip

flops, on average, 97% of flip-flop outputs do not toggle across 240K cycles of the

clock signal [122]. The high percentage of static outputs is common in many state-

of-the-art digital integrated circuits. Therefore, data-driven fine grained clock gating
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Fig. 2.6: A schematic representation of a circuit implementing data driven gate level
clock gating [122].

methodologies have gained traction in the last ten years [74, 75, 122]. A schematic

representation of an implementation of a clock gating technique is shown in Fig. 2.6

[75, 122]. Applying gate level clock gating allows for the fine grain control of the

clock signal, which improves the overall energy efficiency of the IC. For the schematic

shown in Fig. 2.6, k number of flip-flops are selected for clock gating based on gate

level data, where the latch, OR, XOR, and AND gates are additional circuits required

to implement the clock gating technique. The latch and AND gate are commonly

provided as a single component called an integrated clock gating (ICG) cell [122].

The area and power due to the use of an ICG cell is reduced when amortizing the

cost by sharing a single ICG across k FFs [122]. In state-of-the-art integrated circuits,

clock gating and power gating are simultaneously implemented to further reduce the

overall power consumption of the circuit [29].
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2.6 Core Utilization in Modern Multi-core Platforms

and System On Chips

Most modern low power circuit and power management techniques reduce the

amount of energy consumed during the idle mode operation of the circuit [26, 124].

Circuit blocks within a core or cores within a multi-core system are assigned to dif-

ferent operating modes (C-states) based on idle activity patterns to improve the

performance per watt [26, 120]. Power gating and clock gating are the most common

techniques implemented to reduce the power consumption during idle mode operation

of the circuits [110, 119, 123, 125]. The techniques described in Section 2.1 to 2.5

are most effective when the executing workloads exhibit long and/or predictable idle

events [26].

In [120], a machine learning based prediction methodology in conjunction with an

OS power management policy is implemented on a multi-core processor that assigns

a core to a C-state based on the idleness of the given core, where the C-4 state places

the core in power gated mode. For the analysis of system idleness, a 3 GHz quad-core

processor was analyzed for 10K cycles. Within the 10K cycles, there was not a single

instance when all cores were simultaneously active [120]. In addition, the SPECWeb

benchmark suite was executed on a dual-core processor, and similarly, there was no

instance when both cores were concurrently active [120].
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Cores with long idle periods are conventionally power gated to reduce loss due

to leakage current. Per core power gating (PCPG) has been proposed as an effec-

tive power management option for multi-core processors along with dynamic voltage

and frequency scaling [119]. In [119], the core utilization traces of a 2.5 GHz AMD

Phenom X4 9850 that includes four cores implemented in a 65 nm technology are

analyzed through simulation to properly characterize the application of PCPG. The

utilization traces for a commercial application server (PHARMA04), two web servers

(HCOM10, ECOM3), and a desktop computer (DESKTOP) are analyzed to deter-

mine the activity of the four cores, and again, there is no instance when all four cores

are simultaneously active [119]. In this proposal, to characterize the CPU utilization

of individual cores across different applications, a system level simulation of a 48 core

Intel Xeon CPU that operates at 3 GHz and runs Red Hat Linux is utilized.At any

given time, at least one core remains idle, while all 48 cores are idle for more than

90% of the runtime.

In addition, the idleness behavior of state-of-the-art processors is characterized

using both consumer and CPU-GPU benchmark applications that include DirectX9,

KMeans, and Gaussian from the PCMark and Rodinia suites [26]. The results from

the simulation of the benchmark workloads demonstrate that a minimum of 110 multi-

cycle idle events per second occurred for a broad range of applications executing on

a 16 nm FinFET technology [26]. The cumulative distribution function of idle events
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Fig. 2.7: Cumulative distribution function of idle events as a function of idle event
duration for various modern CPU-GPU benchmark applications [26].

as a function of idle event duration for various CPU-GPU benchmarks is shown in

Fig. 2.7. The results are obtained using an AMD A8-5600K accelerated processing

unit (APU) and the Xperf tool suite [26]. All benchmark workloads shown in Fig 2.7

exhibit idle events with a minimum of 100 µs duration [26], while state-of-the-art

power gating techniques require a wake-up time in the order of nanoseconds [126].

Therefore, there are enough idle circuit blocks and cores within any system that are

long enough to apply various power management techniques that improve the overall

energy efficiency of the system [26, 119, 120].

Battery operated devices used for edge applications also consume a significant

amount of power in idleness [43, 127]. Mobile and edge devices remain idle for a

large portion of the operating lifetime [127]. An idle edge device consumes 70% of

the rated maximum power if no power reduction techniques are implemented [43].

In addition, there has been a significant effort to shift the computation from cloud



36

servers to edge devices to reduce the latency and the additional power consumed to

transfer data between the servers and edge devices [43, 44]. However, edge devices

are highly constrained by battery lifetime, and, therefore, any computing performed

on these devices must maintain a high energy efficiency [43, 44].

The advent of on-device intelligence at the edge introduces very stringent power

budget constraints with greater computational demand. Recent research applied fused

tiled partitioning (FTP) on the edge devices to minimize both device idle time and the

memory footprint by distributing the computation of a single convolutional neural net-

work (CNN) into multiple runs of execution on a given hardware platform [128, 129].

However, the idle power consumption of state-of-the-art edge devices (CPU, GPU,

FPGA, and custom accelerator ASIC) implementing deep neural networks remains

as high as 50% of the average power consumption [130]. Therefore, the idle activity

pattern in mobile and edge devices poses additional challenges due to very limited

computing resources and a limited energy budget. Significant improvement in the

overall energy efficiency of state-of-the-art CPUs, GPUs, and ASICs for mobile and

edge devices is possible by reducing and recycling leakage energy during idle periods

of circuit operation.
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2.7 Summary

In this chapter, dynamic power management techniques for improved energy ef-

ficiency are discussed. Techniques including dynamic voltage and frequency scaling

and clock gating are applied primarily to reduce the dynamic power consumption of

a circuit, while the power gating technique is applied to reduce the leakage power

of an integrated circuit. However, power gating does not disconnect all components

of a circuit from the power supply that are in idle state due to the additional over-

head in power consumed to implement the gating technique and the amount of time

required to transition between power gating modes. In addition, components of the

clock delivery network including the buffers, flip flops, and clock gating cells continue

to leak current despite the implementation of the clock gating technique. Therefore,

a significant amount of circuits remain idle during the operation of an integrated

circuit that leads to energy loss due to leakage current. Techniques to recycle the

leakage energy from idle circuits, therefore, provide further opportunities to improve

the overall energy efficiency of an integrated circuit.



Chapter 3

Techniques to Operate Circuits at

Ultra-Low Voltages

There are three primary operating regions of an integrated circuit broadly cate-

gorized based on the relative difference between the supply voltage and the threshold

voltage. Conventional CMOS based logic circuits do not perform similarly in the

three operating regions, with a significant degradation in the performance of the cir-

cuit observed when operating at ultra-low supply voltages. Therefore, alternative

logic families to CMOS are proposed in prior research that are more suitable to op-

erate at ultra-low voltages [18, 131–140]. An overview of the challenges of operating

a circuit in the near- and sub-threshold operating regions is provided in this chapter.

In addition, techniques developed to address these challenges are also described. An

38
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introduction to near- and sub-threshold computing is provided in Section 3.1. Prior

research on logic families that are optimized for near-threshold computing is discussed

in Section 3.2. The importance of interfacing between ultra-low voltage circuits and

higher voltage domains is explored in Section 3.3. A brief summary of the chapter is

provided in Section 3.4.

3.1 Introduction to Near- and Sub-Threshold Com-

puting

Supply voltage scaling has been applied in the past two decades as one of the

most effective techniques to achieve improved energy efficiency. The three operating

regions of a circuit are described as: 1) Super-threshold, where the supply voltage is

considerably higher than the threshold voltage (strong inversion), 2) near-threshold,

where the supply voltage is equal to or slightly above the threshold voltage of the

transistors (moderate inversion), and 3) sub-threshold, where the supply voltage is

below the threshold voltage of the transistors (weak inversion) [18]. The utilization

of sub-threshold and near-threshold computing improves the energy-efficiency of a

circuit or system, where the target applications of both differ based on the target op-

erating frequency. In this section, an overview of near- and sub-threshold computing

is provided.
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3.1.1 Near-threshold Computing

Near-threshold computing (NTC) has gained traction in the research community

as both the energy efficiency and the performance per watt of a circuit improve

[18, 30, 71, 72, 136, 141–144]. Historically, through device scaling, the improvement

in the energy efficiency of a circuit did not come at the expense of the operating

frequency of the circuit. The transistor gate lengths have scaled to a few nanome-

ters with advancements in state-of-the-art fabrication [46]. In addition, the transistor

density within a given footprint has significantly increased as advanced techniques

including the use of FinFET devices and 3-D integration have been implemented

[18, 145, 146]. However, beginning with the 65 nm technology node, improvements

in the energy efficiency have diminished as the supply voltage of a circuit has not

scaled at the same ratio as the physical features of the transistors, as discussed in

Section 1.1 [18]. Despite the use of smaller transistors, the dynamic power consump-

tion is not reduced due to the quadratic dependence on the supply voltage (Vdd). In

addition, a large number of the transistors of an IC are not operated simultaneously

due to the increased power density and limitations in the cooling of the circuit [147].

Operating circuits at a near-threshold voltage, therefore, allows for a greater number

of transistors to operate simultaneously within a given thermal design power (TDP)

budget, resulting in increased circuit utilization and throughput [18, 144, 148, 149].

Near-threshold computing and the associated circuit, architecture, and system level
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characteristics are, therefore, well suited for ultra-low power applications, where, due

to a stringent power budget, energy efficiency is preferred over a high operating fre-

quency [18, 144, 148, 149]. Operating circuits at a near-threshold voltage results in

both reduced dynamic and static power consumption without a significant penalty

in performance [71, 72, 136]. Despite the benefits of near-threshold circuits, most

research on NTC is based on standard CMOS logic. In addition, the reliability and

robustness of near-threshold circuits to noise are rarely considered in the research

community [18, 71, 72, 136, 144].

3.1.2 Sub-threshold Computing

The utilization of sub-threshold computing provides high energy efficiency for

ultra-low power applications with very low operating frequency requirements [18] [32,

150–152]. Unlike near-threshold computing, there exists an exponential relationship

between the supply voltage and the maximum operating frequency of a circuit as the

transistors operate in the sub-threshold region, as shown for voltages less than 0.3 V

in Fig. 3.1 [18, 150]. Note that a significant degradation in the performance of the

circuit results when operating in the deep sub-threshold region (Vdd,sub−Vt � VTh).

For the past two decades, researchers have attempted to exploit the potential

benefits of sub-threshold circuits, where 36 mV was determined as the theoretical

lower limit of the supply voltage that permitted transistor activity [18, 153]. While
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Fig. 3.1: Effect of supply voltage scaling on the maximum operating frequency and
average noise margins of a CMOS inverter with a PMOS width of 5.77 µm and a

NMOS width of 2 µm in a 130 nm technology.

sub-threshold circuits exhibit reduced energy per operation as compared to circuits

operating in super-threshold or near-threshold, there are certain critical constraints

that must be addressed to ensure reliable operation. The primary challenges of imple-

menting sub-threshold computing include increased functional failure [18], increased

sensitivity to process, voltage, and temperature (PVT) variation [150, 154], and an

exponential increase in the power consumption due to leakage current at scaled supply

voltages [32, 151, 152].

The circuits operating in near-threshold or super-threshold follow the same current-

voltage relationship, whereas the current-voltage relationship of sub-threshold circuits

differs. The equation of the current of a transistor operating in sub-threshold is given

by (3.1) [155], where VT is the thermal voltage and is given by kT
q
, n is the sub-

threshold slope, VTh is the threshold voltage of the transistor, and K is a technology
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dependent parameter. Unlike the super-threshold and near-threshold operating re-

gions, the drain current of a transistor operating in sub-threshold is exponentially

dependent on the gate voltage. Therefore, the drain current is highly sensitive to any

changes in the gate voltage, in addition to the sensitivity of the current to noise in

the drain voltage. For example, at room temperature, the value of the sub-threshold

slope n, which represents a log linear relationship between drain current and gate

voltage, is 70 mV/dec [156]. Note that for a circuit operating in sub-threshold, the

leakage current Isub−Vt is considered the functional current of the circuit. For bulk

CMOS processes, the equation of the total energy consumed by a circuit operat-

ing in sub-threshold is given by (3.2), which also applies for a circuit operating in

super-threshold or near-threshold [69, 70, 155]. The parameters αsub−Vt and Tsub−Vt

represent, respectively, the activity factor and the clock period of the circuit.

Isub−Vt = K · e
VGS−VTh

nVT · (1− e
−VDS
VT ) (3.1)

Etotal,sub−Vt = Edynamic,sub−Vt + Eleakage,sub−Vt (3.2)

= αsub−Vt · V 2
dd,sub−Vt · CL + Vdd,sub−Vt · Isub−Vt · Tsub−Vt
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3.1.3 Energy-delay Tradeoffs of Near- and Sub-threshold Cir-

cuits

For both near-threshold and sub-threshold circuits, there is an optimum point

in each operating region that provides the best energy-delay trade-off as shown in

Fig. 3.2 [18, 157]. Depending on the energy budget and maximum allowed delay, the

supply voltage is selected to provide the optimum operating point.

Circuits operating at super-threshold supply voltages consume 10× more energy

as compared to near-threshold circuits, while providing improved performance of 5

to 10× [18, 157]. In addition, designing a circuit to operate at a near-threshold

supply voltage increases the energy consumption by 2× while reducing the delay by

up to 100× as compared to sub-threshold operation, as shown in Figs. 3.2(a) and

3.2(b). Therefore, a moderate improvement in the energy-delay trade-off is possible

by operating the circuits at a near-threshold supply voltage. While sub-threshold

circuits provide superior energy efficiency, the benefits are limited after a certain

voltage as the circuit enters deep sub-threshold operation. Aggressive scaling of the

supply voltage to deep sub-threshold significantly increases the delay and results in

increased static power, which becomes the dominant component of the total power

consumed by the circuit. Although the results shown in Fig. 3.2 are technology

dependent (45 nm CMOS), the general tradeoffs between energy consumption and
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(a) (b)

(c)

Fig. 3.2: Optimum operating points in near- and sub-threshold operation, where a)
the energy per operation is minimal at near- and sub-threshold voltages, b) the delay
is optimal at near- and sub-threshold voltages, and c) the combined delay and energy
efficiency with respect to supply voltage [18, 157].

delay apply across technology nodes [18, 157].

3.2 Low Voltage Aware Logic Design

Circuits developed to support differential input and output signaling are well

suited for high-speed and robust operation as compared to traditional single-ended
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CMOS based logic families [132–134]. CMOS based logic suffers from inherent limi-

tations at low supply voltages, which include performance degradation, reduced noise

margins (as shown in Fig. 3.1), and lower voltage swing at the output of a gate

[18, 30, 99, 136, 142, 144, 158]. The output voltage swing is as equally important

as the supply voltage to reduce the dynamic power consumed by a circuit, as given

by (3.3). In addition, the circuits designed for super-threshold operation are not well

suited for efficient and robust operation at near- and sub-threshold voltages.

Pdynamic = α · fclock · V 2
dd · CL = α · fclock · Vdd · Vswitching · CL (3.3)

Prior research explored alternative logic families for ultra-low voltage operation,

with several techniques proposed to optimize existing CMOS based logic circuits

for operation in near- and sub-threshold [32, 159–163]. Several proposed techniques

optimize the sizing of the transistors of a CMOS circuit for energy-efficient operation

at ultra-low supply voltages [32, 159, 160]. In addition, dual mode logic (DML), a

modified version of standard CMOS based combinational and sequential logic circuits

that are operated in two different performance points, is proposed for ultra-low voltage

operation [161]. Flip-flops modified with adaptive feedback equalization are also

proposed to mitigate the greater sensitivity to process variation when operating in

sub-threshold [162]. However, most of the prior techniques are based on conventional

CMOS based logic circuits, which suffer from performance degradation, reduced noise



47

margins, and lower voltage swing at ultra-low supply voltages.

The use of differential signaling provides a larger swing at the output node of a

gate as compared to single ended logic such as CMOS and dual mode logic, which is

beneficial for both low voltage and high performance applications as the delay and

switching power are reduced [132, 135–139, 164, 165]. For near- and sub-threshold

operation, alternative logic families were proposed to mitigate the shortcomings of

CMOS based logic circuits, which include current-mode logic (CML) and source cou-

pled logic (SCL) [135, 163]. Sense amplifier based pass transistor logic (SAPTL)

was also proposed for near-threshold operation [136]. Ultra-low voltage operation

using FinFET devices has also been explored in prior research [155, 166]. While Fin-

FET devices exhibit lower leakage current and a lower minimum operating voltage,

the challenges of operating circuits implemented with FinFET devices at near- and

sub-threshold supply voltages remain similar to those of bulk CMOS based circuits

[155, 166]. In this section, an overview of current-mode logic and sense amplifier

based logic families is provided.

3.2.1 Current Mode Logic (CML) for Near-threshold Opera-

tion

Current-mode logic (CML) circuits are implemented as a differential topology and

are conventionally used for high speed applications. Prior research on current mode
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logic circuits for near-threshold computing [135, 163] exhibited improved performance

as compared to CMOS logic circuits. The primary drawback of current-mode logic,

however, is the static current path through the tail transistor, which results in a signif-

icant increase in the power consumption. In addition, large transistors are required to

maintain the static current through the gate, which increases the capacitive load and,

therefore, the delay [135, 163]. A schematic representation of a CML inverter/buffer

is shown in Fig. 3.3, which consists of three components: 1) pull-up load resistors,

2) pull-down logic network, and 3) a current source. Typically, PMOS transistors

are used in the pull-up network to charge the output nodes of the gate. The NMOS

transistors (N1 and N2) included in the pull-down network discharge one of the two

output nodes depending on the applied differential input signal(s). Transistors with

similar sizes and, therefore, properties, are used in the two branches of the differ-

ential circuits to maintain a symmetric charging/discharging path throughout the

operation of the circuit. In Fig. 3.3, the NMOS transistor N0 is implemented as a

current source, where a set biasing condition is applied to maintain a constant tail

current. The current source is the key component of the operation of the CML circuit

as the current flow through the two differential branches of the gate are dependent

on a constant current set by the source. In addition, the voltage swing at the two

differential output nodes is also dependent on the current source. Note that full swing

is not required at the input ports of a CML circuit in order to provide a full swing at
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the output ports. Therefore, CML circuits operate at a higher speed as compared to

CMOS circuits. However, the constant current through the footer transistor increases

the overall power consumption of current mode logic circuits as there is a continuous

current drawn regardless of the activity pattern of the input signals and the operating

frequency of the circuit.

Fig. 3.3: An inverter/buffer implemented using current mode logic (CML)
[135, 163].

Despite the increased complexity of CML logic circuits, there are benefits as com-

pared to CMOS logic gates (NAND/NOR). CML circuits operated at near-threshold

are evaluated for high frequency applications at low and high activity factors [135].

The simulation results are compared with standard CMOS. Simulation results in-

dicate that CML circuits operating at near-threshold are more power efficient than
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(a) (b)

Fig. 3.4: Universal gates based on current-mode logic implementing (a) NAND/AND
gate, and (b) NOR/OR gate [135].

CMOS circuits only when operating at higher frequencies and with higher activity

factors [135].

CML universal logic gates implemented for near-threshold computing are shown

in Fig. 3.4, where Vpbias is connected to ground and the gate voltage Vnbias drives the

NMOS footer transistor that sets the current through the gate [135]. The two input

universal gate shown in Fig. 3.4(a) implements the NAND and AND logic functions

depending on the configurations of the inputs and outputs of the gate [135]. Similarly,

the NOR and OR logic functions are implemented as shown in Fig. 3.4(b), based again

on the configurations of the input and output connections [135].

Simulations were performed on gates implemented in a 14 nm technology with a
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Table 3.1: Characterization of power consumption and delay for CMOS and
current-mode logic circuits at a near-threshold voltage of 400 mV [135].

Gate type Technology Delay (ps) Static power (nW) Dynamic power (nW) Supply voltage (mV)

NAND gate CMOS with NTC 120 0.150 2270 400
MCML with NTC 99 800 800 400

NOR gate CMOS with NTC 112 0.090 1600 400
MCML with NTC 89 1200 1200 400

XOR gate CMOS with NTC 267 1.225 2600 400
MCML with NTC 147 800 800 400

threshold voltage VTh of 350 mV. The supply voltage was set to 400 mV, which is

considered a near-threshold voltage for the 14 nm node. Gate level characterization

of the power consumption and delay of NAND, NOR, and XOR gates implemented

in both standard CMOS and current-mode logic was performed with results as listed

in Table 3.1 [135] m,l. Except for the NOR gate, the other two standard CMOS

gates consume more power as compared to the equivalent current-mode logic gate.

The delay of all three current-mode logic gates is less than that of the corresponding

CMOS gates. In addition, a 32-bit Kogge Stone adder is simulated to evaluate the

high frequency performance of current-mode logic. Simulation results of the adder

set to a near-threshold voltage indicate that CML circuits are more power efficient

than CMOS circuits when operated above 2 GHz with a 100% activity factor or 9

GHz with a 20% activity factor. However, CML circuits consume more power than

CMOS for low activity factors (10% and 20%) and when operating at low frequencies.

Therefore, due to the static current path, CML circuits provide benefits only at higher

frequencies and activity factors.
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(a)

(b)

Fig. 3.5: Schematic representation of a) a generic gate implemented with sense
amplifier based pass transistor logic (SAPTL) that consists of a driver, network of
pass transistors, and a sense amplifier and b) a 4-input XOR gate implemented with
SAPTL [136].

3.2.2 Sense Amplifier Based Logic for Near-threshold Opera-

tion

Sense amplifier based pass transistor logic (SAPTL) was developed as a means

to operate circuits at ultra-low voltages ranging from near-threshold to deep sub-

threshold [136]. A schematic representation of a generic SAPTL gate is shown in

Fig. 3.5(a). The SAPTL gate consists of three components: 1) a driver, 2) a pass

transistor network, and 3) a sense amplifier [136]. Note that only transistors within
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the pass transistor network operate at near- or sub-threshold, while the driver and

sense amplifier operate at a super-threshold supply voltage. Due to the sense ampli-

fier, the SAPTL circuits are capable of discerning the logic value of signals operating

at ultra-low voltages. However, there is significant overhead in power consumption

and delay due to the driver and the sense amplifier. A schematic representation of

a 4-input XOR gate implemented using SAPTL is shown in Fig. 3.5(b), where each

circle within the network represents a pass transistor. Similar to current-mode logic,

the overhead in the power consumption of SAPTL logic is significant due to the con-

stant current path through the tail transistor of the sense amplifier. The overhead

due to the driver and the sense amplifier is only amortized if the number of inputs to

a SAPTL gate is greater than five [136], which is not practical in most integrated cir-

cuits. Typically, most digital circuits are implemented with two or three input gates.

In addition, SAPTL gates are not suitable for circuits with a single power domain

as the pass transistor network, the driver, and the sense amplifier require separate

voltages.
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3.3 Interfacing of Ultra-Low Voltage Circuits With

Higher Voltage Domains

State-of-the-art system-on-chips (SoCs) and systems with multi-voltage domains

include circuit sub-blocks that operate at disparate voltages that range from super-

threshold down to ultra-low voltages (near-threshold to sub-threshold operation) [22,

109]. In addition, circuit blocks that provide differing functionality within a core or

SoC require different minimum operating voltages (Vmin) for energy efficient operation

as shown in Fig. 3.6 [22]. The analog blocks, the input/output (I/O) circuitry, and

the memory circuits operate at a higher supply voltage as compared to sequential and

combinational logic. Therefore, an efficient and robust interface is required between

different types of circuit blocks regardless of the operating voltage of each block.

Fig. 3.6: Differing minimum operating voltage (Vmin) of circuit blocks of an SoC
[24].
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In addition, power management techniques such as dynamic voltage scaling, adap-

tive voltage scaling, and dynamic voltage and frequency scaling are applied to dynam-

ically scale the supply voltage from the super-threshold to the near- and sub-threshold

operating regions [22, 25, 34, 109]. For example, a GPU core implemented in a 14 nm

technology executes DVFS to scale the supply voltage from 1.2 V to 0.3 V [25]. Sim-

ilarly, a DSP core developed in a 90 nm technology provides dynamic scaling of the

supply voltage from 1.2 V to 0.25 V through DVS [22]. Although sequential and logic

circuits are dynamically scaled to an ultra-low voltage through DVS and DVFS, the

input and output data from these circuits require transmission to memory, I/O, and

analog circuits operating at higher voltages. Therefore, robust and energy efficient

interfacing techniques including uni-directional and bi-directional level converters and

I/O circuits are critical for ultra-low voltage systems that implement dynamic power

management techniques.

3.4 Summary

Conventional single-ended CMOS based logic families and logic circuits developed

for super-threshold supply voltages are not suitable for robust and energy-efficient

operation at near- and sub-threshold voltages. Circuits based on current-mode logic

and sense amplifier based logic are proposed for near- and sub- threshold computing.

The primary drawback of current-mode and sense amplifier based logic, however, is
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the static current path through the tail transistor, which results in a significant in-

crease in the power consumption. In addition, the robustness of both circuit families

to noise and energy efficiency at low operating frequencies is not analyzed at scaled

supply voltages. Also, robust and energy efficient interfacing methodologies are re-

quired for ultra-low voltage operation of circuit blocks within a system-on-chip that

includes dynamic power management techniques.



Chapter 4

Power Management Techniques for

Ultra-Low Voltage Circuits

Conventional power management techniques are applicable to ultra-low voltage

circuits operating at near- and sub-threshold supply voltages. However, such tech-

niques are not sufficient for the power management of ultra-low voltage circuits as a)

fine-grain voltage regulation at near- and sub-threshold voltage levels is challenging

to implement, b) a limited number of discrete voltage levels dose not allow for the

setting of the optimum power-performance operating point, c) as noted in Fig. 3.2,

the delay characteristics of transistors operating at near- and sub-threshold supply

voltages differs from that of transistors operating at a super-threshold supply voltage

[18, 157], and d) there is a higher chance of timing failure at ultra-low voltages due to

57
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increased delay caused by PVT variation and aging. An overview of techniques that

address the challenges of power management for ultralow voltage circuits is provided

in this chapter. The dynamic voltage scaling at ultra-low voltages is discussed in

Section 4.1. The power management techniques based on voltage stacking and tem-

perature effect inversion are provided in, respectively, Section 4.2 and 4.3. Techniques

to dynamically adjust the supply voltage based on error detection and correction are

discussed in Section 4.4.

4.1 Dynamic Voltage Scaling at Near- and Sub-threshold

Operation

In this section, fine-grain dynamic voltage scaling at near- and sub-threshold sup-

ply voltages is discussed. The panoptic dynamic voltage scaling technique [22, 35]

that provides control of the voltage source from nominal voltages down to ultra-low

voltages is discussed in Section 4.1.1. The voltage dithering technique [22, 102, 167–

170] that allows for near-continous fine-grain supply voltage scaling is discussed in

Section 4.1.2
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4.1.1 Panoptic Dynamic Voltage Scaling

At lower operating voltages, the implementation of fast and efficient on-chip volt-

age regulators poses both spatial and temporal challenges [22]. In addition, traditional

DVS techniques are not applied at a fine granularity as DVS is executed at the core

or IC level [35, 98–100, 105, 109, 168]. Recent research has led to significant ad-

vancement in the implementation of DVS techniques, where the techniques are now

executed at the circuit block level [22]. However, to implement DVS at a fine gran-

ularity within a component, circuit block, and/or datapath, an increased number of

voltage domains is required, which results in a corresponding increase in the number

of expensive voltage regulators that are required (spatial challenge) [22]. The panop-

tic dynamic voltage scaling (PDVS) technique addresses the temporal and spatial

challenges of operating voltage regulators at ultra-low voltages. Note that PDVS is

defined as an “all-inclusive” dynamic voltage scaling method that scales the voltage

from sub-threshold to super-threshold [22].

A schematic representation of the PDVS technique implemented on a 32 bit data

flow processor executing a set of DSP algorithms and fabricated in a 90 nm technol-

ogy is shown in Fig.4.1 [22, 35]. Each component of the datapath of the processor,

including the multipliers and adders, are connected to one of three local VDD levels

(high-VDDH, medium-VDDM, and low-VDDL) through dedicated power switches

that allow for fast switching between voltage levels. The level converters are utilized
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Fig. 4.1: A circuit block implementation of panoptic dynamic voltage scaling (PDVS) that
allows for execution of DVS at a fine temporal and spatial granularity [22].

to up convert the output of the block or circuit to a super-threshold voltage.

4.1.2 Voltage Dithering

Dynamic voltage and frequency scaling techniques are dependent on discrete out-

put voltage levels provided by on-chip or off-chip voltage regulators. Specifically, the

voltage-frequency operating points stored in a look up table are limited by 1) the max-

imum and minimum voltage produced by the voltage regulator and 2) the number of

discrete voltage levels produced by the voltage regulator [167]. However, the ability

to set the voltage to any value between the maximum and minimum permitted volt-

ages produced by the voltage regulators is needed to select the optimal energy-delay

operating point of the core or circuit. In addition, circuits operating at ultra-low sup-

ply voltages such as near- or sub-threshold require fine grain supply voltage scaling
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Fig. 4.2: Characterization of the energy consumption as a function of operating frequency
for four power management scenarios [168].

[22, 168]. Voltage dithering is a technique that provides a near-continuous fine-grain

assignment of the supply voltage within the range of voltages provided by the voltage

regulators [22, 102, 167–170]. Through voltage dithering, an executing workload uti-

lizes more than one voltage-frequency operating point [167, 168]. Therefore, through

averaging of the discrete voltage-frequency points applied during execution of the en-

tire workload, an intermediate average voltage-frequency operating point is achieved,

which allows for more energy savings as compared to the discrete voltage-frequency

pairs provided by the voltage regulators [167, 168]. To enable fine-grained voltage scal-

ing in the sub-threshold operating region, a localized implementation of the voltage

dithering technique is implemented, where smaller sub-circuits are supplied current

through distributed on-chip voltage regulators and PMOS header switches [168].

A characterization of the energy consumption as a function of the operating fre-

quency for four power management scenarios is shown in Fig. 4.2, where the execution
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of a generic workload is characterized for different voltage-frequency pairs [167, 168].

The baseline scenario is labeled as “Fixed power supply,” where the entire workload is

completed with a fixed supply voltage regardless of the computational requirements

of the executing workload. Therefore, the normalized energy is linearly related to

the voltage-frequency pair. However, operating all workloads on a set supply volt-

age does result in the optimum energy efficiency. The ideal scenario is denoted as

“Variable power supply with infinite levels” and assumes a continuous voltage assign-

ment provided by the voltage regulators. However, the theoretical analysis of the

normalized energy with an infinite number of voltage levels is not practical as regu-

lators only provide a set number of discrete voltages. For practical implementations

that provide improved energy efficiency, the supply voltage is quantized into three

levels, which is denoted as “Quantized supply (3 levels, undithered)” in Fig. 4.2. The

technique based on an undithered supply selects the minimum voltage that meets

the target frequency of a generic workload and executes the entire workload with

the selected voltage-frequency pair. Therefore, the energy consumption is reduced

as compared to the baseline scenario that includes a fixed power supply voltage. In

addition, within each quantized voltage level of the undithered supply, the energy

consumption changes linearly with the set voltage-frequency pair, where the slope of

the normalized energy curve is sharper at the higher quantized levels. The voltage

dithering technique, which is indicated by the line labeled as “Quantized supply (3
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Fig. 4.3: Circuit level implementation of the voltage dithering technique [168].

levels, dithered)” in Fig. 4.2, provides further improvement in the energy efficiency

by providing a near-continuous voltage assignment when utilizing three quantized

voltage levels. Instead of operating the entire workload on a fixed quntized voltage,

the dithering technique executes the workload at two or more voltage-frequency pairs

around the average target frequency. Therefore, the overall voltage-frequency oper-

ating point of the executing workload reaches an intermediate average value, which

provides further reduction in the energy consumption and provides a close to ideal

behavior in energy consumption as a function of the set voltage and frequency point.

The application of the voltage dithering technique at the core or IC level requires

many microseconds of execution to modify the supply voltage, which does not allow

for fine-grained application of the voltage dithering technique. Therefore, a localized

voltage dithering technique is proposed to provide fast voltage transitions and to

achieve a greater energy efficiency [168]. A circuit level implementation of the local

voltage dithering technique is shown in Fig. 4.3, where two quantized voltage levels
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are averaged to provide a supply voltage for an adder circuit [168]. The two header

PMOS switches provide a rapid transition between the nominal supply voltage and

the sub-threshold supply voltage in the order of a few nanoseconds. The same PMOS

switches implement power gating when needed [168].

4.2 Voltage Stacking

Voltage stacking is a technique where the power distribution networks of multiple

circuit blocks within a core or multiple cores within a many-core system are vertically

stacked, sharing a common path from the supply node (VDD) to ground (VSS). In a

voltage stacked system, a single high voltage is applied across multiple cores connected

in series, in contrast to non-stacked topologies where current is delivered to cores

connected in parallel at a lower supply voltage [171]. Therefore, the overall current

through the stacked path decreases as the stacked cores provide a larger effective

resistance that results in reduced leakage current [171].

With the advancement of on-chip voltage regulators (OCVRs) and dynamic volt-

age and frequency scaling (DVFS), delivering power to multi-core systems and SoCs

with multiple power domains is an effective means to improve the energy efficiency

of the circuit [25, 47, 169, 173]. As the number of cores in an integrated circuit in-

creases, the implementation of DVFS at a fine granularity becomes a challenge due

to the inefficiency of the step-down on-chip voltage regulators, particularly at lower
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(a)

(b)

Fig. 4.4: Power delivery using a) a conventional non-stacked method and b) the
voltage stacking technique, where three cores are vertically stacked [172].

operating voltages including near-threshold [172]. Voltage stacking has been applied

as an alternative means to provide partitioned voltage domains across a stacked topol-

ogy [172]. However, recent research has shown that the voltage stacked system still

requires dedicated voltage regulators at the intermediate nodes due to an imbalance

in the current of the stacked power domains [68].

An implementation of voltage stacking is shown in Fig. 4.4 (b), where three cores

are vertically stacked as opposed to a conventional power delivery network that de-

livers current to the three cores in parallel as shown in Fig. 4.4 (a). Therefore, the

average current through the vertical stack is reduced by a factor of 3×. In addition,

the voltage swing across each core is also reduced by factor of 3× due to the stacking
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Fig. 4.5: Dedicated on-chip voltage regulators are required at the intermediate nodes of
a voltage stacked system to avoid adverse effects due to the imbalance of current between

stacked domains [68].

effect. The power supply voltage, however, is increased by a factor of 3× to maintain

the full voltage swing across each core. For a system with n number of stacked units,

the average current through the stacked path is reduced by n [172]. Each stacked

voltage domain is assigned a similar voltage level (VCORE), which is analogous to

a resistive voltage divider with equal resistance (or equal current demand) on each

stacked core.

The advantage of implementing the voltage stacking technique is primarily due to

the reduction of the current in the power distribution network [21, 68, 172, 174, 175].

Voltage stacking has been recently used for logic and memory circuits in both 2-D and

3-D integrated circuits to 1) minimize the total power consumption, 2) minimize the

peak rush current [55, 67, 68, 175–177], which reduces inductive noise (L·di/dt), 3)

reduce IR drop across the power delivery network and, therefore, reduce I2R power

loss due to the package, board, and on-chip resistances [172], and 4) limit interconnect

wear-out due to electromigration (EM) as the current density is reduced [116]. Prior
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work has shown a 60% reduction in transient noise when voltage stacking is applied

to a 3-D IC as compared to a non-stacked 3-D IC [67]. In addition, the stacking

of SRAM banks during idle mode, as proposed in [55], reduces the leakage power

consumed by 93%.

There are limitations of implementing the voltage stacking technique as the ad-

vantages are only achieved when a) all cores are homogeneous and executing identical

workloads, b) there is no imbalance in the drawn current between stacked cores, and

c) no voltage regulators are required between the intermediate nodes. However, none

of the three conditions are practical as the stacked cores recycle current regardless

of both the executing workload on each core and the current state of activity (active

versus idle) of each core [21, 67, 68, 171, 174, 175]. The primary limitations of the

voltage stacking technique include 1) the need for regulation of the mid-node volt-

age (Vmid in Fig. 4.5) due to variation in load current [67, 68, 171], 2) variation in

voltage due to imbalances in both the workload and the drawn current [67], 3) the

need for a boosted supply voltage, which increases the power overhead [67, 68], and

4) a reduction in the energy efficiency of voltage stacked circuit blocks due to an

increasing imbalance in the current load between the stacked voltage domains [176].

Level shifters are utilized between power domains to adjust the voltage of signals

propagating between stacked cores or circuits [68].
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4.3 Power Management Techniques Based on Tem-

perature Effect Inversion

Dynamic power management techniques such as DVFS and dynamic thermal man-

agement are widely used to efficiently distribute power to the integrated circuits. The

larger number of transistors per unit area in a single circuit results in an increasing

power density and a greater rate of heat generation [49, 99, 115, 178]. Therefore,

dynamic thermal management plays a pivotal role in advanced technology nodes and

is an integral part of dynamic power management for both high performance and low

power integrated circuits [48, 179].

In bulk CMOS process technology, changes in temperature directly affect the

on-current of the transistors, which impacts the delay of an integrated circuit. An

increase in the temperature of a circuit operating at a super-threshold supply voltage

reduces both the mobility of charge carriers and the threshold voltage of the tran-

sistors [48]. However, from the two, the variation in the current due to the mobility

of charge carriers dominates when operating in super-threshold [48]. The result is a

reduction in the on-current of the transistors and, therefore, a corresponding increase

in the delay of the circuit.

The delay versus temperature characteristics in ultra-low voltage CMOS circuits

operating at sub- and near-threshold is fundamentally different from CMOS circuits
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Fig. 4.6: Effect of increasing temperature on the delay of circuits operating at ultra-low
voltages in a bulk CMOS process [48].

operating in super-threshold [48]. Unlike the super-threshold circuits, the delay of

circuits operating in near- or sub-threshold decreases as the temperature increases

[48, 180–182]. This phenomenon is called temperature effect inversion (TEI) [48, 49,

179, 180, 182]. Unlike the circuits that operate at a super-threshold voltage, the

variations in the transistor on-current for circuits operating at ultra-low voltages are

dominated by the changes in the threshold voltage, which is temperature dependent

[48]. Therefore, for circuits operating in sub- and near-threshold, the on-current

increases as the temperature increases, which results in a reduction in the delay of

the circuit.

The effect of increasing temperature on the delay of circuits operating at ultra-

low voltages is shown in Fig. 4.6. The results are obtained through SPICE simulation

of standard cells in a TSMC 40 nm process [48]. There is a reduction in the delay

of the standard cells as the temperature increases from -25◦C to 125◦C, where an
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approximately 10× reduction in the delay is observed for a supply voltage of 0.35 V.

Conventionally, the worst-case timing corners occur at high temperatures for circuits

operating at super-threshold supply voltages [48, 180, 182]. However, the worst-case

timing corner for circuits operating at sub- and near-threshold voltages occurs at

the lower temperatures due to the TEI effect [48, 180, 182]. Power management

techniques based on TEI have recently been developed [47, 48]. For example, TEI

based power management techniques are applied to a network-on-chip (NoC) that

is implemented in a bulk CMOS process [48]. The power savings is obtained by

a) reducing the supply voltage once the temperature of the circuit increases above

a certain threshold, which results in a reduction in the power consumption while

maintaining the operating frequency of the circuit, and b) increasing the operating

frequency of a given router to allow for increased traffic as the delay is reduced due to

the elevated temperatures, which permits the turning off of one or more surrounding

routers to further reduce the overall power consumption [48]. Therefore, TEI-aware

power management reduces the power consumption of a circuit without impacting

the operating speed [48].

The TEI effect is also present in FinFET based circuits [47, 48, 182]. However,

unlike bulk CMOS technology, the TEI effect in FinFET based circuits is observed

for super-threshold voltages in addition to near- and sub-threshold operating voltages

[47, 48, 182]. Due to the 3-D channel structure of FinFET transistors, the bandgap is
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Fig. 4.7: Effects of increasing temperature on the maximum frequency of a fan-out-of-four
(FO4) ring oscillator designed in a 16 nm FinFET technology [47].

reduced by the tensile effect of the thin insulator layer under the fins, which results in

a reduction in the threshold voltage [47]. In addition, carrier mobility increases as the

temperature of the FinFET transistors increases, which corresponds to a reduction

in the delay of the circuit [47]. The normalized maximum operating frequency of a

fan-out-of-four (FOR) ring oscillator implemented in a 16 nm FinFET technology is

characterized with results as shown in Fig. 4.7 [47]. The TEI effect is observed for

all supply voltages between 0.65 V and 1.05 V as the temperature is increased from

-25◦C to 125◦C. Therefore, similar to bulk CMOS operating in sub- or near-threshold,

the worst-case timing corner is observed at the lowest temperature of -25◦C [47].
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Fig. 4.8: Razor flip-flop utilized to implement an error detection and correction methodology.
The associative timing diagram is also provided [183].

4.4 Error Detection and Correction (EDAC) Tech-

niques

Power management techniques based on error detection and correction (EDAC)

are effective by providing timing failure, while also providing a reduction in the power

consumption of ultra-low voltage circuits [183–185]. As the supply voltage is scaled,

the adverse effects of delay variation increase [183–185]. Bias temperature instability,

hot carrier injection, static and transient noise on the power supply network, and

variations due to process and temperature all adversely affect circuit parameters,

which eventually results in variation in the delay of a circuit [186, 187]. Error detection
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and correction techniques include circuits to monitor the timing of critical paths, and

correct erroneous data by either pipeline flushing or architecture replay [183–185].

Various methods of implementing EDAC have been proposed by the research

community [183–185]. The first proposed scheme includes the implementation of the

Razor flip-flop, where the supply voltage is dynamically scaled based on the measured

error rates in timing [183, 188]. The circuit and timing diagram of a Razor flip-flop is

shown in Fig. 4.8, where a shadow latch is implemented within a conventional flip-flop

circuit [183]. The shadow latch is enabled by a delayed clock signal. The comparator

circuit generates an error signal if there is a discrepancy between the signal captured

by the regular clock and the delayed clock. Once a timing error is detected, the

Razor-based EDAC technique requires n number of cycles to correct the error for

a design with n pipeline stages. The block level representation of the circuit that

flushes the pipeline and re-executes a given instruction is shown in Fig. 4.9(a).

The implementation of the technique allows for the reduction of the voltage guard

band, which results in a significant savings in the total power consumed. The closed-

loop voltage regulation of the circuit based on the EDAC technique is shown in

Fig. 4.9(b). More recently, variants of the Razor flip-flop have been proposed to

reduce the area and power overhead of the error detection and correction circuitry

[185, 189–191]. For example, a current based error detection and correction technique

is proposed in [185] that requires three additional transistors in each flop flop instead
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(a)

(b)

Fig. 4.9: Error correction through architectural and power management techniques:
(a) pipeline flushing and re-execution of instructions and (b) a closed-loop voltage
regulation technique based on the EDAC technique [183].

of the more complex Razor flip-flop, which reduces the overhead in area and power

[185]. However, both techniques require either flushing the pipeline or architectural

re-execution [183, 185]. Most prior research on EDAC techniques implement circuits

to monitor the delay or timing slack within the flip-flop at the end of each critical

path. Recently, a technique called “SlackProbe” has been proposed that places circuits

to monitor the timing of data paths at an intermediate point in the datapath between

two flip-flops [184]. In addition, stretching the clock period within a given cycle is

proposed to allow for the detection and correction of errors [186]. Similar to the

technique described in [184], the technique places delay monitors in the middle of

critical paths. Due to the increased variation in the delay of a circuit operating at
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ultra-low voltages, the placement of monitors in the middle of critical paths is not

effective. For example, the delay of clock buffers becomes comparable to the delay of

interconnect in the sub-threshold operating region [192]. In addition, the significant

increase in the variation of the setup time, hold time, clock-to-q delay, and clock

skew at ultra-low voltages increases the chances of timing failure at the leaf nodes

even if a given signal arrives on time at an intermediate point of the datapath [192].

Furthermore, for techniques that stretch the clock period to detect and correct errors,

there is a corresponding degradation in the operating clock frequency of the circuit.

The EDAC techniques are also implemented on DNN hardware accelerators, where

the supply voltage of each DNN layer is scaled based on the determined timing error

rates of the given layer [193]. Despite the reduction in the power consumption by

dynamically scaling the supply voltage based on the measured error rates in timing,

the established EDAC techniques require a) clock stretching or placing delay monitors

at the middle of critical paths, and b) architectural support such as flushing the

pipeline or re-execution of the instructions.

4.5 Summary

An overview of power management techniques optimized for circuits operating at

near- and sub-threshold voltages is provided in this chapter. The panoptic dynamic

voltage scaling technique provides fine-grain control for circuits operating in the near-
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and sub-threshold regions. Voltage dithering provides a near-continuous voltage in a

system with discrete voltage levels. The power management techniques based on the

TEI phenomenon and EDAC are also described, which are developed to address the

variation in circuit parameters due to process, voltage, and temperature (PVT) and

transistor aging. In addition, power delivery through voltage stacking is discussed.

Despite the reduction in peak rush current, the voltage stacking technique is only

beneficial under certain ideal conditions and requires separate voltage regulators for

intermediate nodes of the stacked circuits.



Chapter 5

Near-/In-Memory Computing and

Custom ASICs for Deep Neural

Networks

The hardware implementation of deep neural networks (DNNs) for training and

inference has led to the development of artificial intelligence (AI) accelerators tailored

for ASICs and FPGAs [194, 195]. Unlike accelerators for training, accelerators for

inference to work effectively with low-precision, which allows for the integration of

inference accelerators within IoT edge devices and wearables for tasks that include

real-time object detection, keyword spotting, computer vision, augmented reality, face

recognition, image processing, speech applications, and robot motion planning [53,

77
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196, 197]. Among several types of hardware implementations, deep neural networks

implemented on systolic array based custom accelerators have become an effective

alternative to CPU and GPU based implementations due to an inherent capability

of performing convolution operations, parallel computation, and allowing for data

reuse. However, AI accelerators require a large amount of data for both training

and inference. As a result, a significant portion of the total power consumption of

any AI accelerator is due to the storage and movement of data. More recently, in-

memory and near-memory computing were proposed to address the overhead due to

the movement of large quantities of data [198–210]. In this chapter, an overview

of both Von Neumann and non-Von Neumann based AI accelerator architecture is

provided. An introduction to deep neural networks is provided in Section 5.1. An

overview of prior research that implement DNN accelerators on CPUs and GPUs is

provided in Section 5.2. The opportunities and challenges of using custom ASICs

for AI acceleration is described in Section 5.3. The requirements of large on- and

off-chip memory in DNN accelerators are discussed in Section 5.4. The dataflows

of DNN accelerators are discussed in Section 5.5. An introduction to in- and near-

memory computing is provided in Section 5.6. Some concluding remarks are provided

in Section 5.7.
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Artificial intelligence(AI): Generic idea of mimicking human intelligence 

into machines  

Machine learning (ML): Applies algorithms to classify and 

learn   

Artificial neural network (ANN): Makes 

more accurate predictions and applies 

algorithms for both feature extraction 

and classification

1950 1980 2010 2021

Fig. 5.1: Historical advancement of artificial intelligence [211–213].

5.1 Introduction to Deep Neural Networks (DNNs)

There has been significant growth in the last two decades in the development

of techniques, models, and algorithms for artificial intelligence (AI) that attempts to

mimic human intelligence [53, 61, 63, 193, 198–210, 214–225]. Machine learning (ML),

a subset of AI, applies mathematical models to perform accurate prediction, which

involves training an existing algorithm on a large data set to predict an outcome while

also actively improving the prediction through learning [212, 213, 226]. Artificial

neural networks (ANNs) are an implementation of specialized algorithms that are

developed based on the biological neural network and are considered as a subset

of ML [212, 213, 226]. Unlike machine learning, ANNs are capable of self-learning

features during the learning process. However, ANNs require a greater amount of data

and computing power than traditional ML algorithms [212, 213, 226]. Learning with
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ANNs is often referred to as deep learning (DL) as any neural network consisting

of more than three hidden layers is considered a deep neural network [212, 213].

A progression from AI to ML and final ANNs is described through Fig. 5.1. In

addition, an overview of the training and inference of an ANN is provided through

Fig. 5.2 [211–213, 226]. The training of an ANN consists of both forward pass and

backward pass process. At the end of each forward pass, the resultant prediction

is compared with the labels and consequently an error value is generated. Based

on the error value, the weight parameters of the network are updated by executing a

backward pass through the neural network, a process referred to as ‘backpropagation’

[211, 227]. The inference process consists of only a forward pass as no update to the

weights is performed. Note that the term ‘ANN’ refers to a generic representation

of a convolutional neural network (CNN), a deep neural network, and a recurrent

neural network (RNN) [212, 213, 227]. Deep neural networks (DNNs) have become

more prominent in recent years due to the availability of greater computing power

and the better predictive accuracy provided. More discussion on the operation of

neural networks is provided in Section 9.1.2 of Chapter 9.

The general representation of a deep neural network with only one hidden layer

is shown in Fig. 5.1. The DNNs consist of inputs, outputs, neurons, weighted con-

nections, and bias parameters. The neurons are represented by nodes as shown in
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Fig. 5.2: An overview of training and inference in artificial neural networks and the growth
of artificial intelligence over the years [211–213].

Fig. 5.1. An abstract representation of a neuron is shown in Fig. 5.3 and the cor-

responding mathematical computation model of neuron is given by (5.1). A neuron

takes n number of inputs I0, I1, ...., In and provides a single output OUT. The inputs

are multiplied by corresponding weights W0,W1, ....,Wn and the resulting sum of all

I×W terms is modified by a bias factor β. The bias factor and the summed product

terms are applied to a non-linear activation function α that generates the final output

OUT. The most commonly used activation functions include the rectified linear unit

(ReLU) [228] and the Sigmoid [229].
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Fig. 5.3: An abstract representation of a neuron [211].

OUT (I) = α

(
N−1∑
n=0

I[n] ·W [n] + β

)
(5.1)

5.2 Hardware Implementation of AI Workloads

Computing systems based on conventional Von Neumann architectures consist of

separate processing and memory units, where a continuous transfer of data is required

between both units [63, 211, 218, 230]. The overall latency and energy consumption

of the system is highly correlated to the data traffic [218]. With the recent growth in

big data and AI applications, the overhead in the overall energy budget and latency of

any system-on-chip due to the movement of data has become significant [63, 218, 230].

Prior research that analyzed the execution of Google workloads on consumer devices

indicates that more than 60% of the total energy consumed by a system is due to the

movement of data [231].
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Fig. 5.4: An overview of processing in central processing unit (CPU) and graphic processing
unit (GPU) [230]

An overview of conventional Von Neumann based CPU and GPU architectures is

provided through Fig. 5.4. The CPU based architectures are suitable for executing

generic applications, while the computing power of the CPU is limited due to a

smaller number of cores or computing units [53, 61, 63, 193, 211, 214–225, 230].

Conversely, GPU based architectures consists of a large number of cores. Therefore,

GPUs are comparatively better suited for executing a large number of specific and

repetitive types of workloads including matrix-matrix or matrix-vector multiplications

that are common in DNN applications [232–234]. The maximum number of cores in

an AMD Ryzen Threadripper CPU and an Nvidia A100 GPU is, respectively, 64 and

6912 [211, 232]. Although GPU based systems provide greater computing power as
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compared to CPUs due to the ability of parallel execution on multiple processing

units, the energy consumption remains similar in both CPUs and GPUs due to the

movement of data. Therefore, both CPU and GPU architectures are not well suited

for the execution of DNN workloads due to the limited energy efficiency provided

[53, 61, 63, 193, 211, 214–225, 230].

Early DNN models included only five total layers when LeNet was first introduced

in 1998 [235]. However, DNNs developed in recent years consist of hundreds of hid-

den layers. For example, the implementation of the ResNet and SeNet154 models

consist of 152 and 154 hidden layers, respectively [236, 237]. In addition, the total

number of parameters in the state-of-the-art neural networks has increased to hun-

dreds of millions as compared to early neural networks implemented with less than

a million parameters [235–237]. Despite the ability of executing data intensive DNN

workloads on CPUs and GPUs, an improved energy efficiency is achieved when DNN

workloads are executed on custom ASICs. For example, an AMD Ryzen CPU and

a Nvidia A100 GPU perform, respectively, 6.64 giga operations per second per watt

(GOPS/Watt) and 195 GOPS/Watt when both are implemented on 7 nm technology

[211, 232]. The energy efficiency of custom DNN accelerators implemented as an ASIC

has improved significantly as compared to both CPUs and GPUs. For example, the

FlexFlow DNN accelerator implemented in a 65 nm technology, the SIGMA imple-

mented in a 28 nm technology, the NullHop implemented in a 28 nm technology, and
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Fig. 5.5: DNN model for inference with two hidden layers. The computation in each layer
is decomposed into matrix-vector operations.

the EIE implemented in a 45 nm technology provide, respectively, 420 GOPS/Watt,

484 GOPS/Watt, 2903 GOPS/Watt,and 5000 GOPS/Watt [223–225, 238]. There-

fore, research and development in custom ASICs that execute DNN workloads has

gained traction in the last five years [53, 61, 63, 193, 198–208, 214–217, 219–225, 239].

5.3 Custom ASICs for AI Acceleration

Early development of hardware based AI accelerators began in the 1990s. The first

neural processor developed by a commercial company was by Intel in 1989, where an

electronically trainable spiking neural networks IC was implemented [240]. Around

the same time, Bell Labs developed a convolutional neural network IC and demon-

strated a successful recognition of handwritten digits [241, 242]. As more efficient
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software solutions and neural network models emerged, hardware based solutions

were not actively pursued. Beginning in the early 2010s, interest has grown in both

academia and industry to efficiently implement various neural network models in

hardware for improved power-performance-accuracy-throughput trade-offs. The re-

cent advancement of hardware implementations of spiking neural networks on applica-

tion specific integrated circuits began with the development of TrueNorth by IBM in

the 2010s, where a brain inspired neuromorphic IC was developed under the DARPA

SyNAPSE program [243]. During the same decade, European researchers developed a

spiking neural network based architecture labelled as SpiNNaker through the Human

Brain Project [244]. More recently, Intel developed a spiking neural network based

neuromorphic IC referred to as Loihi [245].

The hardware implementation of DNNs on ASICs started to get attention when

Google launched the first tensor processing unit (TPU) in 2017 [59]. The primary

innovation of the TPU is the matrix multiply unit (MXU), which includes a 256×256

2-D array of 8-bit MAC units [59]. However, the Google TPU is tailored for server

class computation at datacenters and is not suited for deep learning models executed

for mobile and embedded applications including MobileNet and SquezeNet [63]. A

more recent implementation of an AI accelerator developed by MIT researchers ad-

dressed the limitations of the TPU, where an AI accelerator tailored for mobile and

embedded applications was developed [63]. The MIT accelerator introduced the SIMD
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Fig. 5.6: Block representation of a systolic array based architecture [59, 63].

architecture within the systolic array. In addition, the processing elements and global

buffers are clustered to support sparse DNNs [63].

The state-of-the-art hardware implementations of DNNs on ASICs primarily con-

sist of three types of architectures: a) a systolic architecture and various modified

versions [63, 195], b) a SIMD based architecture [246, 247], and c) a MIMD based

architecture [248, 249]. Among the three, the systolic architecture is the most en-

ergy efficient due to the inherent capability of data reuse [63, 219, 250]. An overview

of processing in a systolic array based custom DNN ASIC architecture is shown in

Fig. 5.6. The general structure of a systolic array is a 2-D grid of computational

units called processing elements (PEs), where the primary tasks of the PEs include

the computation of both dense and sparse matrix-matrix and matrix-vector opera-

tions, communication with neighbor PEs, and passing data in both the vertical and

horizontal directions of the array [193, 194]. The salient feature of the systolic array

is that information (both input and results) flows between PEs in a pipeline fashion.
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Fig. 5.7: Two versions of a systolic array architecture, which include a) conventional and

b) clustered PEs with global buffers (GLBs).

Therefore, there is no need to store the intermediate results and any exchange of data

with components outside of the array occurs only at the PEs that are on the boundary

of the systolic array [63, 214]. The key motivation behind the utilization of systolic

arrays is the capability of parallel computation to accelerate any special purpose com-

putation as shown in Fig. 5.5. The most commonly executed computations in DNNs

including convolutions and matrix-matrix, matrix-vector, and non-linear functions
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are decomposed into a sequence of simpler calculations such as a multiply and accu-

mulate and are executed in parallel in the systolic array [53, 63, 214, 216, 217]. In

general, compute bound applications are ideal for hardware acceleration [59]. A more

detailed depiction of the computation unit and memory architecture of a systolic ar-

ray is shown in Fig. 5.7, where two configurations of the systolic array are provided.

However, the fundamental properties of the systolic array remain the same for both

configurations. Note the PEs shown in Fig. 5.7 are generic and represent different

implementations that include MAC units implemented with conventional CMOS and

FinFET based circuits (such as TPU and Eyeriss) [59, 63], in-memory computing

units (processing-in-memory (PIM) accelerators) [251, 252], and analog computation

units such as the Mythic AI accelerator [62].

5.4 Memory Requirements of AI Accelerators

Regardless of the model, application, and hardware architecture, all DNN accel-

erators require a sufficiently large data set, where the data is primarily categorized

into three types: 1) input activation, 2) output activation, and 3) weight (or filter) as

shown in Fig. 5.5. The DNN accelerators are efficient in performing convolution oper-

ations on an array of processing elements (PEs), where each PE is composed of single

or multiple multiply-and-accumulate (MAC) units and local memories [63]. However,

storing and moving a large amount of data poses a key challenge to improving the



90

energy efficiency of a DNN accelerator [63, 239]. The large data sets required for

DNN inference are stored in a combination of off-chip and on-chip memory, while the

choice between off-chip and on-chip memory is based on the fundamental trade-off

between latency and energy consumption [53, 239, 253].
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Fig. 5.8: The size of on-chip memory utilized in AI accelerators that were developed in
the last five years.

The use of on-chip memory such as SRAM or embedded DRAM (eDRAM) re-

duces the latency of read and write operations at the cost of increased circuit area.

In contrast, off-chip memory such as DRAM does not occupy on-chip area, while re-

sulting in a significant increase in the latency and energy consumption of the overall
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system [53, 239, 253, 254]. The use of off-chip memory for edge devices with strin-

gent energy budgets is not optimal as off-chip memory consumes orders of magnitude

more energy than on-chip memory [53, 239, 253]. For example, a single off-chip

DRAM access consumes 200× more energy than a MAC operation, while a single

on-chip SRAM access consumes approximately 6× more energy than a MAC opera-

tion [194, 239]. Therefore, many current DNN accelerators store a significant portion

of the active data set in on-chip SRAM to avoid expensive (increased latency and

energy per access) off-chip data traffic and to improve the overall power-performance

tradeoff [53, 194, 239, 253, 255].

For example, a 10-bit DNN accelerator implemented to operate at a near-threshold

voltage (NTV) of 0.4 V utilizes separate memories of 400 KB each for the activation

and weight parameters [255]. In addition, a 16-bit Eyeriss accelerator includes 181.5

KB of on-chip memory, where 0.5 KB of local memory is dedicated to each PE [256].

Furthermore, the DaDianNao accelerator utilizes separate on-chip memory spaces of

4 MB and 32 MB for, respectively, the input/output activations and weights [257].

Similarly, the Efficient Inference Engine (EIE) accelerator includes separate on-chip

memory locations for activations (128 KB) and weights (10.2MB) [238]. The Sparse

Convolutional Neural Network (SCNN) accelerator stores all activations in on-chip

memory (1.2 MB), while the weights are fetched from off-chip memory through a 32

KB FIFO [215]. The size of the on-chip SRAM as a percentage of the total area of



92

the AI accelerators that were developed in the last five years is shown in Fig. 5.8

[59, 61–63, 215, 238, 258, 259]. The on-chip SRAM occupies 20%, 32%, 33%, 37%,

38%, 57%, 82%, and 93% of the total circuit area of, respectively, the Mythic [62],

Eyeriss V2 [63], Cambricon-X [258], TPU [59], DiaNano [61], SCNN [215], GCNAX

[259], and EIE [238] accelerators.

A large on-chip memory, however, results in a significant amount of leakage en-

ergy, where the leakage loss is further increased with technology scaling [54–56]. For

example, the power consumption of an idle TPU that consists of 29.3 MB of on-chip

memory is 28 W, which is equivalent to 70% of the 40 W of total power consumed

while in active mode [59]. In addition, the power consumed by the on-chip memory

corresponds to 86.64% of the total system power consumption of the NTV accelera-

tor [255]. More recently, architectural techniques were proposed to address the power

overhead due to data traffic including 1) in-memory computing, where computing

is performed within the memory array [205] and 2) near-memory computing, where

computing units are placed adjacent to the memory array [199].

5.5 Dataflows for AI Accelerator

Dataflow is one of the primary attributes of state-of-the-art AI accelerators that

impacts the power, performance, and throughput. Due to the simultaneous processing

of a large number of filters and channels when executing high-dimensional convolution
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operations, a massive amount of data transfer is required in an AI accelerator [60].

Therefore, the energy consumption to store and move large amounts of data exceeds

that of the energy consumed for computation [60]. The fundamental objective of

parallel processing with DNN models is achieved due to the reuse of data within the

target hardware. Therefore, an appropriate mapping is required based on the shape

and size of the implemented DNN model as well as the configuration of the target

hardware, which is a complex optimization problem. The computation performed

by each layer of a DNN model is decomposed into many simple matrix-matrix and

matrix-vector operations. The dataflow algorithm optimally maps the computations

to the available hardware resources such that: 1) data reuse is maximized, 2) max-

imum parallelism is achieved, and 3) the memory at each level of the hierarchy is

utilized such that both the latency and energy consumption is minimized [218].

The implementation of effective dataflow for deep neural networks is an emerging

research area. The primary and most widely utilized dataflows to date are weight

stationary (WS), output stationary (OS), row stationary (RS), and no-local-reuse

(NLR). The WS dataflow provides stationary filter weights such that filter reuse is

improved, while input feature maps are broadcasted to all PEs simultaneously [59,

260, 261]. In addition, the partial sums (psums) are accumulated spatially across the

PE array. Implementations of the WS dataflow include a CNN architecture developed

by NEC Laboratory [260], a low power coprocessor for mobile applications developed
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by Purdue University [261], and the TPU developed by Google [59]. In contrast, the

OS dataflow keeps the psums static in the PEs to reduce the energy consumed due to

the movement of psums. The filter weights are broadcasted to all PEs simultaneously

and input feature maps are passed spatially. Implementations of the OS dataflow

include a CNN accelerator for vision processing developed by EPFL [262] and a low-

precision DNN accelerator for learning with stochastic rounding developed by IBM

[263]. The RS dataflow utilizes a temporal reuse of hardware resources in a spatial

architecture, where a subset of MAC operations are grouped and executed temporally

on the same PE in a specific order [218]. The Eyeriss accelerator developed by MIT

is implemented as a RS dataflow [63]. The NLR dataflow keeps nothing stationary

within the PE, which allows removal of the memory space (register file) withing each

PE. The input feature maps and filter weights are directly swarmed from the global

buffer and the psums are spatially accumulated. NLR implementations include a

CNN accelerator called DianNao developed by the Chinese Academy of Sciences [61]

and a FPGA based CNN accelerator developed by UCLA [222].

Table 5.1: AlexNet model simulated using two popular AI accelerator architectures.

Architecture
Array
height

Array
width

Ifmap SRAM
Size (KB)

Filter SRAM
size (KB)

Ofmap SRAM
size (KB)

Dataflow
Number of cycles per layer (×104) Current per layer (mA)

CONV1 CONV2 CONV3 CONV4 CONV5 CONV1 CONV2 CONV3 CONV4 CONV5
TPU 256 256 8192 8192 8192 OS 0.46 38 0.47 0.7 0.38 45.21984 3735.552 46.20288 68.8128 37.35552
TPU 128 128 8192 8192 8192 OS 0.85 155 0.7 1.05 0.7 20.8896 3809.28 17.2032 25.8048 17.2032
TPU 128 128 8192 8192 8192 WS 0.98 158 0.2 0.4 0.2 28.90138 4659.6096 5.89824 11.79648 5.89824
Eyeriss 12 14 108 108 108 OS 63 15663 71 106 72 15.876 3947.076 17.892 26.712 18.144
Eyeriss 8 8 108 108 108 OS 160 39567 177 265 177 15.36 3798.432 16.992 25.44 16.992
Eyeriss 8 8 108 108 108 WS 162 39583 200 300 200 18.6624 4559.962 23.04 34.56 23.04

Each dataflow includes certain benefits and drawbacks. The dataflows are gen-

erally optimized based on the underlying DNN models implemented, the available
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hardware resources, and the design objectives. In this research defense, the two most

popular DNN accelerators (TPU and Eyeriss) are simulated using a cycle-accurate

DNN simulator [216]. A server class computational workload is represented by the

TPU, while edge computation for mobile devices is represented by the Eyeriss archi-

tecture. The simulation is carried out using the AlexNet model with two different

dataflows (OS and WS). There are two reads and one write operation executed on

each PE per clock cycle. Assume the total current drawn for each read operation is X

nA, each write operation is 2X nA, and each MAC operation is 3X nA, where each

PE executes only one MAC operation per cycle. The energy consumed for read/write

and MAC operations is not known for the TPU and Eyeriss ICs. The value of X is

assumed as 300 nA to match the total power consumption of a TPU with an array of

256×256 PE. The simulated result for two DNN accelerators with output stationary

and weight stationary dataflows are listed in Table 5.1, where the number of clock

cycles and total current drawn for each convolution layer are listed. There is a signif-

icant difference in the total number of cycles required to complete computation for

each layer despite running on the same model (AlexNet), which is directly propor-

tional to total current drawn per layer. In addition, the total current varies when the

model is executed on the same hardware configuration with a different dataflow as

shown in Table 5.1.
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5.6 Near- and In-Memory Computing for Reduced

Latency and Improved Energy Efficiency

More recently, in- and near-memory computing has gained traction in the re-

search community to address the challenges of data movement in hardware acceler-

ators [198–210, 230, 264–266]. In-memory computing encompasses techniques that

perform computation where the data resides, specifically within the memory array

[198–208]. Therefore, large data movement is not required with in-memory comput-

ing architectures. As a result, a significant improvement in both latency and energy

efficiency is achieved with in-memory based computer architectures [198–210, 230].

The concept of in-memory computing was first proposed in the 1970s [267]. How-

ever, in-memory computing has gained popularity in the last five years due to the

significant benefits provided with data driven workloads [198–210, 230].

An overview of an in-memory computing (IMC) architecture is provided through

Fig. 5.9, which is labeled as Processing in Memory. The computation of data D is

performed in the memory array storing data D. The computation is performed on

the bitline (BL) of the cell array. The weight parameters are stored in the cell ar-

ray and inputs are encoded in either the wordline (WL) or the pre-charge circuit

as a direct binary signal or a binary weighted analog signal. For example, a binary

weighted analog signal applied to the WL represents different binary signals based on
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Fig. 5.9: Block representation of in-memory computing (IMC) and near-memory comput-
ing (NMC) circuits [199, 206, 207, 209, 210, 230, 264–266].

the applied voltage [198–206]. The bit cells discharge voltage on the BL based on the

applied WL voltage and pre-charge circuit. The resulting voltage on the BL is ap-

plied to an analog-to-digital converter (ADC), which decodes the result of the bitline

computation. Computation on the bitline supports several operations including mul-

tiply and accumulate (MAC), multiply and average (MAV), XNOR and accumulate,

various boolean functions, and arithmetic operations [198–206]. Both volatile and

non-volatile memory elements have been used as the bit cells of in-memory comput-

ing architectures [230]. In addition, both charge-based and resistance-based memory

cells are used as the computing elements of in-memory systems in prior research,
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where charge-based memory includes static random access memory (SRAM), dy-

namic random access memory (DRAM), and flash memory, while resistance-based

memory includes phase change memory (PCM), resistive random access memory

(RRAM), and spin-transfer torque magnetoresistive random-access memory (STT-

MRAM) [230]. Additionally, implementing two modes of operation in in-memory

computing architectures is possible, where 1) memory mode and 2) compute mode

are utilized [198–206]. Modifications are required in the peripheral and array circuits

to implement the two modes of operation.

Near-memory computing (NMC) has also been pursued to address the costs due

to the large movement of data, where computing units are placed adjacent to the

memory units [199, 203, 206, 207, 209, 210, 230]. While near-memory computing

does not eliminate the need to move data, both the latency and energy required

to transfer data are significantly reduced [199, 203, 206, 207, 209, 210, 230]. Near-

memory computing was first introduced in the 1990s, where monolithic processing

units were placed close to monolithic memory units [268]. An overview of near-

memory computing is provided through Fig. 5.9, which is labeled as Processing Near

Memory in the figure. Unlike in-memory computing, the computation unit of near-

memory systems is capable of implementing any operation regardless of the utilized

memory unit. In addition, no modification is required in the the peripheral circuits

and cell arrays of the memory unit to implement near-memory computing.
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Fig. 5.10: Summary of the energy efficiency of AI accelerators developed in the last six
years that are implemented on an FPGA, CPU, GPU, digital Von Neumann architecture
based custom SoC (represented as an ASIC), an architecture based on near-memory com-

puting (NMC), and an architecture based on in-memory computing (IMC).

Among all AI accelerator architectures, custom ASICs, in-memory computing,

and near-memory computing are the most efficient. A summary of the energy effi-

ciency of state-of-the-art AI accelerators developed in the last six years is provided

in Fig. 5.10 [53, 61, 63, 193, 199–208, 214–217, 219–225, 239]. The energy efficiency

is characterized in giga operations per second per watt (GOPS/W). In addition, the

bit precision is appended with the label of each domain specific custom accelerator.

For example, the EIE accelerator is labeled as ‘EIE_4b’ in Fig. 5.10, which implies

that EIE is implemented to perform 4-bit computation. Only the bit precision is

provided as a label for accelerators without a given name. The AI accelerators de-

veloped in FPGAs allow for quick prototyping and incur lower cost, while providing
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lower energy efficiency and operating speeds [195, 222, 223]. For example, the FP-

GAs developed in 2015 and 2019 exhibit a peak energy efficiency of, respectively, 3.3

GOPS/W and 28.8 GOPS/W [222, 223]. Although CPU based systems consume less

power than GPUs, the AI accelerators developed on the GPUs exhibit higher energy

efficiency as compared to accelerators implemented on CPUs due to a) the availabil-

ity of computational units that are optimized for a subset of functions and b) the

higher parallelism provided by GPUs. Domain specific custom accelerators provide

a superior energy efficiency. The maximum energy efficiency of DNPU_4b is 8100

GOPS/W, of Sandwich-RAM_1b is 866000 GOPS/W, and of 8b is 5270 GOPS/W

as shown in Fig. 5.10, which represent the peak efficiencies for, respectively, an ASIC,

IMC, and NMC architecture. Note that the higher energy efficiency of the IMC and

NMC based accelerators is due to a) a higher memory bandwidth, b) lower data

movement, and c) lower computational precision, where the precision of a majority

of in-memory computing based accelerators is limited to 4-bits or less.

Both in-memory and near-memory computing based accelerators are well suited

for data intensive neural network applications. The increase in computing power of a

processing element in traditional Von Neumann based architectures is not beneficial if

the memory bandwidth is not proportionally increased. Therefore, the performance of

a majority of Von Neumann architecture based custom AI accelerators is determined

by the maximum memory bandwidth [53, 61, 63, 193, 214–217, 219–225, 239]. The
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Table 5.2: Advantages and challenges of in-memory and near-memory computing
architectures for AI acceleration.

Computation
platform Advantages Challenges

In-memory
computing

1) Access to higher memory bandwidth
2) Higher energy efficiency as compared

to NMC, CPU, GPU, and FPGA
3) Allows distributed and parallel

computation
4) Least amount of data transfer is

required (less than NMC)

1) Fixed and limited functionality
2) Lower precision due to a) quantization error

during computation in analog domain and
b) limited ADC precision

3) At any given time, a memory bank is used
in either a) compute mode or b) memory mode

4) Challenges due to computation in the analog
domain include a) non-linearity, b) higher
sensitivity to PVT variation, and c) dependence
on threshold voltage of transistors

5) Ultra-low voltage computation is a challenge
6) Requires ADC with higher precision and

energy efficiency
7) Requires modification of memory banks or

arrays, which increases a) design complexity and
b) access latency

8) Allows only a subset of functions for
computation

9) Leakage power increases with the increasing
size of memory

Near-memory
computing

1) Access to higher memory bandwidth
2) Higher energy efficiency as compared

to CPU, GPU, and FPGA
3) Allows distributed and parallel

computation
4) Requirement of data transfer is lower

than CPUs, GPUs, FPGAs, and
ASICs

5) Ultra-low voltage computation is
possible

6) Modification to memory array or
bank is not required

7) Allows any function for computation

1) Lower energy efficiency as compared to IMC
2) Leakage power increases with the increasing

size of memory

in-memory and near-memory based accelerators allow for hierarchical and distributed

computing within or near the memory, which is beneficial for highly data intensive

and parallel computations [269]. The advantages and disadvantages of in-memory

and near-memory based computing architectures for AI acceleration are listed in
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Table 5.2 [198, 199, 201–210, 269]. Despite the greater energy efficiency provided by

accelerators implemented with in-memory computing, challenges remain that must

be addressed as listed in Table 5.2.

The primary disadvantages of in-memory computing include 1) limited precision

for computation, 2) non-linear effects of analog computation, 3) higher sensitivity to

process, voltage, and temperature (PVT) variations, 4) limited opportunity of sup-

ply voltage scaling due to higher sensitivity to PVT variation and non-linearity, and

5) higher leakage power consumption of the memory [198–208]. In comparison, near-

memory computing provides an optimal solution for data intensive neural network ap-

plications, since NMC provides greater energy efficiency as compared to CPUs, GPUs,

and FPGAs without the additional challenges associated with in-memory computing.

Note that the loss due to the leakage current of the large on-chip SRAM memory

remains similar in both in-memory and near-memory accelerators.

Table 5.3: Leakage power consumption of SRAM cells [17, 270, 271].

SRAM cell 6T (65 nm) 6T (7 nm) 8T (32 nm)
Leakage power (pW) 95.25 27.5 114.44

The need for larger on-chip memory is common to all AI architectures including for

accelerators implemented in CPUs, GPUs, custom ASICs, near-memory computing,

and in-memory computing due to the execution of data-intensive workloads [53, 61,

63, 193, 198–206, 214–217, 219–225, 239]. A summary of the size of on-chip SRAM

utilized in state-of-the-art domain specific custom accelerators is provided through
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Fig. 5.11: Summary of on-chip memory utilized in state-of-the-art custom AI accelerators
including Von Neumann based digital SoCs, which are represented as ASICs, in-memory

computing (IMC), and near-memory computing (NMC) in the figure.

Fig. 5.11 [53, 63, 193, 198–208, 217, 219–225, 239]. Regardless of the computing

platform, a large on-chip SRAM is utilized in the majority of the accelerators. For

example, the size of the on-chip SRAM is more than 10KB for a majority of the

accelerators shown in Fig. 5.11. A large on-chip memory, however, incurs a large

loss in leakage power. The leakage power consumption of 6T and 8T SRAM bit cells

are listed in Table 5.3, where a single bit is stored per cell [17, 270, 271]. As more

transistors are added to a bit cell, the leakage power increases [17, 270, 271]. Despite

the inherent reduction in leakage current due to FinFET technology, the leakage power
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consumption of a 6T SRAM bit cell implemented in the 7nm FinFET node is 27.5

pW [17, 271]. Note that the loss in leakage power linearly increases with the size of

the SRAM bit cell array. For example, the leakage power of an idle 1 KB 6T SRAM

array is at least 0.78 mW when implemented with 6T bit cells in a 65 nm CMOS

technology, where the leakage power of the peripheral circuits is not considered [270].

5.7 Summary

In this chapter, an overview of AI acceleration and deep neural networks is pro-

vided. The hardware implementation of deep neural networks in CPU, GPU, custom

ASICs, and near-/in-memory computing based architectures is discussed. Due to

significant degradation in the latency and energy efficiency of data driven workloads,

the implementation of AI applications on custom ASICs is preferred over implementa-

tions on CPU and GPU based architectures. However, the high cost of data transfer

remains in Von Neumann based architectures. Near- and in-memory computing ar-

chitectures are developed to reduce the amount of data transfer and to consequently

reduce the latency and power consumption. Despite the increased energy efficiency

and performance with near- and in-memory computing, the increase in on-chip mem-

ory sizes required for AI workloads significantly increase the energy loss due to leakage

current due to the idle memories of AI accelerators.



Chapter 6

Circuits and Techniques for

Ultra-Low Voltage Operation

Circuits developed with differential input and output signaling are well suited for

high-speed and robust operation as compared to traditional singled-ended logic such

as CMOS and dual mode based logic families [132–134]. In this chapter, three novel

types of dynamic differential signaling based logic (DDSL) families are developed for

ultra-low supply voltages; specifically, 1) dynamic current mode logic (DCML), 2)

latched DCML (LDCML), and 3) dynamic feedback current-mode logic (DFCML)

[164, 165, 272]. In addition, the interfacing of ultra-low voltage circuits, such as

near- and sub-threshold circuits, with circuits operating at higher operating voltages

is developed for overall system-on-chip integration [273]. An overview of the DDSL

105
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logic families is provided in Section 6.1. The implementation of boolean functions

and a multiplier implemented with the DDSL logic family is discussed in Section 6.2.

The characterization of the DDSL families is provided in Section 6.3. In addition,

a level shifter circuit and a bi-directional input/output (I/O) circuit developed for

ultra-low voltage computing are discussed in Section 6.4.

6.1 Dynamic Differential Signaling Based Logic Fam-

ilies

While supply voltage scaling improves energy efficiency, the challenge is to achieve

low voltage operation without significantly impacting the performance and robustness

of the circuit. In this work, robust logic families are proposed for near-threshold

computing (NTC) that function at low voltage while improving the performance and

robustness to noise as compared to CMOS and CML. The DDSL circuits mitigate

energy loss due to the static current path through the footer transistor of CML gates

by operating in two phases: 1) pre-charge , and 2) evaluate . As the charging and

discharging paths never turn on simultaneously, when assuming that no clock skew

exists in the clock network, the two phase operation of DDSL circuits also reduces

the short-circuit current, which is more pronounced in conventional CMOS circuits

operating at near-threshold. Both the delay and power consumption of DDSL circuits
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are, therefore, reduced at near-Vt operating voltages [274].

In order to benefit from the increased operating frequency, reduced power con-

sumption, and greater robustness to noise provided by DDSL, a family of three logic

circuits are developed and characterized for NTC: 1) dynamic current mode logic

(DCML) described in Section 6.1.1, 2) latched DCML (LDCML) described in Sec-

tion 6.1.2, and 3) dynamic feedback current-mode logic (DFCML) described in Sec-

tion 6.1.3. The implemented DCML and LDCML families are based on a DCVSL

gate [137–139], while the DFCML family is based on a static FCML gate [275]. The

implemented logic families are described as dynamic and current-mode since func-

tional principles of both dynamic and current-mode logic circuits apply [140]. The

DDSL families differ in the structure of the pull-up network (PMOS devices) and the

two differential branches. However, the fundamental operation of all DDSL circuits

is similar.

6.1.1 Dynamic Current Mode Logic (DCML)

The schematic of a DCML inverter is shown in Fig. 6.1. Unlike conventional

CMOS gates, the circuit operation is controlled by two identical differential current

paths. In addition, the current Ifooter through the gate is regulated by an applied

voltage on the footer transistor N0, which effects the input voltage and operating

characteristics of the next stage. During the pre-charge phase, both the Out and Out
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Fig. 6.1: Implementation of an inverter with dynamic current-mode logic (DCML).
The differential logical operation of the DCML inverter is provided in the table.
The output of a DCML inverter is connected to inputs of either a single-ended or
differential signal based logic gate as shown by the sub-figure in the dotted box.

nodes are charged to Vdd and the entire circuit is disconnected from the Vgnd node.

During the evaluate phase, depending on the signals on In and In, Out or Out is

discharged through, respectively, transistor N2 or N1.

The logical evaluation of the inverter is listed in the table included as part of

Fig. 6.1. The voltage difference between In and In is the Input (VIn - VIn) of the

logic gate, and the difference between Out and Out is the Output (VOut - VOut). In

order to evaluate the functionality of a DCML inverter, Vdd is applied to In (VIn)

and Vgnd to In (VIn). The difference between In and In is Vdd − Vgnd = Vdd, which

is evaluated as logic high. During the evaluation phase, Out discharges through N2

and the Out node remains high. If the output is taken as the difference between

Out and Out, the resulting -Vdd is evaluated as logic low, and the input signal is
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Fig. 6.2: Voltage transfer curve of a differential inverter for a Vdd of 1.2 V.
inverted. If, however, the output is evaluated as the difference between Out and

Out, the circuit behaves as a buffer. Explicit inversion is, therefore, not required for

dynamic current-mode logic.

The input-output characteristics of the DCML inverter are described by the volt-

age transfer curve (VTC) shown in Fig. 6.2. The points where the derivative of the

VTC curve is -1 are labeled as A and B. The differential voltage of the output to

the left of point A represents logic high, and the voltage of the output to the right

of B represents logic low. As In is increased with respect to In, more current flows

through branch 2 as compared to branch 1, which results in a decrease in the volt-

age at Out, while Out remains unchanged. As a result, the differential Input and

Output voltage of the logic circuit begins to increase and decrease, respectively.

A chain of inverters is used to evaluate the self restoring property and drive ca-

pability of the DCML inverter and to characterize the delay for a rising and falling

output voltage of the logic families. The overdrive voltage Vod given by (6.1) [84] is an
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important parameter used to regulate the output voltage swing. Depending on the

voltages at the terminals and the transistor dimensions, the overdrive voltage varies

between 20 to 120 mV and 0 to 100 mV for, respectively, the PMOS and NMOS

transistors of a 130 nm CMOS process. Assuming a set supply voltage, and therefore

gate voltage, modifying the width is the most effective means to set the overdrive

voltage of the transistors. However, increasing the width results in a larger intrinsic

load capacitance, which produces a longer propagation delay. There is, therefore, a

trade-off and upper limit between reducing the power consumption and preserving

the performance when modifying the transistor width.

Vod = (VGS − VT ) =

√
2Ifooter

µnCox
W
L

(6.1)

Assuming that a single clock source is used throughout the circuit, a chain of

DCML gates lacks the self-restoring property due to a floating state in the evaluation

phase. As a result, within a given clock cycle, the circuit does not evaluate correctly

after a certain number of sequentially connected logical stages as the stored charge

at the differential output node gradually leaks. For the chain of CMOS inverters

operating at a near-Vt supply voltage of 400 mV, including more than four logical

stages of CMOS gates is a challenge even with transistors that are sized 5× larger as

the full voltage swing is not obtained at the output within the user specified limit of
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85% of the input signal period, which is used to determine the maximum operating

frequency of the inverter chain. However, at a 400 mV supply voltage and a 1 MHz

operating frequency, a chain of DCML inverters functions properly with up to eight

sequentially connected logical stages. The logical output is discernible with the use of

differential signals, even with a 20 to 30 mV reduction in the voltage swing. At near-

Vt operating voltages, a larger number of stages is, therefore, feasible with DCML

logic families at a cost of reduced frequency.

6.1.1.a Gain of DCML Inverters in Near-Threshold

The gain of a DCML inverter is a function of the supply voltage, threshold voltage,

and process parameters. The conventional CMOS dynamic logic inverter exhibits the

maximum gain when the voltage of the output node is close to the threshold voltage

of the inverter [276]. The voltage at the output nodes of DCML (shown in Fig. 6.1)

is Vdd at the beginning of the evaluate phase. Therefore, the current of an NMOS

transistor operating in the linear region, as given by (6.2), is considered. The current

through transistors N1 and N2 is, respectively, I1 and I2. The total current through

the footer transistor Ifooter is the sum of the currents I1 and I2.
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ID(linear) = µCox ·
W

L
·
[

(VGS − VT ) · VDS −
V 2
DS

2

]
(6.2)

Vdiff,out = |VOut − VOut| (6.3)

=
(
Vdd − I2 · (RN2 +RN0)

)
− Vdd

= I2 · (RN2 +RN0)

= Ifooter · (RN2 +RN0) (6.4)

Vdiff,in = VIn − VIn

= (Vdd − Vgnd)

= Vdd

= Vod + VT (6.5)

The differential output voltage is given by (6.3), where at the end of the pre-charge

phase the voltages at the nodes Out and Out are, respectively, Vdd − I2(RN2 + RN0)

and Vdd. When applying a differential input of Vdd and Vgnd for, respectively, In and

In, the charge on Out begins to discharge through N2 and N0, resulting in a Vdiff,out

as given by (6.4). The channel ON resistance of NMOS transistors N1 and N2 is,

respectively, RN1 and RN2. In addition, RN0 = y ·RN1 = y ·RN2 as RN1 = RN2 since

both N1 and N2 are set to the same width and length. The variable y represents the

ratio of the width of either transistor N1 or N2 to the width of the footer transistor
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N0 (y = WN1

WN0
= WN2

WN0
). For In and In set to, respectively, Vdd and Vgnd, the resulting

differential input is, therefore, given by (6.5).

The maximum gain of the DCML inverter, as given by (6.6), is calculated using

(6.4) and (6.5). The gain is further expanded by substituting into (6.6) the equation

of the channel ON resistance RN = 1

µnCox(VGSn−VTn)
Wn
Ln

and the equation of the current

Ifooter through N0, which results in (6.7). The factor m in (6.7) is defined as the ratio

of drain voltage VDS to the overdrive voltage Vod =
(
VGS − VT

)
, where 0 ≤ m ≤ 1.

Note that the gain is primarily dependent on the threshold voltage, supply voltage,

the ratio of the ON resistance of N0 to N2 or N1, and the ratio of drain voltage to

the overdrive voltage.

gain =
Ifooter · (RN2 +RN0)

Vdd

=

RN2(1 + y)µnCoxW

[
(VGS − VT )VDS − V 2

DS

2

]
L · Vdd

(6.6)

=

(VGS − VT ) · (1 + y) ·
(
m− m2

2

)
Vdd

(6.7)

=

Vod · (1 + y) ·
(
m− m2

2

)
Vdd

(6.8)

6.1.2 Latched Dynamic Current Mode Logic (LDCML)

The LDCML circuits operate similar to the DCML circuits, as both operate in two

phases. However, the LDCML inverter includes two minimum sized PMOS transistors
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(P3 and P4) used as keepers, as shown in Fig. 6.3 [134]. The keeper transistors

preserve the output voltage during the evaluation phase if charge leaks at either of

the two output nodes. The LDCML logic family, therefore, provides the self-restoring

property for a larger number of logical stages, as compared to DCML circuits. As

the keepers prevent voltage drop or charge loss at the output nodes, the circuit is

robust to external noise. Aside from leakage current, the P3 and P4 transistors

do not consume additional power as there is no direct current path through P3/N1

or P4/N2 (either N1 or N2 is off). In addition, the area overhead is negligible as

minimum sized transistors are used.

For the LDCML inverter, once the input signals are applied, there is a hysteresis

in the voltage transfer curve due to the keeper transistors P3 and P4. For example,

the voltage difference between In and In has to be sufficiently large (approximately

180 mV) to flip the potentials of Out and Out from the previously held values. Since

Out was at 450 mV for the previous input conditions, N2 must sink enough current

to overcome the current supplied by the keeper (P4) and discharge the Out terminal.

As a result, the potential at the gates of P3 and P4 are also flipped. The hysteresis

response of LDCML gates results in improved noise margins for a given differential

input.
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Fig. 6.4: Implementation of an inverter with a) dynamic feedback current-mode logic
(DFCML) and b) latched DFCML (LDFCML).

6.1.3 Dynamic Feedback Current Mode Logic (DFCML)

The DFCML family performs pseudo differential operation, as a single ended input

In results in a differential output Out and Out, as shown in Fig. 6.4(a). The tran-

sistors N1 and N2 are controlled by, respectively, the input signal and the feedback

signal from one of the differential output nodes.
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The DFCML circuits follow the operating principles of both dynamic logic and

feedback current mode logic (FCML), which was introduced for circuits operating

at super-Vt supply voltages [275]. Despite having higher noise immunity and less

sensitivity to both parasitic impedances and to process, voltage, and temperature

variations, FCML circuits sink a significant amount of current due to the static cur-

rent path through the tail transistor. The energy efficiency is, therefore, improved

with DFCML circuits as there is no longer a static current path through the footer

transistor, while also providing the improved performance, low voltage of operation,

and higher noise immunity offered by FCML. The operation of DFCML circuits is

similar to DCML and LDCML circuits as there is both a pre-charge and evaluate

phase. However, the proper sizing of the input (N1) and feedback (N2) transistors

is critical for the proper operation of the DFCML circuits. As both the output nodes

are precharged to Vdd, N1 must be sufficiently large to discharge the Out terminal

quickly enough to assure that N2 turns off and prevents charge sinking from Out.

For the DCML inverter, the input transistor N1 is approximately nine times larger

than the feedback transistor N2.

The latched DFCML (LDFCML) circuit is also characterized, with a topological

structure as shown in Fig. 6.4(b). With LDFCML, the transistor count is less than

LDCML when the gate includes more than one input, which results in lower area and

power consumption. Despite the pseudo differential operation, LDFCML benefits
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from a higher immunity to external noise, less sensitivity to parametric variation,

and low voltage operation, similar to a fully differential inverter.

6.2 Implementation of Boolean Functions and a

Multiplier

In addition to inverters, boolean functions including the AND, NAND, NOR, and

OR and a 4×4 bit array multiplier are implemented in each DDSL circuit family

for operation at near-Vt supply voltages. The implementation of universal gates is

presented in Section 6.2.1, while the multiplier is described in Section 6.2.2.

6.2.1 Universal Gates

DDSL circuits allow for a single topology to function as an AND, NAND, OR,

or NOR based on the configuration of both the inputs and outputs of the gate.

The circuit is, therefore, described as a universal gate (UG). Characterization of

the proposed logic families, including when implemented as universal gates, provides

an analysis of the benefits and challenges of realizing DDSL circuits. In this work,

two input universal gates are implemented using the DCML, LDCML, and DFCML

families as shown in Fig. 6.5, where each gate realizes up to four boolean functions.

The circuit operation of the DCML, LDCML, and DFCML universal gates is similar to
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the operation of, respectively, the DCML, LDCML, and DFCML inverters discussed

in Section 6.1. The proposed gate topologies are compared with CMOS NAND and

NOR gates and CML universal gates. As a single DCML circuit implements four

logical functions, the design complexity, design time, and cost of a digital logic circuit

is reduced. In addition, unlike standard CMOS, it is not necessary to invert the

output of a NAND or NOR gate to implement, respectively, an AND or OR gate.

Therefore, the use of the DCML families results in a reduction in the area, power

consumption, and delay as compared to CMOS gates.

Additional inverters are not required in the charging path (the pull-up network)

when increasing the number of inputs. However, like CMOS NAND and NOR gates,

two MOS transistors are required for each additional input included in DCML and

LDCML gates. Therefore, there is a limit in the maximum number of inputs permit-

ted within a gate for a target current and performance requirement as the voltage

headroom is reduced when increasing the number of NMOS transistors in series. In

order to maintain proper functionality, a minimum DC voltage difference of approxi-

mately 200 mV (worst case among all differential logic families) is required between

A and A and B and B. Since the DCML circuits are operating at near-Vt voltages,

the voltage headroom is an important parameter that must be met to maintain a

proper drain to source voltage (VDS) bias. In this work, no significant drop in voltage

headroom is observed for gates with two inputs. Unlike DCML and LDCML gates,
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input and output combinations.
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the DFCML universal gate does not experience a reduction in the voltage headroom

as the number of input signals increases, since each additional input is added in par-

allel to existing inputs that are directly connected to the tail transistor as shown in

Fig. 6.5(c).

6.2.2 Multiplier Implementation

A 4×4 bit array multiplier, which includes 16 AND gates, 4 half adders, and 8 full

adders, operating at a supply voltage of 450 mV is implemented in each logic family

to characterize the worst-case delay and power consumption. The circuit diagram

of a 4×4 bit array multiplier is shown in Fig. 6.6. An array multiplier incurs a

longer critical path delay and consumes a greater amount of power as compared to

other multipliers such as the carry-save multiplier, the wallace-tree multiplier, and the

booth multiplier [274]. The propagation delay is measured on the critical path, which

is between the least significant bit of one of the inputs and the most significant bit

of the multiplier output [274]. The multipliers are implemented using the previously

described inverters and universal gates as well as half adders and full adders designed

in each logic family. The interconnect between differential signal based logic gates is

similar to the method shown for a DCML inverter in Fig. 6.1.

For the CMOS multiplier, 24 additional buffers are implemented to assure full-

swing at the outputs. An additional 24 and 14 buffers are used between the logic gates
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Fig. 6.6: Circuit diagram of a 4×4 bit array multiplier [274].

of the multipliers implemented with, respectively, DCML and DFCML to restore full

logical swing as discussed in Section 6.1.1. However, no additional buffers are needed

for the CML and LDCML multipliers. The 14 buffers required for the DFCML

multiplier account for the larger resistance on one of the discharging paths of each

gate, which include transistors of smaller size.

6.3 Evaluation of DDSL Families Through SPICE

Simulation

The power consumption, maximum operating frequency, and area are character-

ized through implementation of boolean functions and a 4×4 bit array multiplier.

A chain of four inverters is used to characterize the energy-delay product and the

power consumption at three activity factors (25%, 50%, and 100%). In addition, the

robustness of the logic families to noise and variability is evaluated by analyzing the
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noise margins of a chain of inverters and the threshold voltage variation of universal

gates. The 4×4 array multiplier is used to characterize process, voltage, and tem-

perature variation through corner analysis, and characterization of statistical local

and global variation through Monte Carlo analysis of the propagation delay and total

power consumption. The SPICE simulations are performed using Cadence Spectre

on a 130 nm CMOS technology, where the near-Vt voltages of 400 mV and 450 mV are

considered. For the 130 nm fabrication process, the threshold voltage of the NMOS

and PMOS transistors is, respectively, 0.35 ± 0.05 V and -0.33 ± 0.05 V. The maxi-

mum operating frequency of the logic families is determined as the time required for

the output node to reach the full voltage swing within 70% of the active high clock

for DCML, LDCML, and DFCML or 70% of the signal pulse width for CML and

CMOS. In other words, the maximum allowed propagation delay is set to 70% of the

evaluation phase (equivalent to 85% of the signal period for CML/CMOS), assuming

a 50% duty cycle. At a near-Vt voltage of 400 mV, for an input signal with a period

of 16.66 ns (60 MHz operating frequency), the output is determined such that a full

voltage swing is obtained within 14.161 ns.
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Table 6.1: Comparison of the performance, area, and power consumption of an inverter chain oper-
ating at a 400 mV supply voltage.

CMOS CML DCML LDCML DFCML
fmax with 63 70 115 100 70
4 stages (MHz)
Area (µm)2 2.88 10.56 4.56 4.85 3.0576
Static power (nW) 0.54 4550 0.2 0.14 0.12862
Dynamic 544.46 300 368.8 393.86 240.97
power (nW)
Total power (nW) 545 4850 369 394 241.1

6.3.1 Characterization of the Maximum Operating Frequency,

Power Consumption, and Area

Three types of circuit topologies are implemented to analyze the total area, power

consumption, and maximum operating frequency of each developed logic family. The

topologies include 1) a chain of four inverters, 2) a universal gate (AND, OR, NAND,

and NOR), and 3) a 4×4 bit array multiplier.

6.3.1.a Characterization of Logic Families Using a Chain of Four Inverters

The maximum operating frequency, power consumption (static, dynamic, and

total), and area of a chain of inverters implemented with the CMOS, CML, DCML,

LDCML, and DFCML logic families at 400 mV and 450 mV are listed in Tables 6.1

and 6.2, respectively. Each logic family is designed for minimum area and full voltage

swing at the end of the fourth stage.

At all supply voltages and among all logic families, DCML operates at the highest

frequency and CMOS at the lowest, where the maximum operating frequency of a
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Table 6.2: Comparison of the performance, area, and power consumption of an in-
verter chain operating at a 450 mV supply voltage.

CMOS CML DCML LDCML DFCML
fmax with 143 157 170 158 161
4 stages (MHz)
Area (µm)2 2.88 10.56 4.56 4.85 3.0576
Static power (nW) 0.65 11797 0.22 0.15 0.14
Dynamic 1634.35 1243 1077.8 1155.85 727.56
power (nW)
Total power (nW) 1635 13040 1078 1156 727.7

CMOS inverter chain at 400 mV and 450 mV is, respectively, 63 MHz and 143 MHz.

Therefore, for a fair analysis and comparison of the power and robustness to noise and

variation, the inverter chains implemented in all logic families are set to an operating

frequency of 60 MHz at 400 mV and 140 MHz at 450 mV. Among all differential

signal based logic families, DFCML occupies the smallest area, with an increase of

1.06× as compared to CMOS. Both LDCML and DFCML exhibit up to a 1.68×

increase in area as compared to CMOS, while the inverter chain implemented with

CML resulted in an increase in area of 3.7× that of CMOS. In addition, the results

listed in Tables 6.1 and 6.2 indicate a significant change in the optimum performance-

power point when the supply voltage is increased from 400 mV to 450 mV. The 50

mV increase in the supply voltage results in, on average, an fmax that improves by

approximately 2× and a total power consumption that increases by 2.5×.

For both near-Vt operating voltages, the inverter chain implemented with DFCML

dissipates the least total power with a consumption of 0.45× that of a CMOS inverter

chain while providing a maximum operating frequency 1.13× that of CMOS. In com-

parison, at both near-Vt voltages, the DCML inverter chain consumes a total power
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of 0.68× and improves the maximum operating frequency by at least 1.19× that of a

CMOS inverter chain. The total power consumption is reduced to 0.08× with at least

a 1.08× improvement in the maximum operating frequency when using DCML over

CML for both supply voltages. The comparison of power and performance, there-

fore, varies with a reduction of 50 mV in the near-Vt supply voltage, as a greater

drop in the maximum operating frequency is observed for CML (0.45×) and CMOS

(0.44×) circuits as compared to DCML (0.68×) and LDCML (0.63×) circuits, where

the CMOS inverter chain operating at 450 mV provides the baseline for comparison.

The transient behavior of a chain of four inverters is shown in Fig. 6.7. The

LDCML family exhibits the maximum power consumption and area among the three

DDSL families. Therefore, only the LDCML chain of inverters is evaluated through

transient analysis and compared with both the CML and CMOS chain of inverters.

An iso-area comparison is performed, where the area of the CML and CMOS chain of

inverters are resized to match the area of LDCML chain of inverters (4.85 µm2). The

SPICE simulation is performed at a 450 mV supply voltage and 140 MHz frequency.

The average power consumption per cycle of the CMOS, CML, and LDCML chain

of inverters is, respectively, 1.408 µW, 7.3 µW, and 0.74 µW. Despite the same area,

operating frequency, and supply voltage, the LDCML chain of inverters consumes

significantly less average power.
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Fig. 6.7: Transient simulation for iso-area comparison of a CMOS, CML, and
LDCML chain of four inverters operating at 450 mV and 140 MHz.

6.3.1.b Characterization of Logic Families Using Universal Gates

A characterization of the maximum operating frequency and active area is pro-

vided for universal gates implemented using all logic families at a near-Vt voltage of

450 mV, with results shown in Fig. 6.8. The DCML universal gate exhibits a max-

imum operating frequency of 280 MHz, which is an improvement in the maximum

operating frequency of 1.83× and 1.56× that of, respectively, CMOS NAND/NOR

gates and a CML universal gate. In addition, both DFCML and LDFCML exhibit

at least a 1.63× improvement in the maximum operating frequency as compared to
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Fig. 6.8: Characterization of the maximum operating frequency and area of
universal gates at 450 mV. CMOS NAND/NOR gates were implemented for

comparison.

CMOS NANDs and NORs. Among all logic families, the DFCML universal gates

occupy the smallest area, where the area overhead of CMOS NAND/NOR and CML

universal gates are, respectively, 2.26× and 4.63× greater than the DFCML universal

gates. The opposite behavior is observed for the inverter chain, where the CMOS

implementation occupied the least area. Unlike standard CMOS circuits, the pull up

network and voltage headroom are not significantly impacted when switching from

an inverter to a NAND or NOR gate when using DFCML. As an example, the imple-

mentation of two-input DCML NAND and NOR gates, as compared to an inverter,

require an additional series connected NMOS transistor in one of the two discharging

paths (see Fig. 6.5 (a)), while the pull up network remains unchanged. In contrast,

the CMOS NAND or NOR gate, as compared to an inverter, requires an additional

transistor in both the pull up and pull-down network for each additional input.
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Fig. 6.9: Characterization of the power consumption of universal gates (UG) at a
supply voltage of 450 mV.

The universal gates implemented using all logic families are characterized for

static, dynamic, and total power consumption at a near-Vt voltage of 450 mV, with

the results provided in Fig. 6.9. The static power of the CMOS NOR and CML uni-

versal gate is, respectively, 11× and 28.5× greater than that of a DCML universal

gate. In addition, the use of DCML and DFCML universal gates reduces the total

power consumption to, respectively, 0.82× and 0.7× that of a CMOS NOR gate. The

total power consumption of CML universal gates is at least 9.8× greater than any of

the DCML universal gates. The analysis of the static, dynamic, and total power con-

sumption of the universal gates implemented with all logic families indicates similar

behavior as the four-stage inverter chain.
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6.3.1.c Characterization of Logic Families with a 4×4 Bit Array Multi-

plier

The maximum operating frequency, total area, and total power consumption of a

4×4 bit array multiplier implemented in each logic family is characterized at 450 mV.

The results are normalized to the respective values of a CMOS multiplier and are

shown in Fig. 6.10. The total area, maximum operating frequency, static, dynamic,

and total power consumption of a 4×4 array multiplier implemented in CMOS are,

respectively, 150.904 µm2, 20 MHz, 0.01185 µW, 3.60315 µW, and 3.615 µW. Similar

to the inverter chain and universal gates, multipliers implemented using DCML, LD-

CML, and DFCML exhibit improved performance as compared to CMOS and CML.

The maximum operating frequency of the DCML families is at least 1.4× and 1.12×

greater as compared to, respectively, CMOS and CML multipliers. The total area of

the DCML multipliers is 1.5× and 0.57× the area of, respectively, the CMOS and

CML multipliers. The total power consumption of LDCML and DFCML multipliers,

which is approximately equal, is 0.9× and 0.009× the total power of, respectively,

a CMOS and CML multiplier. However, the total power of a DCML multiplier is

1.48× the total power of a CMOS multiplier. The increase in the area and power

consumption of a DCML multiplier is a result of the added buffers used to restore

the full voltage swing of the signal at the output.
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Fig. 6.10: Power, area, and maximum operating frequency of a 4×4 bit array
multiplier implemented in all logic families.

6.3.2 Characterization of Static, Dynamic, and Total Power

Consumption for Different Activity Factors

A chain of four inverters is implemented in each logic family to analyze the ef-

fect of activity factor on the power consumption. The dynamic power consumption

is reduced with lower activity factor for CMOS circuits. However, for DCML, the

dynamic power does not change with activity factor as the output terminals of the

DCML circuit are always charged and discharged during, respectively, the pre-charge

and evaluate phases. The power consumption is, therefore, relatively constant regard-

less of input activity. CML circuits exhibit minor changes in power consumption with
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Fig. 6.11: Power consumption of a chain of four inverters implemented with all logic
families for activity factors of 25%, 50%, and 100% and for a supply voltage of 400
mV.

a change in activity factor as the dominant component is the static power dissipa-

tion. The power consumption for activity factors of 25%, 50%, and 100% at a supply

voltage of 400 mV is shown in Fig. 6.11. The total power consumption (dynamic

and static) is calculated as the average power per cycle over 60 cycles at each activity

factor. For all logic families, the operating frequency of the inverter chain is set to 60

MHz.

Among all logic families, the DCML, LDCML, and DFCML inverter chains con-

sume the minimum static power, where the static power consumption of the three

families is approximately 0.05% of the total power consumption. The majority of the

total power consumed by CML is static since, regardless of input activity or switching

events, there is a constant static current through the tail transistor. The majority
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of the total power consumption of the DCML families, however, is dynamic as there

is a periodic charging and discharging of the output nodes. The use of DCML over

CML results in additional power savings as the static current path through the tail

transistor is no longer present.

6.3.3 Characterization of Energy-Delay Product (EDP)

An analysis of the energy-delay product (EDP) for all logic families is performed

using a four-stage inverter chain. The supply voltage is set to 450 mV and the operat-

ing frequency to 60 MHz. The two middle stages are considered when determining the

EDP to more accurately represent the input and output capacitive loads and intrinsic

delay of the inverters. The characterization of EDP for all logic families is provided

through the results shown in Fig. 6.12, where all values are normalized to the EDP of

a CMOS inverter chain (0.02×10−20 J·s). All DCML families exhibit improved EDP

as compared to both the CMOS and CML inverter chains. LDCML exhibited the

minimum EDP, which is approximately 0.07× and 0.004× the EDP of, respectively,

CMOS and CML.

6.3.4 Characterization of Circuit Robustness to Noise

One of the key challenges of NTC is reduced robustness to external noise due to a

scaled supply voltage. The robustness of the dynamic current mode logic families is,
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therefore, analyzed and compared with CML and CMOS logic circuits. The robust-

ness is evaluated through 1) an analysis of the noise margin, where a novel method to

identify the noise margins of differential logic circuits is introduced, and 2) an anal-

ysis of the sensitivity of the logic families to threshold voltage variation. The effect

of process, voltage, and temperature (PVT) variations on the propagation delay and

total power consumption is also analyzed. External sources of noise, including power

supply noise and crosstalk due to inductive, capacitive, and conductive coupling, are

considered through noise margin analysis. In addition, both global and local process

variation and mismatch variation is characterized through Monte-Carlo simulation.

6.3.4.a Analysis of Noise Margins

The analysis of the worst case variation of the noise margin is performed for a

single inverter in all logic families at a supply voltage of 400 mV and with a set
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Fig. 6.13: VTC characterization to determine the noise margins of a DCML inverter
at a supply voltage of 400 mV.

frequency of 60 MHz. For the CMOS inverter, a conventional voltage transfer curve

(VTC) is analyzed [84]. Both CML and DCML inverters are, however, evaluated

by differential inputs and outputs. The inverter VTC curve, therefore, represents

the input and output as the difference between, respectively, the two input and two

output signals. The method of measuring noise margins for differential logic families

is illustrated in Fig. 6.13, where the solid line and dotted line represent, respectively,

the differential input and differential output. The noise margins are determined for

values when the derivative of the differential output voltage is -1. For differential

logic circuits, the noise margins are evaluated using (6.9), where x is the differential

input voltage between In and In, y is the differential output voltage between Out

and Out, and N is the value of x for which | dy
dx
| is equal to 1. The two points of the
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Fig. 6.14: VTC of all differential inverters at a 400 mV supply voltage.

derivative curve that are equal to -1 and fall within the transition region of the VTC

are ignored. The transition points A and B shown in Fig. 6.2 are determined using

the proposed technique.

NM = Vdd −N, (6.9)

N = value of x for which |dy
dx
| = 1,

x = VIn − VIn, (6.10)

y = VOut − VOut (6.11)

The VTCs of the differential logic families are shown in Fig. 6.14 for a supply

voltage of 400 mV. The LDCML and DFCML inverters exhibit a sharp transition

from logic high to logic low. The CML and DCML inverters include an undefined

region (logically indiscernible between logic high and logic low) for differential input
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Fig. 6.15: Comparison of the noise margins of the logic families at a near-threshold
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signals between -0.2 V and 0.2 V, where the differential output remains close to 0

V. The result is a reduction in the noise margins of the CML and DCML circuits as

compared to the LDCML circuits. The noise margins of all logic families are shown in

Fig. 6.15. The NMH is always a positive voltage while the NML is always negative for

the differential inverters. However, for ease of analysis and comparison, the absolute

value of the NML is provided in Fig. 6.15 for all differential inverters.

VTn = VTp = VT (6.12)

kR =
kn
kp

= 1 (6.13)

kn = µnCox(
W

L
)n (6.14)

kp = µpCox(
W

L
)p (6.15)



137

The noise margins of the LDCML and DFCML inverter are larger than the DCML,

CML, and CMOS inverters, where the DFCML exhibits mean noise margins of 350

mV. The mean noise margin of LDCML and DFCML inverters is at least 2.25× greater

than the mean noise margin of a CMOS inverter. At near-Vt, the NMH and NML of

a LDCML inverter are, respectively, 228 mV and 564 mV when an initial differential

voltage of 400 mV is applied at the input. Applying the opposite differential input

of -400 mV, results in a swap of the NMH and NML to, respectively, 564 mV and

228 mV (inverted input in Fig. 6.15). The NMH and NML of a CMOS inverter are,

respectively, 161 mV and 90 mV. The symmetric VTC behavior of a CMOS inverter

is not maintained at near-Vt to optimize the operating frequency of the gate, while

minimizing the increase in area and power consumption. Equal noise margins are

achieved when satisfying (6.12) and (6.13), where µn is the electron surface mobility,

µp is the hole surface mobility, and W the width and L the length of the transistor

[84, 274]. The threshold voltages and, therefore, noise margins, also vary with changes

in PVT and substrate bias. For a 130 nm technology, the variations in PVT and non-

zero substrate bias result in variations in the threshold voltage of up to 100 mV from

the nominal value of 350 mV [151]. Disparate NMOS and PMOS threshold voltages

and drive strengths, therefore, lead to differences in the values of the NMH and NML.

Due to the PMOS keeper transistors, the input-output characteristics of LDCML

circuits are sensitive to the polarity and magnitude of the initial input voltages, which
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Fig. 6.16: VTC of a LDCML inverter at a 400 mV supply voltage. An initial -400
mV differential input results in LDCML output 1, whereas an initial 0 V differential
input results in LDCML output 2. LDCML output 3 exhibits a symmetric VTC.

results in disparate high and low noise margins. Inputs with equal applied voltages

result in a similar voltage at the two output nodes unless one of the inputs changes

with respect to the other. The VTC for a differential input voltage of 0 V when both

input nodes are initially equal is shown in Fig. 6.16 as LDCML output 2. However,

for the analysis of the noise margins, a non-zero initial differential input voltage is

applied, corresponding to LDCML output 1 in Fig. 6.16, as equal voltages at the

inputs results in the inverter not functioning as intended. The asymmetric behavior

of the noise margins is not present when the size of the NMOS transistors is increased

by 20×, resulting in a symmetric response as shown by LDCML output 3 in Fig. 6.16.

The large NMOS transistors sink current from the output node with a moderate gate

voltage, even as the holding PMOS keeper is supplying additional charge. As a

result, the NML and NMH are equal regardless of the input polarities. However,
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the increased size of the NMOS transistors results in a larger capacitive load and,

therefore, higher power consumption, while also negating the charge restoration at the

output nodes provided by the PMOS keepers. In addition, the asymmetric behavior

of the VTC only occurs when the differential input voltage is between -0.15 V and

0.15 V, which are voltages not within the permitted operating point of the circuit.

The asymmetric behavior of the noise margins of the LDCML inverter, therefore,

does not effect the circuit operation, while providing additional power savings and

performance benefits as compared to the symmetric implementation. Depending on

the application and specific circuit biasing conditions, the differential inputs are set

to either enhance the NMH or NML of a LDCML circuit.

6.3.4.b Characterization of Logic Families Under Threshold Voltage Vari-

ation

Near-threshold circuits suffer from inherent sensitivity to variation as a small

change in threshold or supply voltage significantly impacts the optimum operating

point. In addition, advanced technology nodes are more susceptible to the effects

of process variation including fluctuations in the doping profile and the oxide thick-

ness [84, 274], which significantly impact the threshold voltage and, therefore, the

performance and power consumption of the circuits.



140

The threshold voltage is dependent on biasing conditions and on process param-

eters including silicon and oxide materials, physical dimensions, and doping concen-

trations [84, 274]. The non-zero substrate bias threshold voltage VT of a MOSFET is

given by (6.16), and includes the zero substrate-bias threshold voltage VT0 given by

(6.17), where ΦGC is the difference in the work function between the gate and channel,

QB0 is the charge density of the depletion region at a zero substrate-bias, Qox is the

charge density at the interface between the oxide and silicon, φ is the fermi potential,

and γ is the substrate bias (body effect) coefficient. The substrate bias coefficient

given by (6.18) is dependent on the electron charge q, the doping concentration NA,

the dielectric constant of silicon εsi, and the gate oxide capacitance per unit area Cox

[84, 274].

VT = VT0 + γ(
√
| − 2φ+ VSB|+

√
|2φ|) (6.16)

VT0 = ΦGC − 2φ− QB0

Cox
− Qox

Cox
(6.17)

γ =

√
2qNAεsi√
Cox

(6.18)

Changes in the threshold voltage due to PVT variation and/or substrate body bias

modify the drive current of the transistors. For a given gate to source voltage VGS

and drain to source voltage VDS, a positive source to body voltage VSB for an NMOS

transistor increases the width of the depletion layer and reduces the drive current.

The maximum operating frequency of the transistor is, therefore, reduced. Variations
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Fig. 6.17: Characterization of the maximum operating frequency fmax with ±10%
variation in the threshold voltage of universal gates implemented in all logic families,
where the maximum operating frequency at a supply voltage of 450 mV for all logic
families is provided in Fig. 6.8.

in process parameters impact both VT0 and VT as indicated through evaluation of

(6.16) and (6.17). For example, a larger QB0/Cox ratio or Qox/Cox ratio results in a

reduction in the zero bias threshold voltage VT0. In this case, for a given VGS and

VDS, the reduced VT0 results in an increase in the drive current of the transistors and,

therefore, an increase in the maximum operating frequency.

The variation of the threshold voltage is analyzed to determine the effect on the

maximum operating frequency of the universal gates implemented with all logic fam-

ilies. The percentage change in the maximum operating frequency of all logic families

for a ±10% variation in the nominal zero-bias threshold voltage VT0 is shown in

Fig. 6.17. The variation in VT0 resulted in up to an approximately 5% fluctuation in

the non-zero substrate-bias threshold voltage VT . The analysis of threshold voltage

variation is performed at a near-Vt voltage of 450 mV for all logic families, and the
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Table 6.3: Characterization of the propagation delay and total power consumption of
a 4×4 bit array multiplier implemented with all logic families in three process corners
at a supply voltage of 450 mV and temperature of 27◦C. All delay and power results
are normalized to, respectively, the delay and power of a CMOS multiplier operating
in the tt corner and a temperature of 27◦C.

Logic
families

Propagation
delay

Power
consumption

tt ff ss tt ff ss
CMOS 1 0.637 1.608 1 0.997 0.936
CML 0.589 0.387 0.897 98.5 131 74.5
DCML 0.157 0.082 0.318 1.479 1.423 1.615
LDCML 0.191 0.095 0.396 0.951 0.962 0.982
DFCML 0.206 0.085 0.634 0.952 0.943 1.0003

results are compared with CMOS and CML gates.

The results indicate that there is a larger increase in the maximum operating

frequency of the DCML families as compared to CMOS and CML circuits with a

reduction in the threshold voltage, as shown in Fig. 6.17. With a 10% reduction in

VT0, the DCML universal gate exhibits a 30.85% increase in the operating frequency,

the largest amongst all logic families. In contrast, CMOS and CML circuits exhibit

an increase in the maximum operating frequency of no more than 16.2% and 18%,

respectively. Therefore, a 10% reduction in the threshold voltage results in up to a

1.7× increase in the frequency of a DCML circuit as compared to a CML or CMOS

circuit. With a 10% increase in VT0, DFCML exhibits the smallest reduction in the

operating frequency of 15.24% as compared to reductions of 23.7% and 21% for,

respectively, CMOS and CML.
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Table 6.4: Characterization of propagation delay and total power consumption of
a 4×4 bit array multiplier implemented with all logic families for supply voltages
between 0.35 V and 0.5 V. All delay and power results are normalized to, respec-
tively, the delay (14.3 ns) and power consumption (3.615 µW) of a CMOS multiplier
operating at a supply voltage of 0.45 V with the tt corner and a temperature of 27◦C.

Logic
families

Propagation
delay

Power
consumption

0.35 V 0.4 V 0.45 V 0.5 V 0.35 V 0.4 V 0.45 V 0.5 V
CMOS 5.406 2.189 1 0.531 0.428 0.674 1 1.265
CML 3.182 1.270 0.589 0.318 12.704 38.204 98.481 217
DCML 1.087 0.391 0.157 0.076 0.843 1.130 1.479 1.872
LDCML 1.770 0.585 0.191 0.081 0.477 0.701 0.952 1.225
DFCML 1.307 0.475 0.206 0.106 0.415 0.570 0.951 1.206

6.3.4.c Characterization of Logic Families Under Process, Voltage, and

Temperature Variation

A characterization of process (tt, ff , and ss), voltage (from 0.35 V to 0.5 V),

and temperature (from 27◦C to 100◦C) variations on a 4×4 bit array multiplier is

performed. All logic families are analyzed at 20 MHz for iso-performance analysis as

the CMOS multiplier exhibits a maximum operating frequency of 20 MHz at 450 mV.

The change in the propagation delay and total power consumption of a 4×4 bit array

multiplier due to variations in the process, voltage, and temperature are provided in,

respectively, Tables 6.3, 6.4, and 6.5.

The propagation delay and total power consumption are characterized for the tt,

ff , and ss corners as listed in Table 6.3 with the supply voltage set to 450 mV and

the temperature to 27◦C. All delay and power results are normalized to the delay

and power of a CMOS multiplier operating in the tt corner, which are 14.3 ns and

3.615 µW, respectively. For the ss corner, the delay of the CMOS, CML, DCML,
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Table 6.5: Characterization of propagation delay and total power consumption of a
4×4 bit array multiplier implemented with all logic families at 27◦C, 50◦C, and 100◦C,
a supply voltage of 450 mV, and a process corner of tt. All delay and power results
are normalized to, respectively, the delay (14.3 ns) and power consumption (3.615
µW) of a CMOS multiplier operating in the tt corner and at a temperature of 27◦C.

Logic
families

Propagation
delay

Power
consumption

27◦C 50◦C 100◦C 27◦C 50◦C 100◦C
CMOS 1 0.790 0.536 1 1.041 1.182
CML 0.589 0.477 0.338 98.5 122.8 178.9
DCML 0.157 0.120 0.080 1.479 1.559 1.824
LDCML 0.191 0.159 0.133 0.951 1.020 1.227
DFCML 0.206 0.163 0.114 0.952 1.021 1.201

LDCML, and DFCML multipliers is, respectively, 1.6×, 0.9×, 0.3×, 0.4×, and 0.6×

the delay of a CMOS multiplier operating in the tt corner. All DCML multipliers

exhibit greater variation among the three process corners (tt, ss, and ff) due to a

larger number of transistors. For example, the delay of a CMOS inverter is effected

by only two transistors, whereas the delay of a DCML inverter is impacted by four

transistors. The total power consumption of the CMOS, CML, DCML, LDCML, and

DFCML multipliers operating at 20 MHz in the ff corner is, respectively, 0.997×,

131×, 1.42×, 0.96×, and 0.94× that of the total power consumption of a CMOS

multiplier operating in the tt corner.

Despite the lower maximum operating frequency of a DCML multiplier as com-

pared to a LDCML multiplier, the 4×4 DCML multiplier incurs the shortest propaga-

tion delay. The shorter delay is due to: 1) as the number of logical stages implemented

with DCML increases, the ability to provide full swing at the output node of the last
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stage decreases due to charge loss from the preceding logical stages during the eval-

uate phase, 2) although the propagation delay is calculated as the time difference

between when an input and output signal change by 50%, full-swing at the output

of DCML is not guaranteed, and 3) the condition set to determine the maximum

operating frequency requires the full swing within 70% of the active pulse width of

the output. As a result, DCML and DFCML do not exhibit a higher fmax due to

charge leakage at the output nodes.

The variation in the propagation delay and total power consumption of the mul-

tipliers implemented with CML, DCML, LDCML, and DFCML for supply voltages

ranging from sub-Vt (0.35 V) to near-Vt (0.5 V) is listed in Table. 6.4. The delay

and power consumption of all multipliers operating at 27◦C and with the tt process

corner is determined and normalized to, respectively, the delay and power of a CMOS

multiplier operating at a supply voltage of 0.45 V. The delay (power consumption)

of a CMOS multiplier is 77.3 ns (1.55 µW), 31.3 ns (2.44 µW), 14.3 ns (3.615 µW),

and 7.59 ns (4.58 µW) at a supply voltage of, respectively, 0.35 V, 0.4 V, 0.45 V,

and 0.5 V. All DCML multipliers exhibit up to a 3× increase in the normalized total

power consumption as the supply voltage is scaled from a sub-Vt voltage of 0.35 V to

a near-Vt voltage of 0.5 V, much less than the 17× increase seen by the CML mul-

tiplier. In addition, multipliers implemented with all logic families exhibit at least

a 10× increase in the normalized propagation delay as the supply voltage is scaled
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from a near-Vt voltage of 0.5 V to a sub-Vt voltage of 0.35 V. The normalized prop-

agation delay and total power consumption of the LDCML and DFCML multipliers

are smaller as compared to a CMOS multiplier for all supply voltages between 0.35

V and 0.5 V.

The effect of temperature variation (from 27◦C to 100◦C) on the propagation

delay and total power consumption of the logic families is analyzed, with results

listed in Table 6.5. All delay and power results are normalized to, respectively, the

delay and power consumption of a CMOS multiplier operating at 27◦C, in the tt

corner, and at 450 mV. The normalized delay and power varies less than 1.82× among

all logic families when the temperature is increased from 27◦C to 100◦C. From all

logic families, LDCML exhibits the greatest reduction in the normalized delay (0.7×)

when the temperature increases to 100◦C from 27◦C. The delay of the multiplier at a

near-Vt voltage of 450 mV decreases with increasing temperature due to temperature

effect inversion, while at super-Vt, higher temperatures result in larger delays [48,

49, 179]. All differential logic families exhibit higher variation in normalized power

consumption as compared to a CMOS multiplier, where CML exhibits the greatest

variation (1.82×) when the temperature is increased to 100◦C from 27◦C.
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Fig. 6.18: Monte Carlo simulation with 200 runs of a 4×4 bit array multiplier to
characterize a) delay and b) power.

6.3.5 Analysis of Local and Global Statistical Variation

Process and mismatch are characterized using Monte-Carlo simulation with 200

runs to statistically analyze the variation in the propagation delay and total power

consumption of the multipliers. The Latin-hypercube sampling method is applied,

which allows for accurate process coverage with fewer runs [277]. Die-to-die and

within-die variation are considered to characterize, respectively, global and local vari-

ation [278]. Five process corners (tt, ff, ss, sf, fs) and a wide temperature range

(27◦C to 100◦C) are used for Monte-Carlo analysis of the logic families across supply
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voltages that fall between sub-Vt (0.35 V) and near-Vt (0.5 V).

The variation in delay and power is represented with a box-and-whisker plot as

shown in, respectively, Figs. 6.18(a) and 6.18(b), to accurately analyze the population

distribution. The mean value µ of both the delay and power is also provided in the

figures for each logic family. The delay of all DCML multipliers is less than that

of a CMOS multiplier. The mean delay µdelay of the CML, DCML, LDCML, and

DFCML multipliers is, respectively, 0.55× (8.53 ns), 0.17× (2.55 ns), 0.28× (4.27

ns), and 0.21× (3.28 ns) the µdelay of a CMOS multiplier (15.4 ns). The µpower

of the CML, DCML, LDCML, and DFCML multipliers is, respectively, 100× (365

µW), 1.34× (4.86 µW), 0.91× (3.30 µW), and 0.96× (3.48 µW) the µpower of a

CMOS multiplier (3.62 µW). In addition, the µpower (µdelay) of the DCML, LDCML,

and DFCML multipliers is, respectively, 0.013× (0.3×), 0.009× (0.5×), and 0.009×

(0.4×) the µpower (µdelay) of a CML multiplier. Therefore, both the delay and total

power consumption is reduced with LDCML and DFCML multipliers as compared to

CMOS and CML multipliers.

6.3.6 Comparison Between Near- and Super-Vt Operation

A comparison between circuits operating at a near-Vt voltage and at a super-Vt

voltage is provided through results listed in Table 6.6, which includes data from prior

research in NTC [18, 131, 144]. As the supply voltage is scaled from 1.2 V to 0.45 V,

the reduction in energy/cycle, the reduction in fmax, the change in NMavg/VDD, and
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Table 6.6: Figures of merit at near-threshold voltage of 0.45 V (except NMavg/VDD,
which is analyzed at 0.4 V). All results are normalized to CMOS logic operating at
1.2 V. Results for CML are from simulations by the authors. The topology of the

CML universal gate described in [131] is implemented and characterized.

Logic
Family

Reduction in
Energy/Cycle

Reduction
in fmax

Increase in
NMavg/VDD

Area

CMOS [18, 144] ≈10 ≈14 Not given Not given
CMOS 8.5 19.4 1.06 1

CML [131] 1.01 16.6 0.94 1.75
DCML 13.23 10.6 2.72 0.54
LDCML 10.9 11.7 3.42 0.63
DFCML 12.6 11.9 3.08 0.42

the change in area are characterized using universal gates. In addition, the effects

of voltage scaling (1.2 V to 0.4 V) on noise margins is analyzed using a chain of

inverters. For CMOS logic, the scaling of the supply voltage from 1.2 V to 0.45 V

reduces the energy/cycle to 8.5× at a cost of a 19.4× reduction in fmax, while prior

research reported that scaling from super-Vt to near-Vt reduces the energy/cycle by

approximately 10× and reduces the fmax by approximately 14× [18, 144]. Therefore,

the DCML, LDCML, and DFCML circuits consume less energy/cycle with a smaller

reduction in fmax, which indicates that dynamic current mode logic families are more

suitable for near-Vt operation over CML and CMOS. In addition, the NMavg/VDD

remains unchanged for CMOS when the supply voltage is scaled from 1.2 V to 0.4

V, while dynamic current mode logic families exhibit at least a 2.72× increase in

NMavg/VDD.
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6.3.7 Summary of Results

Simulated results are summarized in Table 6.7 for a supply voltage of 450 mV,

where an inverter chain, universal gates, multi-level logical functions, and a 4×4 bit

array multiplier are used to characterize the DCML families for area, power, operating

frequency, noise margin, and EDP. The characteristics of all logic families are nor-

malized to the respective results of CMOS. The dynamic current mode logic families

are superior to CMOS and CML in total power consumption, maximum operating

frequency, noise margin, EDP, and propagation delay. The DCML and DFCML fam-

ilies provide benefit for circuits with a fewer number of stages. However, LDCML is

beneficial for any circuit size including a 4×4 bit array multiplier, as the total power,

area, and maximum operating frequency are improved. The area of the LDCML

chain of inverters is larger than an inverter chain implemented with CMOS, however,

the opposite is observed for more complex logical gates including universal gates and

a 4×4 bit array multiplier, where the CMOS implementation requires greater area.

The improvement in total power consumption and maximum operating frequency is,

therefore, scalable to larger circuit blocks when dynamic current mode logic families

are used.
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Table 6.7: Summary of results for all logic families normalized to CMOS for a supply
voltage of 450 mV.

CMOS
(Baseline) CML DCML LDCML DFCML

Chain of inverters

Total power (at 60 MHz) 1 (1.635 µW) 8 0.66 0.7 0.45
Maximum operating
frequency 1 (143 MHz) 1.09 1.19 1.15 1.13

Total area 1 (2.88 µm2) 3.7 1.58 1.68 1.06
Noise margin 1 (123 mV) 0.89 1.28 3.22 2.9
EDP 1 (0.02×10−20 J·s) 16.84 0.13 0.071 0.27

Universal gates
Total power (at 140 MHz) 1 (0.427 µW) 9.07 0.82 0.92 0.7
Maximum operating
frequency 1 (153 MHz) 1.17 1.83 1.66 1.63

Total area 1 (2.16 µm2) 2.05 0.66 0.73 0.44

4×4 array
multiplier

Total power (at 20 MHz) 1 (3.62 µW) 98 1.48 0.95 0.95
Maximum operating
frequency 1 (20 MHz) 1.25 1.65 2.5 1.4

Total area 1 (151 µm2) 2.7 1.5 0.96 1.09
Propagation delay 1 (14.3 ns) 0.59 0.16 0.19 0.21

6.4 Interfacing of Ultra-Low Voltage Circuits

The supply voltage for optimal power-performance point varies across logic, mem-

ory, input/output, and peripheral analog and mixed-signal circuit blocks [18]. For

example, the optimum energy-delay point for a memory circuit requires a higher Vmin

as compared to the Vmin for the optimum point of core logic [18]. In addition, systems

on chip (SoC) and multi-core systems contain multiple power domains for improved

energy efficiency while meeting targetted performance requirements [18]. Novel inter-

face circuits are, therefore, required when data is transferred between near-threshold

circuits and circuits operating on a separate power domain as interfacing techniques

designed for nominal voltage operation are not optimal at near-threshold. In this

research, the interfacing of circuits operating at near-threshold supply voltage with

the circuits operating at super-threshold and I/O voltage level is developed.
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Techniques to interface between voltage domains of an IC implement either in-

put/output (I/O) circuits or level shifters. The primary advantages of a bidirectional

I/O circuit over a level shifter are the inclusion of an input receiver mode and a

tristate output driver mode. Prior work on bidirectional I/O circuits examined the

interface between a nominal supply voltage for the IC and a separate I/O voltage

with integrated level shifters [279, 280]. However, the interface (I/O circuit) between

near- and nominal-threshold circuits is rarely addressed.

Bidirectional I/O circuits with integrated level shifters are proposed in prior work

for nominal supply voltages, where cross coupled level shifters are used for low power

consumption [279, 280]. However, cross coupled level shifters are not optimal when

supply voltages are set close to or below the transistor threshold voltage. For example,

minimum input voltages of 0.55 V and 0.625 V are required to up-convert to output

voltages of, respectively, 1.2 V and 3.3 V. In addition, the overall delay and power

consumption of an I/O circuit increases for a longer level shifter delay.

In this research, a novel bidirectional I/O circuit that implements a combination

of integrated level shifters is discussed. In addition, standard implementations of the

level shifters are evaluated for comparison with the proposed configurations of the

I/O circuit. Prior work has explored level shifter topologies for ultra low power and

low voltage operation. Level shifters based on two types of circuit topologies; 1) cross-

coupled [281], and 2) current mirror [282], are implemented as shown in Fig. 6.19. At
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a near-threshold supply voltage, the primary drawbacks of cross coupled based level

shifters are: 1) a very weak pull down network, even if the NMOS transistors are

significantly larger than the PMOS transistors, 2) the inability to change the set values

at the outputs OUT and OUT as the NMOS transistors do not drain enough current

to overcome the supplied current from the pull-up keeper at the lower supply voltages,

and 3) increased delay. The primary drawback of current mirror based level shifters

is an increased power consumption due to a static current path. In this research, a

single ended level shifter is developed to mitigate the drawbacks of conventional cross

coupled and current mirror level shifters. The proposed single ended level shifter and

bidirectional I/O circuits are discussed in, respectively, Section 6.5 and Section 6.6.

The simulation setup and characterization results are provided in Section 6.7.

A

OUT

OUT

P1

N2

A

VDDH

P2

VDDL

N1

(a)

VDDH

N2N1

A

OUT

OUT

A

VDDL

P1 P2

(b)

Fig. 6.19: Conventional level shifter topologies. a) Cross coupled, and b) current mirror.
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6.5 Single Ended Level Shifter for NTC

A single ended input topology of the level shifter is proposed for near-threshold

operation. The proposed level shifter is shown in Fig. 6.20, where input A operates

at a near-threshold supply voltage. The single ended level shifter is compared with

standard implementations of the cross coupled and current mirror based level shifters.

A comparison of the conversion range, total power consumption, and propagation

delay is performed. In addition, the proposed level shifter is compared with state-of-

the-art low voltage level shifters. The operation of the single ended level shifter is

as follows: Assume a nominal voltage of VDD,H and near-threshold voltage of VDD,L,

each set to, respectively, 1.2 V and 0.45 V. For an applied input of 0.45 V on N1, the

OUT node discharges through N1 and N2 turns off, which results in a logic high at

the OUT node. Note that a higher resistive path is required through N2 as compared

to N1 to minimize charge leakage at OUT while OUT is transitioning to logic low. In

addition, for an applied input of 0 V at the gate of N1, a nominal supply voltage of

1.2 V is applied to the gate of N2. The OUT node, therefore, discharges faster than

OUT , which reduces the propagation delay at a cost of increased power consumption.

Note that for a set VDD,H of 1.2 V, OUT discharges to a minimum voltage level of

80 mV and 312 mV for a VDD,L of, respectively, 0.45 V and 0.4 V as there is a

direct path from VDD,H to ground through P1 and N1. For input voltages below
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0.4 V, the single ended level shifter does not operate as intended, since the voltage

on OUT exceeds the threshold voltage of N2 (when 0 V is expected). Applying a

voltage comparable to the threshold voltage of transistor N1 is sufficient to change the

voltage at OUT , which results in an increased conversion range for the single ended

level shifter as compared to the cross-coupled level shifter. The circuit techniques for

improved energy efficiency implemented for cross coupled and current mirror based

level shifters such as the use of a revised wilson current mirror [282] or a split input

inverting buffer [281] also apply to the single ended level shifter.

P2

N1 N2A

VDDH

P1
OUT

OUT

Fig. 6.20: Proposed level shifter with single ended input and differential output.

6.6 Bi-directional Input/Output Circuits

The proposed bi-directional I/O circuit for near-threshold operation is shown in

Fig. 6.21, where integrated level shifters are labeled as Level Shifter 1 (LS1) and Level

Shifter 2 (LS2). The application of the near-threshold voltage CVDD to the core and
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the nominal or I/O voltage NVDD are also shown in Fig. 6.21. The control signals

IN_IDLE and EN set the operation of the I/O circuit to, respectively, input and

output mode. For example, a logic high EN signal forces the outputs of the NAND1

and NOR to, respectively, logic high and logic low. The output driver, therefore,

remains in a high impedance state. In addition, a logic low at the NAND2 gate

forces the inputs DIN1 and DIN2 to logic low, irrespective of the signal on the PAD

terminal. Additional level restorers are implemented using PMOS transistors P2 and

P3 to prevent an unwanted switching at the input terminals DIN1 and DIN2 of the

core.

Depending on the specific application, the optimum power-performance point re-

quires multiple near-threshold power domains with a difference of tens of millivolts.

Therefore, multiple input buffers (DIN1 and DIN2) are proposed within a single I/O

circuit, where the implemented power domains are labeled as CVDD1 (0.4 V) and

CVDD2 (0.45 V). The properties of the proposed I/O circuit are: 1) an optimized

level shifter topology, where a fast conversion rate is required for LS1 and an energy

efficient topology is required for LS2, 2) isolation of the input circuits from the tran-

sients of the external signals by implementing level restorers P2 and P3 and applying

IN_IDLE on NAND2, which reduce both the noise and power consumption, and 3)

multiple near-threshold input modes for fine grain energy-efficiency in an integrated

circuit with multiple voltage domains.
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Fig. 6.21: Proposed bidirectional input/output circuit.

6.7 Simulated Results of Interface Circuit

Characterization of the interface circuit is described in this section. The simulation

setup is provided in Section IV-A. The level shifters and I/O circuits are characterized

in Sections IV-B and IV-C, respectively.

6.7.1 Simulation Setup

The simulation of the level shifters and I/O circuits is performed using an IBM 130

nm technology. The area of both the cross coupled and current mirror level shifters

is 3.64 µm2, while the area of the single ended level shifter is 2.47 µm2 (calculated

from the listed transistor sizes in Table 6.8). The level shifters and I/O circuits are
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Table 6.8: Transistor size of the level shifters.

Cross coupled Current mirror Single ended
P1, P2 = 2 µm/0.13 µm × 2
N1, N2 = 8 µm/0.13 µm × 2
PMOS (Inverter) = 6 µm/0.13 µm
NMOS (Inverter) = 2 µm/0.13 µm

P1, P2 = 0.6 µm/0.13 µm × 2
N1 = 18 µm/0.13 µm
N2 = 0.4 µm/0.13 µm

simulated at, respectively, 17 MHz and 100 MHz operating frequencies. An output

load of 5 fF is used for all data paths, which is more than 10x larger than the

calculated gate capacitance of a standard CMOS inverter in the 130 nm technology

node. The low to high voltage level shifters are simulated for multiple input (VDD,L)

and output (VDD,H) voltages for comparison of the conversion range, total power

consumption, and propagation delay. The nominal core and I/O voltage levels are set

to, respectively, 1.2 V and 3.3 V. Supply voltages of 0.4 V and 0.45 V are considered

for near-threshold as the transistor threshold voltages range from 0.35 V to 0.42 V.

The proposed I/O circuit is evaluated through eight different configurations using the

current mirror, cross-coupled, and the proposed single ended level shifter, as listed in

Table 6.9. SPICE simulation to characterize the conversion range, total power, and

propagation delay is performed for a set value of EN and IN_IDLE. EN is set to 0 V

when the I/O circuit is in output mode, and IN_IDLE is set to 0 V when in input

mode.

6.7.2 Characterization of Level Shifters

The conversion range of all level shifters is analyzed for output voltages of 1.2

V and 3.3 V. Note that the conversion range shifts with a change in the output
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Table 6.9: Configurations of the I/O circuits based on the type of implemented level shifters.

Configuration Level shifter 1 Level shifter 2
A cross coupled cross coupled
B cross coupled current mirror
C single ended cross coupled
D single ended single ended
E single ended current mirror
F current mirror single ended
G current mirror current mirror
H current mirror cross coupled

voltage VDD,H . The current mirror level shifter and single ended level shifter have

an approximately equal conversion range of 0.4 V to 1.2 V and 0.5 V to 3.3 V for

output voltages of, respectively, 1.2 V and 3.3 V. However, the cross coupled level

shifter exhibits a reduced conversion range of 0.5 V to 1.2 V and 0.625 V to 3.3 V

for output voltages of, respectively, 1.2 V and 3.3 V. The propagation delay of the

level shifters is compared with an inverter FO4 delay over a range of input voltages

VDD,L and for a set output voltage of 1.2 V, as shown in Fig. 6.22. The single ended

level shifter exhibits the minimum delay for all values of VDD,L. For example, for a

set VDD,L of 0.55 V and VDD,H of 1.2 V, the propagation delay of a FO4 inverter (for

process characterization), cross coupled level shifter, and current mirror level shifter

is, respectively, 4.62x, 2.72x, and 1.42x longer than the single ended level shifter.

The comparison of the propagation delay and total power consumption of the

level shifters is performed for a set VDD,L of 0.625 V as VDD,H is swept from 0.7

V to 3.3 V. The delay of the cross coupled level shifter increases with increasing

output voltage, while the delay of the current mirror and single ended level shifters
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Fig. 6.22: Comparison of the delay of the level shifters at an output voltage VDD,H of 1.2
V.

is reduced for higher output voltages, which is shown in Fig. 6.23(a). The reduction

in delay is more significant at higher output voltages for the single ended level shifter

as compared to the current mirror topology since a higher potential is applied to the

gate of N2. The cross coupled level shifter consumes the least power of all topologies

over the range of output voltages examined, as shown in Fig. 6.23(b). The power

consumption of the single ended level shifter is, however, less than the current mirror

topology over the entire range of output voltages. For a VDD,L of 0.625 V and VDD,H

of 1.5 V, the propagation delay of the single ended level shifter is 0.53x and 0.74x

the delay of, respectively, the cross coupled and current mirror level shifters. In

addition, the total power consumption of the single ended level shifter is 33x and

0.4x the power consumed by, respectively, the cross coupled and current mirror level

shifters. Although the cross coupled level shifter consumes much less power, the delay

is significantly larger (4.62x) than the proposed single ended topology.



161

1 1.5 2 2.5

VDD,H(V )

40

60

80

100

120

140
P
ro
p
a
ga

ti
o
n
d
el
ay

(p
s)

Cross coupled
Current mirror
Single ended

(a)

0.5 1 1.5 2 2.5

VDD,H(V )

10
0

10
2

10
4

T
ot
al

p
ow

er
(µ
W

) Cross coupled

Current mirror

Single ended

(b)

Fig. 6.23: Comparison of the a) propagation delay, and b) total power of the level shifters
for an input voltage VDD,L of 0.625 V.

The single ended level shifter exhibits reduced conversion delay with a significant

power overhead as compared to the cross coupled level shifter, while exhibiting re-

duced delay and power consumption as compared to the current mirror level shifter.

In addition, the cross coupled level shifter suffers from a fundamental limitation in the

minimum voltage that can be converted for a given output voltage, where, for the 130

nm process, input voltages of 0.55 V and 0.625 V are required for output voltages of,

respectively, 1.2 V and 3.3 V. The cross coupled level shifters are, however, beneficial

for relatively large input voltages, where the propagation delay is not significantly

impacted. A single ended level shifter therefore exhibits the best characteristics when

operating at near-threshold voltages, as 0.4 V and 0.45 V are up-converted to, re-

spectively, a nominal IC voltage of 1.2 V and an I/O voltage of 3.3 V with a faster

conversion time as compared to cross coupled and current mirror topologies.

The conversion range, performance, energy per transition, and area of proposed

level shifters are compared with state-of-the-art level shifters for near/sub-threshold
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Table 6.10: Comparison with state-of-the-art low voltage level shifters.

Parameters VLSIC 2011** JSSC 2012* TCASI 2015** TCASI 2017* JLPEA 2016** TCASII 2017** This work *
Process 130 nm 350 nm 180 nm 180 nm 130 nm 180 nm 130 nm
Conversion
range 0.3 V to 2.5 V 0.23 V to 3 V 0.21 V to 3.3 V 0.3 V to 1.8 V 0.145 V to 1.2 V 0.1 V to 1.8 V 0.4 V to 1.2 V, 0.5 V to 3.3 V

Delay (FO4) 2.38 (0.3 V to 2.5 V) Not provided ∼1.05 (0.3 V to 1.2 V) Not provided Not provided 2.2 (0.3 V to 1.2 V) 0.146 (0.4 V to 1.2 V)
Delay (ns) 41.51 (0.3 V to 2.5 V) ∼8500 (0.4 V to 1.2 V) ∼170 (0.3 V to 1.2 V) 17.3 (0.4 V to 1.8 V) >200 31.7 (0.4 V to 1.8 V) 0.2986 (0.4 V to 1.2 V)
Area (µ^2) 102.6 1880 ** 153.01 229.5 ** 466 108.8 2.28^

Energy/transition (fJ) 229 (0.3 V to 2.5 V) ∼4250 (0.4 V to 1.2 V) ∼8 (0.3 V to 1.2 V) 56 (0.4 V to 1.8 V) 1200 (0.145 V to 1.2 V) 173 (0.4 V to 1.8 V) 570 (0.4 V to 1 V),
1600 (0.45 V to 1.2 V)

* Simulated ** Measured ^Active channel area Note: FO4 delays are measured at VDDL

operation, as listed in Table 6.10. The proposed level shifter exhibits the smallest

delay among the compared level shifter topologies, which is 0.146 FO4 delay (0.2986

ns) when converting from 0.4 V to 1.2 V. The energy overhead of the proposed level

shifter is compensated by the energy savings in the I/O circuit, where short circuit

power is significantly reduced due to the faster response time of Level Shifter 1 (LS1).

6.7.3 Characterization of I/O Circuit Configurations

The conversion range of each type of I/O circuit configuration is listed in Table 6.11

for PAD voltages VPAD of 1.2 V and 3.3 V. Configurations A and B of the I/O circuit

exhibit a limited conversion range for both PAD voltages since the cross coupled

level shifters are used for LS1 in Fig. 6.21. A comparison of the propagation delay

and total power consumption of the different I/O circuit configurations is shown

in, respectively, Fig. 6.24(a) and 6.24(b) across a range of VPAD voltages and for

a DOUT voltage VDOUT of 0.55 V. Configurations E and F are implemented with,

respectively, a single ended and current mirror level shifter for LS1. Although there

is only a minor increase in the propagation delay of the current mirror level shifter

as compared to the single ended topology, the overall power consumption of the I/O
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circuit (configuration F ) increases significantly with the use of a current mirror level

shifter, where configurations G and H also exhibit similar characteristics. The power

consumption of the pre-driver NAND1 and NOR gates increases significantly for a

larger rise or fall time of the inputs due to increased short circuit current, which

negatively impacts the overall power consumption of the I/O circuit. However, a set

value of EN is used in this work, which avoids the periodic switching of the NOR gate.

Configurations A and B exhibit the minimum power consumption with a significant

increase in delay. However, A and B are not feasible for near-threshold operation

unless the input voltage VDOUT to LS1 is at least 0.625 V.

Among the eight configurations, C, D, and E provide the optimum power-delay

points as shown in Fig. 6.24, where the single ended level shifter is used in place of

LS1. An improvement in the delay and power is seen for configuration C as compared

to D and E for both a VPAD of 1.5 V and 2.5 V (simulation was performed sweeping

VPAD from 0.7 V to 3.3 V), since the low power cross coupled level shifter is used in

place of LS2. However, the use of the cross coupled level shifter limits the operating

range of the I/O circuit. In addition, D and E exhibit almost similar power and

delay results for both VPAD voltages of 1.5 V and 2.5 V since LS2 is not switching

(EN is set to 0). Note that E is not affected by the increased delay of LS2 as

compared to LS1, since the switching frequency of the control signal EN is less likely

to change than VDOUT . Therefore, the use of a single ended level shifter in place of
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Table 6.11: Conversion range of I/O circuit configurations for VPAD of 1.2 V and 3.3 V.

VPAD A, B C, D, E, F, G, H
1.2 V 0.53 V to 1.2 V 0.38 V to 1.2 V
3.3 V 0.55 V to 3.3 V 0.45 V to 3.3 V

LS1 and either a single ended or current mirror level shifter in place of LS2 provides

the optimum power-delay operating point with the maximum conversion range. The

optimal configuration, E, at a supply voltage of 0.45 V (CVDD), consumes a total

power of 4.87 mW and has a FO4 delay of 0.46 for a VPAD voltage of 3.3 V.
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Fig. 6.24: Comparison of different I/O circuit configurations for a VDOUT of 0.55 V. a)
Propagation delay, and b) total power consumption.

6.8 Summary

In this chapter, novel logic families and interfacing circuits are discussed that

are capable of ultra-low voltage operation, including circuits that operate at near-

threshold supply voltages. Three novel dynamic differential logic based families

(DCML, LDCML, and DFCML) are developed to operate at ultra-low voltages that
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outperform CMOS and CML based circuits in power consumption, performance, and

robustness. In addition, circuits are developed to interface between circuit blocks that

operate at near-threshold voltages with those that operate at nominal or I/O voltage

levels. A single ended level shifter and bi-directional I/O circuit are developed for

near-threshold computing. The single ended level shifter provides conversion ranges

of 0.4 V to 1.2 V and 0.5 V to 3.3 V. The optimized configuration of the I/O circuit

provides a conversion range of 0.38 V to 1.2 V for core voltages and 0.45 V to 3.3 V

for I/O voltages.



Chapter 7

Clock-Power Co-Deign and Optimum

Voltage Selection

Ultra-low voltage logic and memory circuits have shown proper functionality and

high energy-efficiency at voltages less than 350 mV [144]. For example, an FIR filter

has been designed to operate at 85 mV and 240 Hz in a 130 nm technology [283]. A

sub-Vt processor was implemented for sensor networks in a 130 nm technology with

a 130 mV supply voltage, while consuming 11 nW of power [284]. A sub-Vt SoC was

implemented in a 130 nm technology for wireless electrocardiogram (ECG) monitor-

ing with a 280 mV supply, while consuming 2.6 µW of power [285]. In addition, an

adaptive 32b sub-Vt processor was implemented that dissipates 27.2 pJ per instruc-

tion, while operating at 325 mV [286]. In the work described in this chapter, through

166
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SPICE analysis of an inverter, 140 mV is determined as the minimum functional sup-

ply voltage that permits 100 KHz operation in a 130 nm CMOS technology. Despite

extensive research on developing cores and memories for sub-threshold computing,

the analysis of power and clock delivery and the interaction between the power and

clock networks at voltages less than 350 mV has not been addressed by the research

community.

The energy efficiency of integrated circuits is determined by the appropriate se-

lection of supply and threshold voltages for a given technology and performance re-

quirement. Supply voltage scaling provides an optimum power-delay and a minimum

energy point at the expense of performance, while threshold voltage scaling improves

the performance at the expense of reduced noise margins [164, 273, 287–289]. Prior

research addressed supply and threshold voltage tuning considering switching speed,

power consumption, total energy, and circuit characteristics [290–293]. However,

the noise margins and fmax are rarely considered when optimizing the supply and

threshold voltages. Aggressive supply voltage scaling in the range of the near- and

sub-threshold voltage of a transistor severely degrades the noise margins and stability

of the circuit [287, 294]. Threshold voltage scaling and deviation due to process, volt-

age, and temperature (PVT) variation reduce the robustness of the circuit to noise

[287, 289, 294]. In addition, dynamic voltage and frequency scaling (DVFS) does

not account for the noise margins of the circuit when the supply voltage is scaled to
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reduce the operating frequency of the circuit [295].

An exponential relationship exists between the supply voltage and the fmax of the

circuit when operating in sub-threshold (0.1 V to 0.4 V), as shown in Fig. 3.1. The

NMavg (mean of noise margins high and low) decrease linearly with supply voltage

scaling, which is also shown in Fig. 3.1. In addition, variation in threshold voltage

inversely affects the noise margins and fmax [296]. Therefore, an optimization of the

supply and threshold voltages is required for different circuit constraints as there are

trade-offs between operating frequency, energy efficiency, and robustness to noise.

In this chapter, a clock-power co-design methodology is developed for deep sub-

threshold circuits operating at 250 mV. A distributed, multi-voltage domain, and

hierarchical power distribution network (PDN) is developed to deliver power to the

components of the sub-threshold clock distribution network. The skew variation and

timing conditions of the circuit are evaluated for both a conventional single domain

power distribution network and the proposed distributed, multi-domain, and hierar-

chical power distribution network. In addition, the negative impacts of power supply

noise on skew variation and timing are characterized for a sub-threshold voltage of

250 mV by using both conventional and optimized clock buffers.

In addition, an optimization technique for the selection of the supply voltage

is developed for a given minimum and maximum range of threshold voltages. The

optimization model is developed based on the variations in noise margins and fmax
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due to supply and threshold voltage variations. The change in threshold voltage due

to supply voltage variation is also considered in the proposed model. For a given fmax

and NMavg, the proposed algorithm implicitly improves the energy-efficiency of the

circuit by reducing the supply and threshold voltages.

The rest of the chapter is organized as follows. The challenges of sub-threshold

power and clock distribution are discussed in Section 7.1. The proposed clock-power

co-design methodology is presented in Section 7.2.1. The selection of the voltage

regulator topology to optimize the energy efficiency of the circuit is discussed in Sec-

tion 7.2.2. Simulation results for clock-power co-design are described in Section 7.3.

The description and evaluation of the proposed algorithm for the optimum selection

of supply voltage is discussed in Section 7.4. The simulation results from executing

the optimization techniques are described in Section 7.5.

7.1 Challenges of Sub-Threshold Power and Clock Distribution

Sub-threshold operation imposes some fundamental challenges, including a re-

duced Ion/Ioff ratio of the transistors and increased sensitivity to random dopant

fluctuation, which degrades robustness to noise and increases threshold voltage varia-

tion. Due to an exponential relationship between the transistor gate to source voltage

VGS, drain to source voltage VDS, and threshold voltage Vt with the drain current in

sub-threshold, a significant degradation in the delay is possible for a 5% variation
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in the supply voltage (assuming a 250 mV supply). Therefore, the impact of IR

drop, L · di/dt switching noise, and process variation is much more severe for circuits

operating in sub-threshold as compared to circuits operating at a near-threshold or

nominal voltage, even though the magnitude of transient switching noise (di/dt) in

sub-threshold circuits is smaller.
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Fig. 7.1: Effect of supply voltage scaling on buffer and interconnect delay.

Conventionally, in super-threshold clock distribution networks (CDN), clock

buffers are placed to mitigate clock skew and satisfy timing constraints as the inter-

connect delay is the dominant component of the total delay of a clock signal [84, 297].

However, in a sub-threshold clock distribution network, the logic or buffer delay dom-

inates the total delay of a clock signal due to the significant increase in the delay of

the transistors. The primary challenges of low voltage clock distribution networks are

clock uncertainty and power overhead [298]. The various sources of clock uncertainty

include clock generation circuits, device variation, interconnect variation, and power
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supply noise [298]. An exponential increase in transistor delay and sensitivity to pro-

cess, voltage, and temperature (PVT) variation in sub-threshold operation imposes

new challenges to mitigate clock skew, slew, and jitter, particularly for circuits op-

erating at a voltage of less than 300 mV [299, 300]. In addition, the drive strengths

of clock buffers are reduced by an order of magnitude in sub-threshold, which signif-

icantly affects the skew and increases the delay. The delay of a clock buffer and a

200 µm interconnect are characterized with SPICE simulation in a 130 nm CMOS

technology between 200 mV and 1.2 V and the results are shown in Fig. 7.1. The

propagation delay of the buffer and the interconnect at a 200 mV supply voltage is,

respectively, 229 ns and 1.53 ps, which are used to normalize all other results at higher

supply voltages. Unlike the buffer delay, the interconnect delay does not change with

supply voltage, as shown in Fig. 7.1. Therefore, implementing a deeper clock network

and meeting timing constraints becomes more challenging when the clock buffers are

operating in sub-threshold [300].

Prior work has explored clock distribution networks operating in sub-threshold. A

clock network designed with multiple supply voltages was proposed in [300] to reduce

clock skew, where the supply voltage was reduced to 340 mV. An unbuffered clock tree

operating at 300 mV was proposed to minimize skew, slew, and energy consumption

[299, 301]. In addition, a slew aware clock tree was developed that operates at 300

mV, where a larger and smaller slew was implemented in, respectively, the root and
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leaf nodes of the tree by dynamically controlling nodal capacitances [302, 303]. A

capacitive boosting based interconnect technique was proposed in [304] to reduce

clock skew for a 400 mV supply voltage. The use of separate power distribution

networks for buffers at different levels of the clock network was proposed to reduce

the clock jitter of high performance systems[305]. In addition, a DC-DC converter was

implemented for sub-threshold circuits to deliver power at 250 mV [306]. However,

no prior work addressed the impact of power supply noise on the skew and timing of

the clock distribution network in sub-threshold. In addition, clock distribution below

300 mV is not addressed in prior work.

7.2 Clock-Power Co-Design for Ultra-Low Voltage Circuits

The timing of digital circuits is dependent on the implemented combinational

logic and the clock distribution network of the circuit, which includes clock buffers,

global interconnect, and flip-flops. A subsection of a clock distribution network is

shown in Fig. 7.2, where all components are supplied current through a single power

distribution network. The static and transient noise induced on the power distribution

network affect all components of the clock distribution network. Prior research used

clock data compensation techniques, where voltage noise on the clock network is

allowed to match the peak voltage noise on the datapath [307–309]. However, the

technique is not applicable to sub-Vt clock networks due to the significant increase in
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the sensitivity of the circuit to variation.

FF FF

FF FF

Noise in 
power 

delivery 
network 

Combinational 
circuits  

Clock buffer

Register

Fig. 7.2: Noise propagation from the power supply network to a subsection of a
clock network operating in sub-Vt.

In a sub-threshold CDN, the propagation delay of the clock buffers, combinational

circuits, and flip-flops significantly increase due to a minor voltage drop in the power

network, which affects the timing profile of the sub-threshold CDN. Therefore, there

is a greater and direct effect of power supply noise on the performance and stability of

the sub-threshold clock network. In addition, local and global process variation dis-

proportionally affect the delay of the clock buffers, combinational logic, and flip-flops

across the circuit. At sub-threshold voltages, process variation results in increased

skew variation and slew degradation, which causes timing failure. Therefore, robust

circuit and system level techniques are required for sub-threshold clock distribution

networks to meet the timing requirements of the circuit under the combined effects

of power supply noise and process variation.
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Fig. 7.3: Circuit model of the co-designed clock-power networks.

7.2.1 Multi-Voltage Domains and Distributed Power Delivery for Local Clock

Distribution Networks

A clock-power co-design methodology is proposed for ultra-low voltage circuits

operating in the range of 200 mV to 300 mV. For this paper, only 250 mV oper-

ation is described. Instead of using a single power domain to deliver current to

combinational logic, registers, and clock buffers, a design time reconfiguration of the

sub-Vt power distribution network is proposed to ensure timing constraints are met

at sub-threshold voltages. The sub-threshold PDN is implemented as a multi-voltage
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domain, distributed, and hierarchical network. The primary objectives of the co-

design methodology are to 1) improve the stability and performance of the CDN in

sub-threshold, and 2) mitigate the effects of supply noise on the clock network.

The circuit model that includes the co-designed clock and power networks de-

veloped to analyze the effect of power supply noise on skew variation is shown in

Fig. 7.3. The clock and power networks are represented by, respectively, dashed and

solid lines. An off-chip crystal oscillator is assumed, which drives an on-chip phase-

locked loop (PLL). The PLL drives a global clock distribution network, which is then

connected to local CDNs. The PLL is supplied current through either off- or on-chip

voltage regulators. The global clock network is supplied current through a global

PDN, which isolates noise propagation from the switching activities of the local clock

domains, registers, and logic circuits. The synchronous circuit blocks (e.g. flip flops),

local clock buffers, and combinational logic circuits are supplied current through sep-

arate PDNs labeled as, respectively, Register PDN, Buffer PDN, and Logic PDN in

Fig. 7.3.

A DC-DC buck converter is considered for the first-stage conversion as a switching

regulator drives higher current loads with higher efficiency as compared to linear

and switched-capacitor voltage regulators [84]. The three first-stage on-chip voltage

regulators (OCVR) supplying current to the logic, register, and buffer circuits are

labeled as, respectively, VR1 [logic], VR1 [reg], and VR1 [buffer] in Fig. 7.3 and
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convert a battery voltage (3.3 V to 20 V) to an intermediate voltage between 0.6

V to 1.2 V. Further details regarding the on-chip voltage regulators is provided in

Section 7.2.2.

High-to-low level shifters (LS) are used to produce output voltages between 0.2

V and 0.4 V [310]. The use of LS circuits reduces the area and power overhead as

a fewer number of voltage regulators are now required to generate output voltages

between 0.2 V and 0.4 V. The input and output voltage of the regulators and the

output supply voltage of the level shifters are controlled by the power control unit

(PCU).

A distributed and multi-voltage domain power delivery system to deliver current

to two local clock distribution networks and sub-circuits labeled as Local CDN 1

and Local CDN 2 is shown in Fig. 7.3. Separate power distribution networks are

assumed for each local clock network. The local CDNs consist of only sub-Vt clock

buffers, while sub-circuit blocks 1 and 2 consist of combinational circuits, registers,

gates used for clock gating, and level shifters. However, in this paper, the sub-circuits

connected with each local CDN include only registers and combinational logic. Each

local clock domain includes a dedicated PDN for buffers. The clock depth and the

number of implemented buffers is limited when delivering the clock signal in sub-

threshold due to more stringent timing constraints. In addition, the sub-circuit block

connected with each local CDN includes one or two PDNs, each providing current
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to combinational logic and registers through level shifters (see Fig. 7.3). The output

voltage of each LS is set individually to any value between 0.2 V and 0.4 V, which

enables distributed and multi-voltage domain operation in sub-threshold. Note that

when a power domain is isolated through a separate PDN, the respective ground

network is also isolated to ensure perfect noise isolation.

The proposed characteristics of the clock-power co-designed circuit are 1) dis-

tributed and multi-voltage domain power delivery to the circuits close to the clock

leafs (local PDN), where current to each local PDN is individually supplied by an

LS, 2) isolated logic, buffer, and register PDNs to reduce the power supply noise

seen by the clock buffers and registers, where the isolated PDNs are operated with

independent sub-threshold supply voltages, 3) operating the logic, register, and com-

binational logic within a local clock distribution network at a similar sub-threshold

voltage if the timing constraints and target frequency requirements are satisfied for

the maximum noise in the supply voltage rail, 4) operating the logic, buffer, and

register PDNs associated with a local CDN in different sub-threshold voltages for fine

grained tuning between delay, power, and noise margins, and 5) merging any two

PDNs among the three if the effect of power supply noise on the clock network is

minimal for the given circuit block, which also reduces the design complexity.

Two scenarios are illustrated in Fig. 7.3: 1) local CDN 1 and sub-circuit block

1 with three separate PDNs for buffers, logic, and registers, and 2) local CDN 2
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and sub-circuit block 2, where a single PDN is used for buffers and combinational

logic and all registers are supplied current through a second PDN. The circuit model

includes both global and local on-chip clock distribution networks. However, in this

paper, the analysis is limited to the local clock distribution network.

7.2.2 Voltage Regulator Selection for the Proposed Clock-Power Network

In the clock-power co-designed circuit shown in Fig. 7.3, three on-chip buck con-

verters are used to generate an output voltage of 0.6 V to isolated PDNs that supply

current to the logic, register, and buffers. The three regulators are not adding ad-

ditional power loss as the power dissipation of the switching regulators is directly

proportional to the output current for a given input and output voltage as described

by (7.6).

The basic circuit diagram of a switching DC-DC buck converter is shown in

Fig. 7.4, where MOSFETs are used as switches Q1 and Q2 [84]. The primary com-

ponents of the power dissipation of a buck converter are the conduction loss of the

inductor given by (7.1), the MOSFET conduction loss on the high-side MOSFET Q1

and low-side MOSFET Q2 given by, respectively, (7.2) and (7.3), and the MOSFET

switching loss, which is not provided in this paper as switching losses are highly de-

pendent on switching frequency [311, 312]. Io, IL, IQ1, and IQ2 represent the current

through, respectively, the output node of the buck converter, the inductor L, the Q1
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switch, and the Q2 switch.
LQ1

Q2 C

IQ1

IL

IQ2

Vin Vo

Io

Fig. 7.4: Basic circuit representation of a switching DC-DC buck converter.

PL = I2L ·RL

≈ I2o ·RL (7.1)

PQ1 = I2Q1 ·RQ1

=
Vo
Vin
· I2L ·RQ1 (7.2)

PQ2 = I2Q2 ·RQ2

= (1− Vo
Vin

) · I2L ·RQ2 (7.3)

The total power dissipated by the MOSFET switches is given by
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PMOS = PQ1 + PQ2

PMOS = I2L ·
(
Vo
Vin
·RQ1 + (1− Vo

Vin
) ·RQ2

)

PMOS = I2o ·M, (7.4)

where M =

(
Vo
Vin
·RQ1 + (1− Vo

Vin
) ·RQ2

)
.

The total power dissipation of the buck converter is, therefore, given by

PBuck = PL + PMOS + Pother (7.5)

≈ I2o ·RL + I2o ·M

≈ I2o (RL +M), (7.6)

where Vo/Vin is the output to input voltage ratio of the buck converter, RL is the

DC resistance of the inductor L, Io is the output load current of the regulator, and

RQ1 and RQ2 are the on-time drain-to-source resistances of MOSFET Q1 and Q2,

respectively. The switching loss of the MOSFETs and the power loss due to quiescent

current is represented by Pother, which is not considered in this paper as quiescent

current is independent of output current and, as previously mentioned, switching

losses are highly dependent on switching frequency. Ignoring Pother, the total power

consumed by the buck converter is given by (7.6).

To further analyze the regulator loss and efficiency for variation in current demand,

an industry standard switching DC-DC buck converter (Analog Devices ADP1851)
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Fig. 7.5: Conversion efficiency and regulator loss of a DC-DC buck converter that
generates an output voltage of 0.6 V from input voltages of 5 V and 12 V for

current loads of 5 A and 15 A.

is simulated using ADIsimPE. The converter takes an input voltage Vin in the range

of 2.75 V to 20 V and generates an output voltage between 0.6 V and 90% of Vin,

for a maximum output current load of 25 A [313]. The buck converter is simulated

with a 5 A output current load to emulate the current demand of logic, registers, and

buffers supplied current through isolated PDNs, while a 15 A output current is used to

emulate a single bulk regulator delivering current through a single PDN to the logic,

registers, and buffers. The converter efficiency and total power loss of the regulator is

shown in Fig. 7.5 for output currents between 0.01 A and 15 A, while generating an

output voltage of 0.6 V from input voltages of 5 V and 12 V. The total power loss of

the buck converter for an input voltage of 5 V (12 V) is 0.26 W (0.37 W) and 1.15 W

(1.4 W) for, respectively, a 5 A and 15 A output current load. Therefore, for similar

input and output voltages, the regulator power loss PBuck given by (7.5) increases by
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3.8× when the output current increases to 15 A from 5 A. However, no significant

change in conversion efficiency is observed between a regulator designed to supply

an output load current of 5 A and a regulator supplying 15 A as the power loss of

the buck converter minimally impacts the efficiency. Therefore, using three separate

buck converters for logic, registers, and buffers does not incur additional power loss,

while maintaining a high conversion efficiency.

7.3 Simulation Results on Clock-Power Co-Design

All SPICE simulations are performed in a 130 nm CMOS technology. Character-

ization of the variation in the delay of flip-flops due to process variation at different

supply voltages is described in Section 7.3.1. The timing characteristics of a flip-flop

operating in sub-threshold are discussed in Section 7.3.2. The effect of power supply

noise on the clock skew and circuit timing is analyzed in Section 7.3.3.

7.3.1 Delay Variation of Flip Flops Under Supply Variation

The variation in flip-flop (FF) delay at sub-threshold voltages is analyzed for three

different process corners (tt, ss, and ff ). A flip-flop topology based on transmission

gates is implemented and simulated in SPICE. The variation in flip-flop parameters

including setup time (ts), hold time (th), and clock-to-q delay (tclk−to−q) is analyzed for

supply voltages between 200 mV and 1.2 V, although simulation results are provided in
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Fig. 7.6 for up to 450 mV. The average variation of the flip-flop parameters for process

corners in deep sub-threshold (250 mV) is more than 500× greater than the variation

of the parameters in super-threshold operation (1.2 V). The average variation in flip-

flop parameters is determined by 1) taking the difference in delay between the tt

and ss case and setting the value to x, 2) taking the difference between the tt and

ff case and setting the value to y, and 3) calculating the average variation in flip-

flop parameters as (x + y)/2. As a result, power supply noise of a few millivolts

drastically changes the timing characteristics of flip-flops operating in sub-threshold,

which, therefore, requires a power delivery system that is robust to noise.
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Fig. 7.6: Delay variation of a flip-flop operating in sub-threshold.

7.3.2 Timing Constraints and Skew Variation in Sub-Threshold Circuits

A local clock branch that includes two sequentially adjacent flip-flops is used to

model a single node of a clock distribution network for SPICE simulation performed

at 250 mV, as shown in Fig. 7.7. The circuit is used to characterize the clock skew
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and the effects of power supply voltage variation on the timing of sequential circuits.

The clock insertion point is labeled as M. The interconnect (wire in Fig. 7.7)

impedance is represented as an equivalent π-model to accurately represent the clock

network. A 200 µm long interconnect is used in each path. Two series connected clock

buffers (B in Fig. 7.7) that operate at 250 mV are inserted midway along each path,

which splits the interconnect into two 100 µm long segments, one before and the other

after the buffers. Four π-segments each representing 25 µm of length are used to model

each 100 µm wire segment. The flip-flops are optimally resized to operate at 250 mV.

The sheet resistance RS of a M3 interconnect in a 130 nm technology is 0.0584 ±

0.0217 Ω/square. In addition, the capacitance per unit length C of the interconnect

is 1.8 to 2.2 pF/cm as given in the 2013 ITRS [314]. The wire width and C considered

for the analysis are, respectively, 0.2 µm and 2 pF/cm, giving a resistance Rπ and

capacitance Cπ of, respectively, 7.3 Ω/π-segment and 4.125 fF/π-segment.

The effects of power supply noise on the clock skew and the overall timing margins

are analyzed for a supply voltage of 250 mV. If the launching and capturing registers

are defined as, respectively, m and s, then the insertion delays of the m (tmi) and s

(tsi) registers are used to calculate the clock skew (δ), as given by (7.7) and (7.8).

For the analysis in this paper, δadjusted is used, as δworst is overly pessimistic.

δworst = tsi(ss)− tmi(ff) (7.7)
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δadjusted = [tsi(ss)− tmi(ff) + tsi(ss)− tmi(tt)]/2 (7.8)

The longest (or minimum clock period) and shortest (or race condition) path delay

constraints must be met to assure the proper timing of the circuit. The constraints

to determine the minimum clock period and to avoid a race condition are given by,

respectively, [298]

T ≥ tclk−to−q,max + tlogic,max + ts − δ, and (7.9)

δ < tclk−to−q,min + tlogic,min − th. (7.10)
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Fig. 7.7: Circuit model used to analyze the effect of supply noise on timing.

A PDN with a single voltage domain and the proposed PDN with up to three

voltage domains are simulated to analyze the effects of supply voltage variation on

the delay of the components of the sub-threshold clock distribution network [298].

In addition, the typical corner is used to characterize the setup time ts,tt, hold time

th,tt, and clock-to-q delay tclk−to−q,tt of the register, as the primary objectives of this
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work are to analyze 1) the effects of power supply noise on the skew, and 2) the

effect on timing due to noise induced skew variation. The buffers are sized to produce

symmetric rise and fall times in the operating mode each is optimized for. Therefore,

two different sizing ratios are used for the nominal and sub-threshold buffers: 1)

nominal buffers include two inverters with a PMOS width Wp of 3.6 µm and an

NMOS width Wn of 1.2 µm, and 2) sub-Vt buffers include two inverters resized to

optimize the sub-threshold delay with a PMOS width Wp of 2.4 µm and an NMOS

widthWn of 2.4 µm. The total area for both the nominal and sub-threshold buffers is

the same for iso-area comparison. Note that the P/N ratio of the sub-Vt buffers is not

the ideal ratio for different process corners and voltages, but is kept constant across all

simulations, providing results and intuition on the effect non-optimized buffers have

on the timing characteristics of the circuit. The DC behavior of the nominal and sub-

Vt inverters is shown in Fig. 7.8. The sub-Vt inverter exhibits symmetric behavior at

a supply voltage of 250 mV for the typical process corner, while the voltage transfer

curve (VTC) of the nominal inverter (non-optimized for sub-threshold operation) is

shifted to the right as a stronger PMOS response is exhibited. The 25 mV (Vdd/10)

shift from the sub-Vt to nominal VTC implies an increase in the fall time of the

inverter. A chain of four inverters is simulated with nominal and sub-Vt inverters to

further characterize the delay variation at a sub-threshold voltage of 250 mV, with

results indicating a delay of 290 ns and 204 ns, respectively.
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Fig. 7.8: DC behavior of the nominal and sub-Vt inverters.

The optimal logic depth for circuits operating at a nominal supply voltage is 8

FO4 delays at 3.6 GHz in a 100 nm technology [315]. However, the logic paths of

sub-threshold circuits have much higher delay and operate at much lower maximum

frequencies. An analysis of the minimum clock period, skew, and the timing prop-

erties of the register is used to determine the upper bound (critical path) and lower

bound (shortest path) of the allowed delay. Therefore, the timing requirements given

by (7.9) and (7.10) are re-written as, respectively, (7.11) and (7.12), where Tmin is the

minimum allowed clock period and tlogic is the propagation delay through the combi-

national logic. The longest and shortest delay using the nominal buffers operating in

sub-threshold is determined as, respectively, 12 FO4 and 6 FO4 for supply voltages

ranging from 200 mV to 250 mV, and for the optimized sub-Vt buffers as 5 FO4 and

2 FO4 for the same voltage range. For the 130 nm CMOS process used in this paper,

the FO4 delay at a sub-threshold voltage of 200 mV and 250 mV is, respectively, 103.2
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ns and 36.25 ns for the optimized inverter.

tlogic,critical ≤ Tmin + δadjusted − tclk−to−q,tt − ts,tt (7.11)

tlogic,shortest > δadjusted − tclk−to−q,tt + th,tt (7.12)

7.3.3 Sensitivity of Clock Network to Power Supply Variation

The effect of up to ±10% power supply variation on the clock network (schematic

shown in Fig. 7.7) is analyzed for a sub-threshold supply voltage of 250 mV, with

results provided in Fig. 7.9. The variation in insertion delay, FO4 delay, skew, and

minimum clock period is characterized using unoptimized nominal and optimized sub-

Vt buffers, both operating in sub-threshold. Improvement in the insertion delay, clock

skew, and clock period is observed when sub-Vt buffers are used as compared to a

clock distribution network using buffers designed for nominal operation. The insertion

delay is reduced to 0.79× when sub-Vt buffers are used (for the typical corner) as

compared and normalized to the insertion delay of nominal buffers operating at 250

mV. The insertion delay using nominal and sub-Vt buffers increases to, respectively,

1.72× and 1.34×, normalized to the insertion delay of a nominal buffer operating at

250 mV, when the supply voltage is reduced to 225 mV. In addition, the minimum

clock period is reduced to 0.74× when optimized sub-Vt buffers are used as compared

to non-optimized nominal buffers for a 250 mV supply. The use of optimized buffers
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reduces the skew to 0.52× as compared to the skew with non-optimized buffers. At a

supply voltage of 250 mV, the skew of the clock-path with nominal and sub-Vt buffers

is, respectively, 5.6 FO4 and 2.9 FO4.

0.225 0.238 0.243 0.25 0.26 0.275

Sub-threshold supply (V)

0

50

100

150

200

250

300

350

400

450

500

550
T

im
e

 (
n

s
)

tt

ff

ss

(a)

0.225 0.238 0.243 0.25 0.26 0.275

Sub-threshold supply (V)

0

100

200

300

400

500

600

700

800

T
im

e
 (

n
s

)

δ
worst

δ
adjusted

FO4

T
clk,min

(b)
Fig. 7.9: Variation in (a) insertion delay, and (b) skew, minimum clock period, and
FO4 delay. The clock network with nominal and sub-Vt buffers is represented as,

respectively, solid and dashed lines.

A minimum clock period of 500 ns is required to meet the timing constraints of the

flip-flops at a 250 mV supply voltage. The requirements of 1) a minimum permitted

clock period and 2) preventing race conditions, are used to analyze the maximum
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allowed variation in power supply voltage. In addition, power supply variation is

analyzed by considering three different PDN configurations: Case 1 ) a single power

distribution network that delivers current to the clock buffers, registers, and combina-

tional logic circuits (baseline), Case 2 ) two power domains, where one power network

is dedicated to the combinational logic circuits and the other power network supplies

current to the clock buffers and registers, and Case 3 ) two power domains, where one

power network supplies current to the combinational logic circuits and clock buffers

and the other power network supplies current to the registers. The separate PDNs

for Case 2 and 3 are either operated at two different sub-threshold voltages with a

minimum voltage of 250 mV or the circuit blocks within the PDNs are more robust

to noise at 250 mV and, therefore, the voltage is kept the same for both PDNs, as

done for the analysis in this section.

Table 7.1: Maximum tolerable noise of clock network for three PDN configurations
using nominal and sub-Vt buffers at 250 mV.

Maximum tolerable noise
(per cent of 250 mV)

Case 1 Case 2 Case 3
Nominal buffer 2% 4% 4%
Sub-Vt buffer 7% 8% 10%

The simulation results are provided in Table. 7.1, where the maximum tolerable

noise is listed for the three different PDN configurations with both nominal and

sub-Vt buffers. The power overhead of the VR is not considered as analyzing the

effect of power supply noise on the clock network is the primary objective. Based on
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simulation results, the use of a single PDN with nominal buffers tolerates up to 2%

supply noise variation, while the use of sub-Vt buffers with a single PDN increases

the noise tolerance to 7%. In addition, when using nominal buffers, the tolerance to

noise increases by up to 4% when separate PDNs are used for either combinational

logic only (Case 2) or nominal buffers with combinational logic together (Case 3).

The use of sub-Vt buffers with a separate PDN for combinational logic provides the

maximum noise tolerance of 10%, which indicates a benefit of including multiple power

domains when considering sub-threshold clock delivery. Therefore, the robustness and

performance of the clock distribution network is improved when buffers optimized for

sub-Vt are used for a supply voltage of 250 mV. In addition, for ultra-low voltage

circuits, a multi-domain power distribution network is beneficial to meet the timing

constraints of the circuit when in the presence of supply and process variation. The

proposed technique is also applicable to multi-core systems, where each core includes

dedicated OCVRs.

7.4 Selection of Optimum Supply and Threshold

Voltage

The procedure to optimize the supply and threshold voltages of an inverter is de-

scribed by Algorithm 1. The problem formulation and description of the parameters
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required for the algorithm are provided in Section 7.4.1. The expansion of the algo-

rithm for more complex circuits that include a larger number of gates is described in

Section 7.4.2.

7.4.1 Problem Formulation

The operating characteristics of an integrated circuit are affected by changes in

the supply and threshold voltages. A reduction in supply voltage reduces both the

noise margins and the fmax. However, a reduction in threshold voltage reduces the

noise margins, but increases the fmax. The changes in the operating characteristics

of the circuit due to variation in supply and threshold voltage are accounted for

by the proposed optimization model described in this paper. Note that the supply

voltage, threshold voltage, noise margin, and operating frequency are all of different

units. Therefore, a common unitless representation of all variables is considered for

the optimization model. One unit of supply voltage (or threshold voltage or noise

margin) and one unit of operating frequency are set to, respectively, 100 mV and 100

MHz. In addition, the parameters implemented in the algorithm are considered based

on a single CMOS inverter.

7.4.1.a Definition 1 - NPP

A design metric is introduced to optimize the supply voltage algorithmically, which

is described as the noise performance product (NPP). The NPP is the product of the
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Algorithm 1 Supply and Threshold Voltage Optimization

min x ·NPPV dd + y ·NPPV t
s.t. NV dd · x+NV t · y ≥ Nm

PV dd · x− PV t · y ≥ Pm

Vt,min = Vt,min + Γ · Vdd,min
Vdd,max ≥ x ≥ Vdd,min

Vt,max ≥ y ≥ Vt,min

x, y ≥ 0

where,
x = number of units of supply voltage,
y = number of units of threshold voltage,
Nm= minimum required noise margin,
Pm= minimum required operating frequency,
Vdd,min and Vdd,max= minimum and maximum allowed supply voltage,
Vt,min and Vt,max= minimum and maximum allowed threshold voltage, and
Γ= fitting parameter that accounts for the change in threshold voltage for variation
in supply voltage

NMavg and the fmax. The change (reduction or increase) in the noise performance

product as the supply and threshold voltages are modified is given by, respectively,

NPPV dd and NPPV t. For a given technology and supply voltage, a higher value

of NPP is desired to meet the noise constraints and frequency requirements of the

circuit.

7.4.1.b Definition 2 - NV dd

A change (reduction or increase) in NMavg for each unit of scaling of the supply

voltage Vdd, where smaller noise margins are expected at lower Vdd. For example,
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an NV dd of 0.5 implies the NMavg is reduced by 50 mV when the supply voltage is

reduced by 100 mV.

7.4.1.c Definition 3 - NV t

A change in NMavg for each unit of scaling of the threshold voltage Vt, where a

reduction is expected with lower Vt.

7.4.1.d Definition 4 - PV dd

A change in the fmax for each unit of scaling of the supply voltage Vdd, where a

reduction is expected at lower Vdd. For example, a PV dd of 0.5 implies the maximum

operating frequency is reduced by 50 MHz when the supply voltage is scaled by 100

mV.

7.4.1.e Definition 5 - PV t

A change in fmax for each unit of scaling of the threshold voltage Vt, where an

increase is expected for lower Vt.

The objective function accounts for the reduction in the noise performance product

due to the scaling of the supply and threshold voltages. The first constraint limits

the NMavg to at least equal or greater than Nm, while subject to the reduction

in noise margins due to supply and threshold voltage scaling. The algorithm will,

therefore, not return any determined supply and threshold voltage values that result
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in an NMavg that is less than the minimum required noise margin for the circuit.

The second constraint limits the fmax to at least equal or greater than Pm, while

subject to a reduction in operating frequency due to supply voltage scaling. Note that

a negative value for PV t is assumed since fmax increases as the threshold voltage is

reduced. The third and fourth constraint define the ranges of, respectively, supply and

threshold voltage. Note that the minimum and maximum values of allowed supply and

threshold voltages are determined based on the implemented fabrication technology

and application. The reduction in supply and threshold voltages reduce the value

of, respectively, NPPV dd and NPPV t. The algorithm minimizes the reduction in the

NPP metric and provides the optimum supply voltage for a target operating frequency

and noise margin for a target range of threshold voltages. In addition, the change in

the threshold voltage due to variation in the supply voltage is also included in the

model.

7.4.2 Expansion of the Algorithm for Larger Circuit Blocks

. .. ..... .. . ... ...

. .. ..... .. . ... ...

.
.

..
.....

.
.

.
.

.

1 2 M

1 N2

Gate type 1 Gate type Z

n = Z

n = 1

Fig. 7.10: Expanding Algorithm 1 for multi-gate circuits.

The algorithm is applied to a circuit block with a large number of gates as shown in

Fig.7.10. There are a total of M and N number of, respectively, NOT and AND gates
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in the circuit. Note that only two types of gates are implemented in this particular

circuit block. The objective function is rewritten for the two types of gates as given

by (7.13), where the first constraint for noise margins (NV dd and NV t) and the second

constraint for maximum frequency (PV dd and PV t) are modified.

min x · [NPPV dd(NOT) ·M +NPPV dd(AND) ·N ]

+ y · [NPPV t(NOT) ·M +NPPV t(AND) ·N ] (7.13)

s.t.

[NV dd(NOT) ·M +NV dd(AND) ·N ] · x+ [NV t(NOT) ·M+

NV t(AND) ·N ] · y ≥ [Nm(NOT) ·M +Nm(AND) ·N ]

[PV dd(NOT) ·M + PV dd(AND) ·N ] · x− [PV t(NOT) ·M+

PV t(AND) ·N ] · y ≥ [Pm(NOT) ·M + Pm(AND) ·N ]

The supply and threshold voltage selection procedure is also generalized for Z

types of gate in a circuit as described by Algorithm 2, where the number of gate

types n ranges from 1 to Z. Note that an equal N number of gates for each type of

logic is assumed. In addition, a similar supply voltage is assumed for all gates, and a

similar threshold voltage is assumed for all transistors.
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Algorithm 2 Modification of Algorithm 1 for multi-gate circuits

min x ·
Z∑
n=1

NPPV dd(n) ·N(n) + y ·
Z∑
n=1

NPPV t(n) ·N(n)

s.t. x ·
Z∑
n=1

NV dd ·N(n) + y ·
Z∑
n=1

NV t ·N(n) ≥
Z∑
n=1

Nm ·N(n)

x ·
Z∑
n=1

PV dd ·N(n)− y ·
Z∑
n=1

PV t ·N(n) ≥
Z∑
n=1

Pm ·N(n)

Vt,min = Vt,min + Γ · Vdd,min
Vdd,max ≥ x ≥ Vdd,min

Vt,max ≥ y ≥ Vt,min

x, y ≥ 0

7.5 Simulation Results and Analysis

7.5.1 Method of Evaluation

The proposed algorithm is evaluated using SPICE simulation in both a 130 nm and

45 nm technology node. The parameters determined through execution of Algorithm

1 for a 130 nm technology are used in simulation to compare NMavg and fmax for both

a 130 nm and 45 nm technology to analyze the effect of scaling on voltage selection.

The supply and threshold voltages for both nodes are optimized by Algorithm 1 for

the target noise margins and frequencies listed in Table 7.2. The Vdd,min, Vdd,max,

Vt,min, and Vt,max are chosen approximately based on the minimum and maximum

allowable voltages in a 130 nm technology. Note that without the application of body
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biasing, the range of threshold voltages in a 130 nm technology for PMOS and NMOS

transistors is, respectively, −0.3V ≥ Vt,p ≥ −0.435V and 0.45V ≥ Vt,n ≥ 0.35V .

The NMavg and fmax, which are shown in Fig. 3.1, are used to calculate the noise

performance product for the range of supply voltages between 0.2 V and 1.2 V.

The average change in noise margins and fmax due to supply and threshold voltage

variations is used to calculate the values of NPPV dd, NPPV t, NV dd, Nvt, PV dd, and

PV t. The Nm and Pm are design and technology dependent parameters. Note that

the use of the average value of PV dd reduces computational complexity at the cost of

accuracy for the given range of supply voltages (0.2 V to 1.2 V), while the use of a

smaller supply voltage range improves the accuracy (see fmax in Fig. 3.1).

7.5.2 Comparison of the Algorithm with Simulation Results

The required parameters to evaluate the algorithm are extracted using SPICE

simulation. The average variation in NPPV dd (NPPV t) for a reduction in Vdd (Vt)

by one unit is 3.484 (1.02073). The reduction (increase) in PV dd (PV t) for scaling of

Vdd (Vt) by one unit is 2.49667 (2.91767). The reduction in NV dd (NV t) for scaling

of Vdd (Vt) by one unit is 0.23 (0.40). In addition, Γ is determined as 0.01862 by

characterizing the change in threshold voltage for variation in supply voltage for the

130 nm technology. The parameters for the algorithm described in Section 7.4 are

used to solve for x and y for the six different test cases listed in Table 7.2, where

the optimum supply voltage is obtained for a given maximum and minimum range
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of threshold voltages and for the required noise margins and operating frequency. A

similar range of possible supply voltages (200 mV ≤ Vdd ≤ 1200 mV) is used for all

test cases, while different ranges of possible threshold voltages are used to determine

the optimum supply and threshold voltages.

The optimum Vdd and Vt listed in Table 7.2 are used to determine the fmax and

NMavg through SPICE simulation, which are listed in Table 7.3. The noise margins

are determined using the voltage transfer curve of a CMOS inverter through SPICE

simulation. Body biasing is used to tune the threshold voltages to the values obtained

from execution of Algorithm 1. The noise margin and maximum frequency obtained

from SPICE simulation are compared with the constraints used in Algorithm 1. The

optimization of Vdd and Vt results in up to 14% error for the six test cases considered

(see Tables 7.2 through 7.4), while maintaining the NMavg provided as a constraint,

and exhibits an error from the targeted operating frequency of up to 8%.

Test Cases 2 and 6 have similar constraints, but with differences in the range

of possible threshold voltages of, respectively, 400 mV ≤ Vt ≤ 420 mV and 300 mV

≤ Vt ≤ 700 mV. However, Test 2 requires a higher supply voltage as compared to Test

6, as the minimum threshold voltage for Test 2 is larger than the minimum threshold

voltage for Test 6. In addition, despite the use of different supply and threshold

voltages for Test 2 and 6, the SPICE simulation for each case remains within 0.86×

to 1.13× and 1.05× to 1.08× (normalized to results from the model for each case)



200

of, respectively, the expected NMavg and expected fmax. A similar constraint for the

noise margins is applied in Tests 1 and 5. However, a larger value for the performance

constraint is applied in Test 1 as compared to Test 5, which results in a larger supply

voltage for Test Case 1. Additionally, Tests 3 and 4 are constrained by similar values

of operating frequency and threshold voltage. However, Test 4 provides a higher

optimum voltage as compared to Test 3 due to an increased noise margin constraint.

Table 7.2: Optimization of Vdd and Vt for constraints Nm, Pm, Vdd range, and Vt range.
Test Nm (mV) Pm (MHz) Vdd range (mV) Vt range (mV) Optimum Vdd (mV) Optimum Vt (mV)
1 ≥ 400 ≥ 350 200 ≤ Vdd ≤ 1200 350 ≤ Vt ≤ 420 1009 420
2 ≥ 190 ≥ 150 200 ≤ Vdd ≤ 1200 400 ≤ Vt ≤ 420 527 406
3 ≥ 350 ≥ 250 200 ≤ Vdd ≤ 1200 350 ≤ Vt ≤ 420 791 420
4 ≥ 370 ≥ 250 200 ≤ Vdd ≤ 1200 350 ≤ Vt ≤ 420 878 420
5 ≥ 400 ≥ 300 200 ≤ Vdd ≤ 1200 250 ≤ Vt ≤ 500 870 500
6 ≥ 190 ≥ 150 200 ≤ Vdd ≤ 1200 300 ≤ Vt ≤ 700 418 306

Table 7.3: Characterization of NMavg and fmax through SPICE simulation with optimally
selected Vdd and Vt.

Test Vdd (mV) Vt (mV) NMavg (mV) fmax (MHz) % error
(NMavg)

% error
(fmax)Model SPICE

(applied) Model SPICE
(applied) Model SPICE

(determined) Model SPICE
(determined)

1 1009 1009 420 419.85 ≥ 400 404.71 ≥ 350 322 -1.178 8
2 527 527 406 406.05 ≥ 190 214.8 ≥ 150 162.4 -13.05 -8.267
3 791 791 420 420.9 ≥ 350 328.66 ≥ 250 245.7 6.09 1.72
4 878 878 420 421.8 ≥ 370 362.38 ≥ 250 260 2.06 -4
5 870 870 500 501.85 ≥ 400 367.355 ≥ 300 288 8.16 4
7 418 418 306 306.9 ≥ 190 163.4 ≥ 150 157.1 14 -4.73

The SPICE results obtained for a 130 nm technology node are compared with

the SPICE results for a 45 nm technology, as listed in Table 7.4. Note that similar

supply voltage ranges are used in 45 nm, while the threshold voltages (-384 mV for

PMOS and 410 mV for NMOS) are kept constant to characterize the difference in

simulation results between 130 nm and 45 nm while controlling for changes to the

threshold voltage due to increased sensitivity to PVT variation for scaled technologies
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[287, 289, 294].

The fmax increases when transistor gate length is reduced [316]. The propagation

delay is given by (7.14). Assuming the transistor is in saturation, the delay is pro-

portional to the square of the gate length. The µ and L in (7.14) are, respectively,

the electron mobility and transistor gate length. Assuming a constant Vdd, Vt, and

µ, the delay for a 130 nm technology is approximately 8.3× that of a 45 nm inverter.

Therefore, the fmax in 45 nm is up to 4.3× greater than the maximum frequency of an

inverter in 130 nm (for Test Case 4). However, the noise margin in 45 nm is reduced

to 0.89× the noise margin of the 130 nm inverter (for Test Case 1).

Propagation delay, tp ∝
L2 × Vdd

µ(Vdd − Vt)2
(7.14)

Table 7.4: Comparison of average noise margin and maximum frequency between 130 nm
and 45 nm technologies.

Test NMavg (mV) Max. f (MHz)
Model

(constraint)
130 nm

(determined)
45 nm

(determined)
Model

(constraint)
130 nm

(determined)
45 nm

(determined)
1 ≥ 400 404.712 359 ≥ 350 322 1123.6
2 ≥ 190 214.8 205.3 ≥ 150 162.4 666.7
3 ≥ 350 328.66 304 ≥ 250 245.7 1010.1
4 ≥ 370 362.38 329 ≥ 250 260 1111
5 ≥ 400 367.4 326.9 ≥ 300 288 1091.7
6 ≥ 190 163.4 158.7 ≥ 150 157.1 621.1

7.5.3 Feasible Region of the Optimal Solution

The feasible region and optimum solution for selection of the supply and threshold

voltages are discussed in this section as a means to analyze the solution obtained

from the algorithm. The feasible region and the contour plot representing different
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optimum solutions are shown in Fig. 7.11, where the constraints of Test Case 5 are

used. The feasible region is bounded by the constraints for noise margins (0.23x +

0.4y = 4), supply voltage (200 mV ≤ Vdd ≤ 1200 mV), and threshold voltage (250 mV

≤ Vt ≤ 500 mV), which is marked by the shaded region (blue) in Fig. 7.11. Note that

x and y corresponds to, respectively, the supply and threshold voltages. The three

vertices of the feasible region are marked by A, B, and C, where the numerical values

for A, B, and C describe the reduction in the NPP for a reduction in supply and

threshold voltage. The optimal solutions from execution of Algorithm 1 for points

A, B, and C are approximately equal to, respectively, 35.4, 46.91, and 44.97, where

point A exhibits the minimum reduction in NPP. The optimum supply voltage and

threshold voltage at point A is, respectively, 870 mV and 500 mV. Therefore, the

optimum solution obtained from the algorithm provides the supply and threshold

voltages that correspond to a minimal reduction in the noise performance product.
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7.6 Summary

In this chapter, a methodology for clock-power co-design is developed for sub-

threshold computing. A multi-voltage domain power distribution network is used to

deliver current to the components of a clock distribution network operating in sub-

threshold. The effect of process and supply voltage variation on the clock network at

an operating voltage of 250 mV is analyzed. In addition, noise and performance con-

strained optimization of the supply voltage is proposed for a given range of threshold

voltages, where the variation in noise margins, maximum operating frequency, and

threshold voltage are considered.



Chapter 8

Leakage Reuse for Energy Efficient

Computing

Energy loss due to leakage current is inevitable in modern processors and system-

on-chips (SoCs), which results in energy waste as no computation or data storage

is performed with leakage current. As the transistor is scaled and the number of

transistors in a circuit increases, a greater amount of leakage current is lost to the

ground and substrate nodes of the circuit. The energy loss due to leakage current is

more significant in state-of-the-art multi-core systems as cores idle for longer periods

of time [26, 317]. The state-of-the-art CPU, GPU, DNN accelerators, SoCs, and

battery operated devices consume a significant portion of the total energy as leakage

due to an increased number of on-chip computation and memory units as well as

204
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increased idle times while executing a diverse set of applications [26, 110, 120, 317].

A technique to reuse (or recycle) the leakage current of idle core(s) or circuit block(s),

consequently, significantly reduces the total energy dissipation of an integrated circuit.

In this chapter, circuits, methodologies, and algorithms are developed that permit

the reuse of leakage current from idle cores or blocks that operate at a higher voltage

(super-threshold supply voltage) to drive the circuits of core(s) or circuit block(s)

that operate at an ultra-low supply voltages, including near- or sub-threshold supply

voltages.

The remainder of the chapter is as follows. A circuit level description of the

proposed leakage reuse technique is provided in Section 8.1, where the rationale and

feasibility of the leakage reuse technique are also discussed. The analysis of the energy

break-even point of leakage reuse technique is described in Section 8.2. The algorithm

and corresponding circuitry that implements the optimum scheduling of idle donor

cores for leakage reuse is provided in Section 8.3. The methodology and algorithms

for simultaneous implementation of leakage reuse and power gating are discussed in

Section 8.4.

8.1 Introduction to Leakage Reuse Technique

The leakage current of the idle cores or circuit blocks operating at a nominal sup-

ply voltage is used to drive the circuits operating at a lower supply voltages such as
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Fig. 8.1: Comparison of a) conventional PDNs with two independent voltage domains,
and b) the proposed PDN implementing the leakage reuse technique.

near-threshold or sub-Vt. A simple representation of a conventional power delivery

network (PDN) with two independent voltage domains [25, 284] and the proposed

PDN implementing the leakage reuse technique is shown in Fig. 8.1, where the cur-

rent from the super-Vt core reused by the sub-Vt core is regulated by the Control

circuit block. In addition, the operating flow diagram of the proposed leakage reuse

technique is shown in Fig. 8.2, where the super-Vt cores are switched to either normal

or leakage reuse mode depending on the workload activity of the super-Vt cores. The

developed technique assigns an active super-Vt core to normal operating mode. An

idle super-Vt core is, however, switched to leakage reuse mode to supply current to

an energy efficient sub-Vt core. Given the growing interest in efficient power manage-

ment techniques for multi-core systems, the proposed leakage reuse technique provides
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improved overall energy efficiency of multi-voltage domain SoCs consisting of both

super-Vt (high performance) and sub-Vt (low performance) cores.

The primary advantages of the leakage reuse technique are:

1) A novel leakage reuse method that reduces the total power consumption of a

multi-voltage system by utilizing the leakage current of idle super-Vt cores for

computation and storage in sub-Vt cores. Separate voltage regulators and power

delivery networks (PDNs) are, therefore, not required for the sub-Vt circuits,

unlike conventional power delivery to sub-Vt circuits that require an independent

and dedicated PDN and expensive voltage regulators [25, 318], and

2) a reduction in the total leakage current of the super-Vt circuits due to power

network stacking during idle mode operation without significantly affecting the

performance of the super-Vt core(s) operating in active mode.

The proposed method is applicable to any heterogeneous multi-core system imple-

menting dynamic voltage scaling as well as for circuit that integrate disparate tech-

nologies with multiple voltag e domains including 3-D integrated systems, multi-core

systems composed of hybrid technologies, neuromorphic systems, system-on-chips

for deep neural networks, and processing elements implementing multiple clock and

voltage domains through globally asynchronous and locally synchronous technique

[192, 319].
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Fig. 8.2: Operating flow diagram of the proposed leakage reuse technique.

8.1.1 Rationale for leakage reuse

The contribution of leakage current to the total on-chip power consumption of

microprocessors and system on chips (SoCs) continues to increase due to reductions

in the physical dimensions of the transistor, as well as an increase in the transistor

density per unit area [28]. In addition, the long idle periods of most battery-operated

mobile devices results in leakage current becoming a dominant component of the total

power consumption [65], which is given by (8.1).

Ptotal = α · V 2 · CL · f + V · ILeakage (8.1)

ILeakage = Igate + Isub−Vt + Ijunction (8.2)

The primary components of the leakage current of CMOS devices include 1) gate
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leakage, 2) sub-Vt leakage, and 3) junction leakage, as given by (8.2) [320]. The

gate leakage as a percent of the total leakage power has significantly increased as the

gate length and oxide thickness are reduced, where a 30× increase in gate leakage

has been reported when advancing to the next scaled fabrication node [28, 50]. In

addition, despite the reduced leakage current as compared to CMOS devices, FinFET

devices also consume a significant amount of leakage power as a percentage of the

total power [321]. In [321], the ISCAS85 benchmark circuits are implemented with

shorted-gate and low-power mode FinFET logic cells, and on average, 13% of the

total power consumption is attributed to leakage current. Therefore, as the transistor

is scaled and the number of transistors in a circuit increases, a greater amount of

leakage current is lost to the ground and substrate nodes of the circuit. The energy

loss due to leakage current is more significant in state-of-the-art multi-core systems

as cores idle for longer periods of time [26, 317]. A technique to reuse (or recycle)

leakage current of idle core(s) or circuit block(s), consequently, significantly reduces

the total energy dissipation of an integrated circuit.

As the performance requirements of executing applications varies, the use of both

low-performance energy-efficient cores and high-performance cores within a multi-core

system is needed to improve the overall energy-efficiency of the SoC. Current hetero-

geneous multi-core systems integrate high-performance super-Vt cores with energy-

efficient cores operating at near- and sub-Vt voltages [104, 273, 322–324]. In addition,
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Fig. 8.3: Comparison of (a) total and leakage power consumption of super-Vt cores, and (b)
total power consumption of sub-Vt cores.

different voltage and frequency scaling techniques are implemented to improve the

energy efficiency of the circuit including adaptive voltage scaling (AVS) [102, 103],

dynamic frequency scaling (DFS) [103], dynamic voltage scaling (DVS) [22, 100], dy-

namic voltage and frequency scaling (DVFS) [100, 104], and dynamic voltage and

threshold scaling (DVTS) [98] to operate circuits from the super-Vt to sub-Vt region

based on the performance requirements of the executing applications. In addition,

microprocessors and processing elements that include a globally asynchronous and

locally synchronous (GALS) clocking system achieve greater energy efficiency by op-

erating sub-modules in multiple clock and voltage domains [319, 325]. The leakage

current of state-of-the-art microprocessors operating at super-Vt supply voltages pro-

vides no computational and storage benefit. In contrast, the computation and storage

in sub-Vt circuits is performed by consuming only leakage current.

The total and leakage power consumption of cores and SoCs implemented for both

super-Vt and sub-Vt operation are shown in Fig. 8.3(a) and 8.3(b), respectively. The
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leakage power consumption of a Xeon Tulsa processor operating at 3.4 GHz with a

power supply voltage of 1.25 V is 44.1 W, which is equivalent to 31% of the total

power consumption of 150 W as shown in Fig. 8.3 [326]. Similarly, the leakage power

consumption of the UltraSPARC T1 Niagara processor is 16 W, 26% of the total

power of 63 W when operating at 1.2 GHz and with a 1.2 V supply voltage [327].

Prior work implementing sub-Vt processors indicate ultra low power operation and

very low energy dissipation per instruction. A sub-Vt processor implemented in a 130

nm technology for sensory network applications operates at 66 KHz and at a 160 mV

supply voltage, resulting in a power consumption of 11 nW [284]. A sub-Vt Phoenix

processor implemented in a 180 nm technology for sensing applications operates at

106 KHz and at a 500 mV supply voltage, resulting in a power consumption of 35.4

pW and 226 nW in, respectively, idle and active mode [328]. In addition, a sub-Vt

SoC implemented in a 130 nm technology for wireless electrocardiogram (ECG) mon-

itoring, operating at 475 KHz and at a 280 mV supply voltage, consumes 2.6 µW of

power [285]. A tiny fraction of the total leakage power dissipation from the processors

operating at a nominal supply voltage is, therefore, sufficient to drive an entire sub-Vt

processor. Note that the terms nominal and super-Vt are used interchangeably.
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8.1.2 Feasibility of Leakage Reuse Technique

Idle core(s) or circuit block(s) are continuously available as varying workloads

executing on a multi-core system do not use all hardware resources at any given time.

A discussion of the availability of idle cores is provided in Section 8.1.2.a. In addition,

the proposed technique recycles the leakage current from idle super-Vt core(s) through

voltage stacking, which is described in Section 8.1.2.b.

8.1.2.a Availability of Idle Core(s) and Circuit Block(s)

Most modern low power circuit and power management techniques reduce the

amount of energy consumed during idle mode operation of the circuit [26, 124]. Cir-

cuit blocks within a core or cores within a multi-core system are assigned to different

operating modes (C-states) based on idle activity patterns to improve the perfor-

mance per watt [26, 120]. Power and clock gating are the most common techniques

implemented to reduce the power consumption during idle mode operation of the

circuit [110, 119, 123, 125]. In [120], a machine learning based prediction method in

conjunction with an OS power management policy is implemented in state-of-the-art

multi-core processors to assign cores to a C-state based on the idleness of a given

core, where the C-4 state places the core in power gated mode. For the analysis of

system idleness, a 3 GHz quad-core processor ran for 10K cycles. Within the 10K

cycles, there was not a single instance when all cores were simultaneously active. In
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addition, the SPECWeb benchmark suite was executed on a dual-core processor, and

similarly, there was no instance when both cores were concurrently active [120].

Per core power gating (PCPG) has been proposed as an effective power manage-

ment option for multi-core processors along with dynamic voltage and frequency scal-

ing [119]. In [119], core utilization traces are simulated to analyze the use of PCPG on

a 2.5 GHz AMD Phenom X4 9850, which includes four cores implemented in a 65 nm

technology. The utilization traces for a commercial application server (PHARMA04),

two web servers (HCOM10, ECOM3), and a desktop computer (DESKTOP) are used

to monitor the activity of the four cores, and again, there is no instance when all four

cores are simultaneously active [119]. In addition, the idleness behavior of state-of-

the-art processors is characterized using both consumer and CPU-GPU benchmarks

including DirectX9, KMeans, and Gaussian from the PCMark and Rodinia suites

[26]. The results from the simulation of the benchmark workloads demonstrate that

a minimum of 110 multi-cycle idle events per second occurred for a broad range of

applications executing on a 16 nm FinFET technology [26]. In this paper, to charac-

terize the CPU utilization of individual cores, simulation of a system running Red Hat

Linux and with 48 Intel Xeon CPU cores each operating at 3 GHz is used to execute

different applications. At any given time, at least one core remains idle, while all 48

cores are idle for more than 90% of the runtime. Therefore, there are enough idle

circuit blocks and cores within any system to allow for the reuse of unused leakage
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of delivering current to sub-Vt (bottom) circuit blocks, where only an idle super-Vt

circuit block is stacked.

current [26, 119, 120].

8.1.2.b Charge recycling During Idle Mode

Charge recycling (or voltage stacking) is a technique where the power distribution

networks of two circuit blocks within a core or two cores within a multi-core system

are vertically stacked, sharing a common path from the supply (VDD) to ground (VSS).

The conventional method of voltage stacking is shown in Fig. 8.4 (a), where the circuit

block set to a lower absolute voltage is vertically stacked with a circuit block set to

a higher absolute voltage regardless of the executing workloads of the higher voltage

circuit block. In other words, the two circuit blocks are vertically stacked for the

entire operation of the device [21, 68, 174, 175].
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Charge recycling has been recently used for logic and memory circuits in 2-D and

3-D integrated circuits to 1) minimize the total power consumption and the peak

rush current [55, 67, 68, 175–177], which reduces inductive noise (L·di/dt), and 2)

limit interconnect wear-out due to electromigration (EM) as the current density is

reduced [116]. Prior work has shown a 60% reduction in transient noise when voltage

stacking is applied to a 3-D IC as compared to a non-stacked 3-D IC [67]. In addition,

the stacking of SRAM banks during idle mode, as proposed in [55], reduces the

leakage power by 93%. However, there are limitations of implementing the voltage

stacking technique as circuit blocks are stacked during both active and idle mode

operation. Limitations include 1) the need for regulation of the mid-node voltage

(Vmid in Fig. 8.4) due to variation in load current [67], 2) variation in voltage due to

workload and current imbalances [67], 3) the need for a boosted supply voltage, which

increases the power overhead [67, 68], and 4) a reduction in the energy efficiency of

voltage stacked circuit blocks as the imbalance in current load between the stacked

voltage domains increases [176].

In this research, however, charge recycling is applied to only idle super-Vt cores or

circuit blocks. The proposed method increases the effective resistance of the stacked

path only during idle mode operation of the super-Vt core and, therefore, reduces the

total leakage current through the stacked path. Due to the stacking of only idle super-

Vt cores, the proposed approach is not adversely effected like conventional voltage
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stacking techniques, where careful regulation is required to compensate for variations

in the workload and current imbalances between stacked voltage domains. During

the idle mode operation of the super-Vt circuit, the leakage current from the super-Vt

circuit block is delivered to the sub-Vt circuit block for computation and storage as

shown in Fig. 8.4 (b). Therefore, the super-Vt circuit block remains unaffected during

active mode operation while the leakage current from an unused super-Vt circuit block

is recycled to deliver power to the sub-Vt circuit block.

8.1.3 Reusing Leakage Current of Super-Vt Cores to Drive

Sub-Vt Cores

There are three primary advantages of the proposed leakage reuse technique: 1) A

reduction in the total leakage current of the super-Vt cores, 2) a reduction in the total

power consumption of the system by leveraging the leakage current of the super-Vt

core(s) to supply current to circuits in the sub-Vt core(s), and 3) no separate voltage

source is required for the sub-Vt core(s). The system level and circuit level model of

the leakage reuse technique is presented in Section 8.1.3.a and 8.1.3.b, respectively. In

addition, the control circuit of a super-Vt core consisting of two switches is described

in Section 8.1.3.c.
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Fig. 8.5: System level model of reusing the leakage current of super-threshold circuits
to drive sub-threshold circuits.

8.1.3.a System Level Model of Leakage Reuse Technique

The proposed system level model that accounts for the reuse of the leakage current

from idle super-Vt cores or circuit blocks to supply circuits operating in a sub-Vt

voltage domain is shown in Fig. 8.5. Due to significant idle states in existing state-

of-the-art circuits, as discussed in Section 8.1.2.a, at any given time, at least one

super-Vt core (or circuit block) is assumed to operate in idle mode.

The system level model is applicable to a) a single core that includes both a super-

Vt and sub-Vt voltage domain such as a system that implements globally asynchronous

and locally synchronous clocking and b) a multi-core system with cores operating at

both super-Vt and sub-Vt voltages. Therefore, the proposed leakage reuse technique is

categorized as either 1) inter-core, where two cores that operate at a super-Vt supply

voltage drive a core operating at a sub-Vt supply voltage, or 2) intra-core, where two
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Fig. 8.6: Circuit model of the proposed leakage reuse technique, where the ground
distribution network is modified to allow for voltage stacking during idle mode oper-
ation of the super-Vt core(s). Blocks A and C supply leakage current to one sub-Vt

core.

circuit blocks within a core operate at a super-Vt supply voltage and drive a circuit

block operating at a sub-Vt voltage.

8.1.3.b Circuit Model Accounting for Leakage Reuse

Conventionally, the circuits within a core operating in a single voltage domain

receive current through a hierarchical power delivery system. In general, a 10%

activity factor implies that 10% of all gates switch at any given time. Therefore, both

dynamic and leakage power is consumed for 10% of the gates of a core, while 90% of

the gates consume only leakage power.

The circuit model used to analyze the leakage reuse technique is shown in Fig. 8.6.
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The super-Vt core consists of four functional blocks that are supplied by a conventional

hierarchical power delivery system. The ground network is, however, modified to

allow for the reuse of the leakage current from the super-Vt circuits. The functional

blocks B and D are assumed to be executing a high activity workload and are highly

sensitive to ground bounce and are, therefore, directly connected to true ground. The

functional blocks A and C are, however, assumed to be performing low activity tasks

and are less sensitive to ground bounce noise. In this case, the leakage current from

blocks A and C is used to supply the sub-Vt core. The cumulative total width of all

transistors within a functional block provides an estimate of the total leakage current

of the circuit during idle mode [320]. A continuous power supply to the sub-Vt core

exists, since at any given time at least one of the functional blocks (either A or C)

is operating in idle mode. Both super-Vt blocks A and C are connected to ground

through either of two switches, implemented as one PMOS and one NMOS transistor,

where A is connected through SAV G and SAG, and C through SCV G and SCG as shown in

Fig. 8.6. Transistor SAV G (SCV G) sinks current from block A (C) to the sub-Vt power

network through a virtual ground (VGND) during idle mode operation of the blocks,

while transistor SAG (SCG) sinks current from block A (C) to true ground during active

mode.
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Fig. 8.7: MOS switches to connect the super-Vt core to true ground when active or
to the sub-Vt core when idle.

8.1.3.c Control Circuit of the Leakage Reuse Technique

The control circuit block of the proposed leakage reuse technique behaves similar

to sleep transistors used for power gating as the two footer MOS transistors are

implemented to switch the operating mode of a super-Vt core between normal activity

and leakage reuse [28, 64, 116, 118, 119]. Note that during idle mode operation of the

circuit, the ground node of the super-Vt cores becomes a virtual ground.

The circuit implementation of the MOS switches is shown in Fig. 8.7. The NMOS

transistor connects the virtual ground to the true ground when either circuit block

A or C is in active mode. The PMOS transistor connects the virtual ground to the

power network of the sub-Vt core when either A or C is idle. The gates of transistors

SAV G and SAG in Fig. 8.6 are connected to the control signal ΦA, while SCV G and SCG are

connected to ΦC . ΦA and ΦC are each set to 0 or 1 when the corresponding super-Vt
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circuit is operating in either idle mode or active mode, respectively. The transistors

SAV G and SCV G must be large enough to sufficiently conduct the leakage current through

the virtual ground (sub-Vt power network) within a given clock period and without

causing significant resistive drop, while the threshold voltages of transistors SAG and

SCG must be large enough to prevent leakage loss during the idle mode operation of

the super-Vt cores.

The proposed leakage reuse technique does not replace power gating. Simultaneous

implementation of both power gating and leakage reuse is, therefore, possible. A

multi-core system that implements both power gating and the leakage reuse technique

is more energy efficient than a system that only applies power gating as current is

delivered to an energy efficient sub-Vt core without requiring a dedicated PDN with

expensive voltage regulators.

8.1.3.d Characterization and Analysis

The proposed leakage reuse technique is evaluated through SPICE simulation in

a 45 nm CMOS process. The super-Vt supply voltage is set to 1.2 V, while the target

sub-Vt supply voltage is 380 mV. The 45 nm fabrication process includes low-threshold

(low-Vt), nominal threshold (nominal-Vt), and high-threshold devices (high-Vt). Low-

Vt transistors are used for the circuit blocks operating at a super-Vt supply voltage

to improve performance, while nominal-Vt transistors are used for the circuit blocks
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operating at a sub-Vt supply voltage to reduce power consumption. In addition, high-

Vt NMOS devices are used as sleep transistors SAG and SCG to reduce the idle power

consumption, while low-Vt PMOS transistors are used for the switches connecting to

the sub-Vt core. Note that the threshold voltage of a nominal-Vt, low-Vt, and high-Vt

NMOS transistor in a 45 nm process is, respectively, 410 mV, 322 mV, and 608 mV.

The leakage reuse technique is evaluated using a chain of inverters (COI) and two

ISCAS89 benchmarks circuit (s27 with 19 gates and s208 with 112 gates). The

ISCAS89 benchmark circuits represent super-Vt cores, while separate COIs are used

to represent both the super-Vt and sub-Vt cores. The super-Vt chain consists of six

equally sized inverters, whereas the sub-Vt chain consists of six tapered inverters that

are optimized for sub-Vt operation. The ground networks of both the COI and the

ISCAS89 benchmark circuits are modified to enable a connection with either true

ground or the sub-Vt power network through the virtual ground of the super-Vt core.

Three circuit topologies are simulated, which are an implementation of the system

level model shown in Figure 8.5 applicable to both inter- and intra-core current reuse.

The circuit topologies include:

Topology 1 - Baseline: Two isolated super-Vt circuit blocks representing two indi-

vidual super-Vt cores and one isolated sub-Vt circuit block (chain of tapered inverters)

representing an individual sub-Vt core. Note that there is no connection between the

super-Vt and sub-Vt circuit blocks as each includes an independent power supply,
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which is the conventional practice.

Topology 2 - Proposed leakage reuse (L.R.): Two isolated super-Vt circuit

blocks representing two individual super-Vt cores. The ground network of both the

super-Vt circuit blocks is connected through the switching circuit shown in Fig. 8.6

to either true ground or the power network of a sub-Vt circuit block consisting of a

chain of tapered inverters. The leakage current of the super-Vt circuit blocks is used

to supply power to the sub-Vt circuit block.

Topology 3 - Voltage stacking (V.S.): Two isolated super-Vt circuit blocks repre-

senting two individual super-Vt cores, where the ground network of both the super-Vt

circuit blocks is directly connected with the power network of a sub-Vt circuit block

consisting of a chain of tapered inverters. In [176], stacked voltage domains within the

same core are implemented for implicit down conversion of the voltage of the power

supply of the near-threshold circuits, which are placed at the bottom of the stacked

topology. In this work, the technique proposed in [176] is extended to deliver power

to sub-Vt circuits as shown in Fig. 8.4 (a), which is then compared with the proposed

leakage reuse technique.

Similar input signals and output capacitive loads are applied to all three topolo-

gies, which ensures that the active and idle mode transitions are equally applied to

the three configurations. The power supply and ground networks of all three circuit

topologies are represented with equivalent electrical parameters obtained from the Vcc
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Table 8.1: Active area of the chain of inverters (COI), s27, and s208 circuits for the
three analyzed topologies.

Area of two super-Vt circuit
blocks (µm2)

Switch area
(µm2)

Area of sub-Vt circuit
block (µm2)

Peak noise on VSS as a percent
of rail-to-rail voltage (1.2 V)

COI
Baseline 2.331 N/A 7.56 < 5%
Leakage
reuse

2.331 0.35 (15% of Super-Vt COI)
SV G:SG of 1.5 µm: 2 µm

7.56 < 5%

Voltage stacking 2.331 N/A 7.56 < 5%

s27
Baseline 6.73 N/A 21 < 5%
Leakage
reuse

6.73 0.31 (4.6% of Super-Vt s27)
SV G:SG of 3 µm: 0.1 µm

21 < 5%

Voltage
stacking

6.73 N/A 21 < 5%

s208
Baseline 21.9 N/A 21 < 5%
Leakage
reuse

21.9 0.6 (2.7% of Super-Vt s208)
SV G:SG of 5 µm: 1 µm

21 < 5%

Voltage
stacking

21.9 N/A 21 < 5%

and VSS pins of a model of the DIP-40 package to analyze the transient noise induced

on the power and ground networks. The resistance R, inductance L, and capacitance

C of the pins are, respectively, 0.217 Ω, 8.18 nH, and 5.32 pF.

The voltage stacking technique is not directly comparable to the leakage reuse

technique as the circuit blocks in a voltage stacked system are continuously stacked

for the entire duration of the operation of the circuit. In contrast, the leakage reuse

technique stacks two circuit blocks within a core or in two different cores within a

multi-core system only during the idle mode operation of the circuits operating at a

super-Vt supply voltage.

The three power delivery topologies are implemented on a COI and the s27 and

s208 benchmark circuits operating at 5 MHz, where the active area of the super-

Vt and sub-Vt circuit blocks is optimized for each of the three benchmarks circuits

to obtain a sub-Vt voltage of 380 mV. The total active area for the super-Vt circuit
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blocks, sub-Vt circuit blocks, and switches is listed in Table 8.1. The same circuit

area is occupied by each topology, except for the leakage reuse technique, where an

additional area is required for the switches. Therefore, iso-frequency and iso-area

analysis is performed across the three topologies.

Due to the large reduction in the drive strength of the transistors when in sub-Vt

operation, the transistor widths are increased to provide sufficient drive current to

charge and discharge loads, where the sub-Vt circuit block is 3.24× and 3.12× the

total area of the two super-Vt circuit blocks for, respectively, a chain of inverters and

the s27 benchmark circuit. However, the area of the sub-Vt circuit block is 0.96× the

size of the two s208 circuit blocks as the increased area of s208 (21.9 µm2) provides

sufficient current to drive the sub-Vt circuit block (21 µm2) without further increasing

the size of the transistors.

The voltage on the virtual ground node VGND, which is the supply voltage of

the sub-Vt block generated by the leakage current of the super-Vt core, is dependent

upon several circuit parameters including 1) the ratio of the area of the super-Vt

circuit block to the area of the sub-Vt circuit block, which is directly correlated to

the current ratio, 2) the total leakage current of the super-Vt circuit block, 3) the on

and off current through the switches, which are partly dependent on the threshold

voltage, gate voltage, and the dimensions of the transistors, and 4) the total current

required by the sub-Vt circuit block. For a set size of the super-Vt and sub-Vt cores,
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Fig. 8.8: Characterization of a) average power consumption per cycle, and b) peak power
consumption of the COI, s27, and s208 benchmark circuits at 5 MHz.

the width of the switches acts as a controlling knob that results in a trade-off between

the voltage level at the VGND node and the total area and power consumption. An

analysis of the effect of switch size is, therefore, performed when the super-Vt core is

active, as described in Section 8.1.3.e.

Characterization of Power Consumption

The average power consumption per cycle and peak instantaneous power consump-

tion of the multi-voltage system, which includes the super-Vt and sub-Vt circuit blocks,

for the three circuit topologies described in Section 8.1.3.d are shown in, respectively,

Figs. 8.8(a) and 8.8(b). The average (instantaneous peak) power consumption of the

baseline is 25.24 µW (8.69 mW), 15.47 µW (4.154 mW), and 112.4 µW (7.636 mW)

for, respectively, the COI, s27, and s208 benchmark circuits. The average (peak)

power consumption of the leakage reuse technique is 0.63× (0.9×), 0.41× (0.7×), and

0.17× (0.6×) that of the baseline for, respectively, COI, s27, and s208. The reduced
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Fig. 8.9: Characterization of a) average power consumption per cycle and b) peak power
consumption for 5 MHz to 2 GHz operation of the super-Vt circuit blocks.

power consumption due to implementing the leakage reuse technique is, therefore,

greater as the circuit size increases. However, the leakage reuse technique consumes

more power than the voltage stacking technique as the super-Vt and sub-Vt circuits

are stacked for the entire duration of circuit operation when voltage stacking is im-

plemented. The leakage reuse technique applied to s208 consumes an average and

peak power of, respectively, 2.02× and 2.17× that of the voltage stacking technique.

The circuit blocks operating at a super-Vt supply voltage are characterized for

both average and peak power consumption at different operating frequencies up to

2 GHz. The chain of inverters operating at a super-Vt supply voltage of 1.2 V is

characterized between 5 MHz and 2 GHz using the baseline, leakage reuse, and volt-

age stacking techniques. The results from simulation of the average and peak power

consumption at different operating frequencies is shown in, respectively, Figs. 8.9(a)

and 8.9(b). At all frequencies, the average and peak power consumption of the leak-

age reuse technique is less than the average and peak power consumption of the
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baseline. In addition, the leakage reuse technique provides a greater reduction in

the average and peak power consumption at higher frequencies as compared to the

baseline technique. Therefore, a sufficient amount of leakage current is supplied to

the sub-Vt core(s) during the idle mode operation of the nominal cores for a range of

operating frequencies. Although voltage stacking consumes less power as compared

to both leakage reuse and the baseline, the voltage stacking technique is limited to

frequencies no greater than 25 MHz as the super-Vt circuit does not provide correct

output at higher frequencies due to significant noise on the VGND node.

Characterization of Noise on True and Virtual Ground

The voltage drop on the super-Vt power network is within ±5% of the nominal

voltage of 1.2 V for the three circuit topologies described in Section 8.1.3.d. However,

the voltage noise on the ground network exceeds ±5% of the ideal ground voltage of

0 V. The results from the characterization of the peak ground voltage bounce on the
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VSS node and the settling time of VSS (the time required to settle within ±5% of

the ideal ground voltage) are shown in Fig. 8.10, where the results obtained for the

leakage reuse and voltage stacking techniques are normalized to the results obtained

for the baseline. The leakage reuse technique exhibits a reduced peak noise on the

VSS node and a reduced settling time of VSS as compared to the baseline for the chain

of inverters (COI), s27, and s208 circuits. The implementation of the leakage reuse

technique on s27 (s208) reduces the peak noise on VSS and the VSS settling time to,

respectively, 0.68× (0.29×) and 0.44× (0.37×) that of the baseline. The peak voltage

noise on the true ground node VSS (settling time of VSS) for the baseline is 30.07 mV

(56 ns), 17.66 mV (110 ns), and 85.82 mV (56.5 ns) for, respectively, COI, s27, and

s208.

Unlike the voltage stacking method, the leakage reuse technique allows the stack-

ing of only idle super-Vt circuit blocks with the sub-Vt circuit block, while connecting
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the active super-Vt circuit blocks to true ground. However, the noise transients prop-

agate between the true ground of the active circuit blocks and the virtual ground of

the idle circuit blocks. For the leakage reuse technique, the super-Vt active and idle

circuit blocks are described as, respectively, non-stacked and stacked. The voltage

bounce on the virtual ground node of the super-Vt core is analyzed by characterizing

the peak voltage noise and settling time (the time required to settle within ±5% of

the steady state VGND) of the COI, s27, and s208 circuits each implemented with the

leakage reuse (stacked and non-stacked) and voltage stacking techniques. The results

from characterization of the peak VGND noise and the VGND settling time are shown

in Fig. 8.11, where the leakage reuse technique is normalized to the voltage stacking

technique. The peak VGND (VGND settling time) of the voltage stacking technique is

513.3 mV (64 ns), 511 mV (105 ns), and 431.4 mV (34 ns) for, respectively, the COI,

s27, and s208 circuits.

The steady-state voltage VGND on the VGND node is the supply voltage of the

sub-Vt circuit, which is set to 380 mV. The peak VGND bounce and VGND settling

time of the active circuit blocks when implementing the leakage reuse technique (non-

stacked) are less than both the voltage stacking technique and the idle circuit blocks

implemented with the leakage reuse technique (stacked). In all cases, the voltage

bounce on VGND for both the active and idle circuit blocks does not exceed 10% of

the rail-to-rail voltage of 1.2 V for the super-Vt VDD and 380 mV for the sub-Vt VDD.
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The peak voltage noise on VGND (VGND settling time) for the leakage reuse technique

implemented on the s208 circuit is reduced to 0.97× (0.4×) and 0.28× (0.23×) in,

respectively, the stacked and non-stack mode, as compared and normalized to the

voltage stacking technique.

The peak voltage noise on the virtual ground node VGND, peak voltage noise

on the true ground node VSS, and the VDD,sub−Vt are characterized in the tt, ff, and

ss process corners for both the leakage reuse and voltage stacking techniques. The

worst-case process variation, taken as the larger of the two values of |tt−ff|tt ×100%

and |tt−ss|
tt ×100%, is determined for the s208 benchmark circuit. The leakage reuse

technique exhibits a worst-case variation in the peak VGND voltage noise for the

stacked topology, peak VGND voltage noise for the non-stacked topology, peak VSS

voltage noise, and sub-Vt VDD noise of, respectively, 0.82%, 5.82%, 5.05%, and 1.54%.

The voltage stacking technique exhibits a worst-case variation of 9.6%, 56.33%, and

2.05% in, respectively, peak VGND noise, peak VSS noise, and sub-Vt VDD.

8.1.3.e Characterization of Switch Size Used for Implementation of the

Leakage Reuse Technique

A circuit implementing the leakage reuse technique is sensitive to the dimensions

of the transistors SG and SV G used as switches. The size of the switches impacts

both the virtual and true ground nodes and, therefore, the power consumption and

performance as a large instantaneous transient current is induced when the switches
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of switch size.

are turned on. The leakage reuse technique implemented on the s27 benchmark circuit

is characterized for three different switch sizes, with results as shown in Fig. 8.12. The

three implemented switches occupy 4.6%, 7.6%, and 10.4% of the total area of the

two s27 circuit blocks operating at a super-Vt supply voltage. As indicated from the

results of the analysis, both the total and peak power consumption increase with

larger switches. The switch occupying 10.4% of the area consumes an average and

peak power of, respectively, 1.03× and 2.15× that of the switch occupying 4.6% of

the total area. However, switches occupying 10.4% of the total area reduce the peak

noise on the virtual ground node VGND to 0.07× and 0.98× in, respectively, the

non-stacked and stacked mode, as compared to switches occupying 4.6% of the total

area.

Due to the increased influx current (initial current) through the switches, the peak
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Table 8.2: Trade-off between the percentage noise permitted on the VGND node,
the total power consumption, and the area in the non-stacked mode. Power

consumption and area are normalized to the baseline topology (independent power
delivery networks for the super and sub-Vt cores) for the COI, s27, s208 circuits.

Permitted noise on VGND [non-stack]
as compared to ideal ground
5% 10% 15%

Total power
normalized
to baseline

COI 0.642 0.635 0.616
s27 0.410 0.409 0.408
s208 0.174 0.168 0.167

Total area
normalized
to baseline

COI 1.0480 1.0261 1.0182
s27 1.0083 1.0079 1.0072
s208 1.0096 1.0081 1.0075

bounce on the true ground node VSS and the settling time of VSS for the switches

occupying 10.4% of the total area increase by, respectively, 1.64× and 1.83× that of

switches occupying 4.6% of the total area. Therefore, there is a trade-off between

the power consumption and ground bounce when sizing the switches, where for the

non-stacked mode, the peak noise on the VGND node is reduced to 0.07× at a cost

of increasing the total power consumption and the switch area by 1.03× and 2.26×,

respectively, when increasing the percentage of the total area occupied by the switches

from 4.6% to 10.4%.

In addition, the noise on the VGND node (non-stacked), when the super-Vt circuits

are operating in active mode, is characterized for 5%, 10%, and 15% allowed voltage

bounce from the nominal value of VSS (0 V). The reduction in noise on the VGND

node (non-stacked) results in an increase in the area and power consumption due to

the required larger switches, as shown from results listed in Table 8.2. There is an
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Fig. 8.13: Methodology to characterize workload variation of a sub-threshold core
with SPICE simulation.

average increase in the power consumption of 1.03× when the voltage noise on the

VGND node is constrained to 5% rather than 15% of the rail-to-rail voltage of VDD

(1.2 V for the super-Vt core).

8.1.3.f Regulation of Sub-threshold Power Supply Voltage Considering

Workload Variation in the Sub-threshold Core

The super-threshold cores or circuit blocks are idle when applying the leakage

reuse technique. Therefore, there are no executing workloads on the super-threshold

cores that directly effect the generated sub-threshold voltage. However, the variation

in the workload of the sub-threshold core does affect the generated sub-threshold
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power supply voltage. Specifically, the generated voltage at the VGND node increases

when a sub-threshold core transitions from a high activity state to a low activity

state and decreases when transitioning from a low to high activity state. For the

transition from a high activity state to a low activity state and for a given sequence

of tasks of an executing application A1, there is a reduction in the current demand of

the sub-threshold core. Therefore, the recycled leakage current from the idle super-

threshold core is greater than the required current of the sub-threshold core when

executing the application A1. The effects of workload variation of a sub-threshold

core on the generated sub-threshold supply voltage is, therefore, analyzed. A 32-

bit RISC-V core is synthesized in a 45 nm CMOS technology with an operating

voltage and frequency of respectively, 380 mV and 1 MHz. Custom logic cells are

designed for a 380 mV supply voltage as standard cells and libraries are not properly

optimized for sub-threshold operation in standard process development kits (PDKs)

[33]. The methodology of synthesizing the sub-threshold 32-bit RISC-V core is shown

in Fig. 8.13. The custom cells are used to estimate the total current of the RISC-V

core, which is obtained for different activity factors that emulate variations in the

workload of the core. The sensitivity of sub-Vt supply voltage to variation in the

workloads of the sub-Vt core is described in Section 8.1.3.g. In addition, a dynamic

workload-aware idle core assignment is discussed in Section 8.1.3.h to provide a stable

sub-Vt supply voltage.
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Table 8.3: Off-chip and on-chip electrical parameters of the power delivery network
[329–331].

Resistance Value (Ω) Inductance Value (H) Capacitance Value (F)
Rvrm 100u Lvrm 5n Cbulk 132u
Rpcb 485u Lbulk 510p Cpcb 10u
Rbulk 4.365m Lpcb 48p Cpkg 440n
Rppcb 10m Lpkg 19p Codc 1n
Rpkg 123u Lppkg 104p Codc,subvt 1.5n
Rppkg 15.72m Lbump 38p
Rbump 400u Lgrid 5.6f
Rgrid 50m

8.1.3.g Sensitivity of Sub-Vt Supply to Workload Variations

The circuit used to evaluate the voltage noise on the VGND node due to variations

in the workload of the RISC-V core is shown in Fig. 8.14. Similar to Fig. 8.6, four

super-threshold cores supply current to a sub-threshold core through the proposed

leakage reuse technique. The super-threshold cores operate at 1.2 V and with a clock

frequency of 1 GHz, while a 380 mV supply voltage is generated for the RISC-V core

operating at a frequency of 1 MHz. A current source is placed between the sub-

threshold power and ground grids to emulate the total current load of the synthesized

RISC-V core for different activity factors.

To accurately characterize the voltage noise on the sub-threshold supply voltage

with variations in the workload of a RISC-V core operating at 380 mV, the four super-

threshold cores are supplied current through a distributed power delivery network

(PDN) modeled with both off-chip and on-chip power and ground networks as shown

in Fig. 8.14. The electrical parameters of the off-chip and on-chip power and ground
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Fig. 8.14: Circuit model of the off-chip and on-chip PDN used to evaluate the voltage
noise due to variation in the workload of a 32-bit RISC-V core operating at a sub-

threshold voltage of 380 mV.

grids are listed in Table 8.3. A 6×5 on-chip grid is implemented for simulation

to accurately model the impedance of the PDN, where the electrical parameters of

the on-chip grid (Rgrid and Lgrid) and the C-4 bumps (Rbump and Lbump) are based

on the impedance of a PDN of a four core SoC described in [329]. The electrical

impedance of the off-chip voltage regulator module (VRM), board (PCB), and package

are determined based on the PDN models presented in [330, 331]. The output of the

VRM is maintained at 1.2 V to emulate the closed-loop response of a VRM.

The PDN is optimized to maintain the voltage ripple to within 10% of the VDD



238

20% activity  25% activity 20% activity  

15% activity  

Supply voltage

of RISC core 

Load current

of RISC core 
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Fig. 8.15: A 380 mV supply voltage is generated for the RISC core through the
leakage reuse technique, where the target activity factor is 20%. The variation in the
supply voltage of the RISC core is characterized for circuit activity factors of 15% to

25%.

voltage and VSS voltage. On-chip decoupling capacitors Codc are placed close to

each load to compensate for the voltage ripples on the PDN, where a total of 4 nF of

decoupling capacitance is included for the four super-threshold cores. In addition, four

on-chip decoupling capacitors, Codc,subvt, each providing a capacitance of 1.5 nF are

placed between the power (VGND,1, VGND,2, VGND,3, and VGND,4) and ground nodes

of the sub-threshold core to minimize the voltage ripple on the power distribution

network of the sub-threshold core during the highest circuit activity.

Each of the four super-threshold cores is composed of a s27 ISCAS89 benchmark

circuit and a chain of buffers. The chain of buffers are added to accurately model

the ratio of the logic area of the super-threshold core to the sub-threshold core. The

circuit model shown in Fig. 8.14 is used for SPICE simulation to characterize the

workloads executing on a 32-bit RISC-V core, where the circuit activity is restricted

between 15% and 25% of all logical gates. The generated current profile for activity

factors ranging from 15% to 25% is obtained from analysis of a synthesized RISC-V

core. The total logical area of each super-Vt core is 1 mm2, while the total logical
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area of the RISC-V core is 10× larger (10 mm2) than each super-threshold core. The

1 to 10 ratio of the area of the super-threshold to sub-threshold cores results in a

380 mV supply voltage for the sub-threshold RISC-V core executing workloads that

activate 20% of all devices. In addition, for the given area ratio, the supply voltage is

maintained within ±10% of 380 mV when the activity factor of the RISC-V core varies

between 15% and 25% as indicated by results shown in Fig. 8.15. Therefore, a stable

supply voltage with a bounded variation in voltage is available to the sub-threshold

RISC-V core as long as the executing workloads are bound to a utilization of 15% to

25% of all transistors at any given time. However, for the case when the activity of the

RISC-V core exceeds 25% or drops below 15%, a sub-threshold workload-aware idle

core assignment technique is implemented to maintain a stable sub-threshold supply

voltage.

8.1.3.h Dynamic Super-threshold Idle Core Assignment Based on Sub-

threshold Workloads

In the case when the circuit activity factor of the RISC-V core exceeds 25%, a

novel sub-threshold workload aware idle core assignment is applied. Depending on

the executing workloads and, therefore, activity factor of the sub-threshold RISC-V

core, the number of super-threshold idle cores or circuit blocks providing current to

the RISC-V core is either increased or reduced at run time to maintain the required
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Fig. 8.16: SPICE simulation results indicating a stable sub-threshold supply voltage when
the activity of the RISC-V core increases from 20% to 30%.

supply voltage at the VGND node. Therefore, close-loop voltage regulation of the

power network is not required.

The proposed workload-aware idle core assignment is evaluated through SPICE

simulation with the results shown in Fig. 8.16, where the noise on the grid of the

sub-threshold power supply is characterized when the circuit activity of the RISC-V

core changes from 20% to 30% transistor utilization. The total current of the RISC-V

core operating at a clock frequency of 1 MHz with a 380 mV supply voltage is 82 µA,

100 µA, 115 µA, and 132 µA for, respectively, 15%, 20%, 25%, and 30% activity

factors. The execution of the leakage reuse technique on the four super-threshold

cores is managed by four control signals, SV G,1, SV G,2, SV G,3, and SV G,4, which are
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applied to respectively, core 1, core 2, core 3, and core 4 as shown in Fig. 8.16.

The circuit shown in Fig. 8.14 is used to obtain the results shown in Fig. 8.16. The

current load of the sub-threshold RISC-V core is changed from 100 µA (20% activity)

to 132 µA (30% activity) to evaluate the voltage noise generated on the VGND node

when leakage reuse is applied. A sub-block of core 4 is added to the existing circuit

configuration through a fifth control signal SV G,5 to provide the additional charge

needed to maintain the power supply voltage of the sub-threshold core within ±10%

of 380 mV. The sub-block is sized such that the provided leakage current is sufficient

to meet the additional current demand of the RISC-V core as the load increases to

132 µA from 100 µA. Therefore, a stable supply voltage of 380 mV is maintained on

the power supply network of the sub-threshold core despite the increase in the circuit

activity of the RISC-V core from 20% to 30%.

8.1.4 Trade-off Between Voltage Stacking and Leakage Reuse

Technique

The transient analysis of both the leakage reuse and voltage stacking techniques

is shown in Fig. 8.17, where the voltage bounce on the VGND node and the voltage

levels of the logical output from the super-Vt and sub-Vt cores are compared. Similar

clock and input switching patterns are applied to both implementations of the circuit.

The transient simulation is performed using two super-Vt cores each consisting
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Fig. 8.17: Transient simulation of the leakage reuse and voltage stacking techniques com-
paring the noise on the virtual ground node and the voltage of the output signals of the

super-Vt and sub-Vt circuits.

of an ISCAS s27 benchmark circuit and one sub-Vt core consisting of a chain of six

inverters. The clock, SV G, SG, VGND, and output signals of one core are shown in

Fig. 8.17. In addition, clock-gating is applied when Core 1 is inactive. In the case of

voltage stacking, although Core 1 is idle, the switching transients (L · di/dt) of the

super-Vt Core 2 directly couple into the virtual ground node, where the charging and

discharging of internal nodes results in significant voltage noise due to a large amount

of internal capacitance. The noise induced on the VGND node directly impacts

the logical output of Core 2, where the voltage for a logic 1 varies from 0.17 V to
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Table 8.4: Characterization through SPICE simulation of s27 implemented with the
baseline, leakage reuse, and voltage stacking techniques.

Total power
(µW)

Peak power
(mW)

Peak Vdd
(V)

Peak Vss
(mV)

Peak VGND
[non-stack] (mV)

Peak VGND
[stack] (mV)

Switching speed
Super-Vt
transistors

Switch transistors Sub-Vt transistors

Baseline 15.47 4.154 1.219 17.66 N/A N/A 4×clock speed Low Vt N/A Nominal Vt

Leakage reuse 6.448 3.822 1.211 13.41 120 420 4×clock speed Low Vt
NMOS: 0.9 µm (high-Vt),
PMOS: 3 µm (low Vt)

Nominal Vt

Voltage stacking 3.315 1.662 1.206 6.803 N/A 511 4×clock speed Low Vt N/A Nominal Vt

0.41 V, which causes unwanted delay and logical failure for the circuits connected

to the logical outputs of the super-Vt cores. In addition, the noise induced on the

virtual ground node of the voltage stacked super-Vt core directly couple to the supply

node of the sub-Vt circuits as the VGND node and sub-Vt supply node are shorted

when voltage stacking is implemented. Therefore, additional voltage regulators are

required to generate a stable supply voltage for the bottom core in the stack when

voltage stacking is implemented, which results in a significant overhead in energy

consumption [68, 176, 177].

In contrast, for the leakage reuse technique, the VGND node of Core 1 is not

affected by the switching of Core 2. A stable voltage is, therefore, present at the

VGND node used to supply current to the sub-Vt core. The logical outputs of Core 2

are full-swing voltage signals, even as Core 1 is stacked with the sub-Vt circuits. In

addition, as the VGND voltage is stable, the output signals from the sub-Vt core are

also stable, as shown in Fig. 8.17.

Simulated results of the power consumption and peak voltage on the VGND and

true ground nodes obtained using s27, which represents each super-Vt circuit block,
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and a chain of inverters, which represents the sub-Vt circuit block, are listed in Ta-

ble 8.4. The super-Vt and sub-Vt circuit blocks are sized to generate a sub-Vt supply

voltage of 380 mV.

The voltage stacking technique reduces the leakage current for the entire duration

of operation through the stacking effect, which increases the effective resistance in

a given charging or discharging path. Therefore, the total power, peak power, and

peak VSS are reduced as compared to the baseline and leakage reuse technique at

the cost of increased voltage bounce on the VGND node, as indicated by results

shown in Figs. 8.8, 8.10, and 8.11. For s27, the resulting peak noise on VGND due

to the implementation of the voltage stacking technique is 2.07× greater than the

leakage reuse (non-stacked) technique, which imposes severe limitations for circuits

operating in super-Vt as the drive strength of the NMOS transistors is significantly

reduced. Therefore, the propagation delay of the circuits connected to the output of

the super-Vt circuit block increases. The fanout-of-four (FO4) delay is characterized

at 1.2 V in a 45 nm CMOS technology for ideal ground and for voltages of 120 mV,

420 mV, and 511 mV on the VGND node obtained from the results shown in Fig. 8.11

for, respectively, the non-stacked LR, the stacked LR, and the VS technique. The

implementation of the voltage stacking and the leakage reuse techniques result in an

increase in the FO4 delay of, respectively, 4.17× (VGND voltage of 511 mV) and 1.24×

(VGND voltage of 120 mV) as compared to the baseline technique (ideal ground).
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In addition, the noise margins of the circuits connected to the output of s27

are significantly degraded as the voltage on the VGND node increases. The noise

margins of a CMOS inverter with a PMOS width of 3.6 µm and NMOS width of 1.2

µm are characterized for an operating frequency of 5 MHz and with a 5 fF capacitive

load. The noise margin low of the CMOS inverter is 483 mV, which is less than

the 511 mV voltage on the VGND node when implementing the voltage stacking

technique. Therefore, logic low is not discernible with the voltage stacking technique

if an inverter is connected to the output of s27. In contrast, the leakage reuse

technique implemented on s27 provides a discerning logic low as the voltage on the

VGND node is 120 mV, while also reducing the total and peak power consumption to,

respectively, 0.41× and 0.7× that of the baseline. However, the FO4 delay increases

by 1.24× as compared to the baseline. The peak voltage of 420 mV on the VGND

node during the stacking mode of the leakage reuse technique does not effect the

circuit delay and noise margin as the stacked super-Vt circuit blocks are operating in

idle mode.

8.2 Analysis of Energy Break-Even Point

The PMOS and NMOS transistors shown in Figs. 8.6 and 8.7 and the circuitry

that provides the control signal Φ consume additional energy. An analysis of the en-

ergy break-even point (BEP) is, therefore, performed, which is defined as the number
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Table 8.5: Circuit parameters used in the analysis of the energy break-even point of
the leakage reuse technique.

Parameter Definition

VDD,super−Vt Supply voltage of super-Vt circuit
VDD,sub−Vt Supply voltage of sub-Vt circuit
VGND Virtual ground voltage
SG NMOS transistor connected to real ground
SV G PMOS transistor connected to sub-Vt core
αsuper−Vt Switching activity of super-Vt core
αsub−Vt Switching activity of sub-Vt core
CS,super−Vt Total switching capacitance of super-Vt core including

drain, source, and gate capacitance as well as interconnects
Cint,super−Vt Total source capacitance of all transistors connected

to virtual ground
CS,sub−Vt Total switching capacitance of sub-Vt core including

drain, source, and gate capacitance of all transistors
CV GND Total capacitance of virtual ground due to SG and SV G
Wr Ratio of switch size (sum of SG and SV G) to the size of super-Vt core

of clock cycles at which the total energy savings obtained from the implementation of

the leakage reuse technique equals the total energy consumed by the PMOS/NMOS

switches and the control circuitry [332]. The leakage current model changes signifi-

cantly from one technology to another [27, 46]. Instead of performing a technology

dependent analysis, heuristic based analytical expressions are derived using standard

circuit and device parameters, which are listed in Table 8.5, that are applicable to

any CMOS technology. In order to reduce the complexity of the analysis, a few as-

sumptions are made: 1) The total energy required to operate a sub-Vt core is supplied

by one super-Vt core and, therefore, analytical expressions are derived for Core 1 and

SCore 1 only; a similar analysis can be performed for more complex systems, and 2)

separate ground networks are implemented for the active super-Vt core and sub-Vt

core to prevent noise coupling.
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Fig. 8.18: Schematic representation of the proposed technique to reuse the leakage
current from i number of super-Vt cores supplying current to one sub-Vt core.

A schematic representation of an implementation of the leakage reuse technique is

shown in Fig. 8.18, where i number of super-Vt cores supply unused leakage current

to m number of sub-threshold cores. The two footer transistors SV G (PMOS) and

SG (NMOS) are utilized as control switches for each super-Vt core, where additional

switches are added for a more distributed supply of current to the sub-Vt core. The

control signal Φ is set to logic low when an onset of a long idle period of Core 1 is

detected, which results in SV G turning on and SG turning off as shown in Fig. 8.19.

The control signal Φ applied to the gate of SG transitions to a logic high when Core 1

switches to active mode.
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Fig. 8.19: Switching transitions of SV G and SG corresponding to the time intervals
when leakage reuse is active (Φ = 0).

The onset of the switching transitions of SV G and SG occur at times T0 and T2 as

indicated by the transient waveforms shown in Fig. 8.19, while T1 and T3 represent

the beginning of a period of steady-state voltage for the sub-Vt core. Assume that the

idle activity of Core 1 begins at time t = T0 and Φ, shown in Fig. 8.18, is set to logic

0. As transistor SG begins to turn off, Core 1 begins to supply unused leakage current

to the sub-Vt core. In addition, at t = T0 Core 1 switches to an idle state, which

results in the charging of CVGND
and Cint,super−Vt . Note that the virtual ground node

includes capacitances CVGND
, Cint,super−Vt , and CS,super−Vt , where half of the internal

nodes of the super-Vt core contribute to the capacitance of the virtual ground node as

described in [27]. At t = T1, the capacitance of the virtual ground node CVGND
is fully

charged to the target VGND voltage, and the leakage current through SV G saturates.

The voltage drop across the SV G transistor is negligible, and VGND is approximately
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equal to the sub-Vt supply voltage VDD,sub−V t of 380 mV. As the potential of the

VGND node reaches a steady-state of 380 mV, the overall leakage current of Core 1

is significantly reduced due to 1) an increase in the threshold voltage attributed to

the reverse body-bias effect and 2) an increase in the effective resistance when stacked

with the sub-Vt core. However, there is an additional energy loss Eloss1 during time

interval t = T1− T0 due to the switching of both the SV G and SG transistors, where

Eloss1 per cycle is given by

Eloss1 =
1

2
αsuper−VtV

2
DD

(
CG + CV G + Cint,super−Vt +

1

2
CS,super−Vt

)
. (8.3)

Similarly, the energy overhead per cycle during the time interval T3−T2 is given

by

Eloss2 =
1

2
αsuper−VtV

2
DD

(
CG + CV G + Cint,super−Vt +

1

2
CS,super−Vt

)
, (8.4)

where at time t = T2 Core 1 switches into an active mode and SG and SV G are turned

on and off, respectively, which results in the discharge of the VGND node through

SG. During t = T2−T1 the leakage energy of Core 1 is used for computation by the

sub-Vt core. At t = T3 the VGND node of Core 1 discharges to true ground as Core 1

begins to operate in active mode. The total energy overhead per cycle between time

interval T0 and T3 due to the implementation of the leakage reuse technique is given

by
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Eloss,total = Eloss1 + Eloss2

= αsuper−VtV
2
DD

(
CG + CV G + Cint,super−Vt +

1

2
CS,super−Vt

)
. (8.5)

The reduction in the energy consumption due to the utilization of the leakage

reuse technique over N number of cycles is given by (8.6). The ET1
L term describes

the total energy savings between time interval T0 and T1 and Ecyc
sub−Vt is the total

energy dissipation per cycle of the sub-Vt core. In addition, the average leakage energy

dissipation per cycle when Core 1 is in active mode and idle mode is given by Ecyc
L,active

and Ecyc
L,idle, respectively.

Etotal
saved = ET1

L +
∑N

i=0

(
Ecyc
sub−Vt + Ecyc

L,active − Ecyc
L,idle

)
(8.6)

The total energy dissipation of the sub-Vt core per cycle, as given by (8.7), is

calculated as the sum of the static and dynamic energy dissipated per cycle, where

ISV G
is the current through transistor SV G and T is the clock period. The energy con-

sumption of the circuit is reduced due to the implementation of the footer transistors

SV G and SG, which behave similar to a switch in power-gated circuits. The energy
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savings between the onset of an idle event (T0) and the time when VGND begins to

maintain a steady state (T1) is given by (8.8) and (8.9) [23, 27, 332]. The number

of completed clock cycles during the time interval T0 to T1 is given as Nx and is

empirically formulated as (8.10), where f is the operating frequency of the super-Vt

core, Wr is the ratio of the size of the switch to the size of the super-Vt core, and a

is the wake up latency, which is 5.27 ns for a 1 GHz clock frequency [333].

Ecyc
sub−Vt = αsub−VtCsub−VtV

2
DD,sub−Vt + ISV G

VDD,sub−VtT (8.7)

ET1
L =

FDIBL
nVT

NxTE
cyc
L (8.8)

=
FDIBL
nVT

αsuper−VtδVDD

4

(
1
2

+
CVGND

CS ,super−Vt

)NxT (8.9)

Nx =
fa

Wr

(8.10)

The average leakage energy for time interval T0 to T1, given by ET1
L , is dependent

on the drain-induced barrier lowering factor FDIBL (≈ 0.1), the sub-threshold slope

factor n (≈ 1.3), and the thermal voltage VT (= kT/q ≈ 25mV ). The leakage factor

δ, described in [27], is given as the ratio of the average leakage energy dissipation to

the switching energy dissipation per cycle (δ = Ecyc
L /Ecyc

S ).

The switching energy dissipation per cycle of the super-Vt core is given by
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Ecyc
S =

1

2
αsuper−VtCS,super−VtV

2
DD, (8.11)

where CS,super−Vt represents the total switching capacitance of the core including the
drain, source, and gate capacitances as well as the capacitance due to the intercon-

nects. The average leakage energy dissipated per cycle when Core 1 is in active mode

(not stacked) is given by

Ecyc
L,active = TILVDD

= δEcyc
S

=
1

2
αsuper−VtδCS,super−VtV

2
DD, (8.12)

where IL is the average leakage current through all leakage paths in Core 1 [27]. The

leakage current through the PMOS transistor SV G is negligible since the drain of SV G

is connected to VDD,sub−Vt . Therefore, all of IL is assumed to pass through SG during

the active mode operation of Core 1.

The average leakage energy dissipated per cycle when Core 1 is in idle mode

(stacked) is given by

Ecyc
L,idle = TISG

VGND, (8.13)

where ISG
is the current through SG when operating in the idle mode. If an average

leakage energy dissipation per cycle is assumed, the leakage energy dissipated over N



253

cycles is given by

∑N

i=0
Ecyc
L,idle = NTISG

VGND. (8.14)

At the energy break-even point, the reduction in the total energy consumption equals

the energy loss due to implementing the leakage reuse technique. Therefore, (8.5) and

(8.6) are modified to

Etotal
saved = Eloss,total, and (8.15)

ET1
L +

∑N

i=0

(
Ecyc
sub−Vt + Ecyc

L,active − Ecyc
L,idle

)

=
∑N

i=0
αsuper−VtV

2
DD

(
CG + CV G + Cint,super−Vt +

1

2
CS,super−Vt

)
. (8.16)

The energy consumption per cycle remains relatively constant except for a few

clock cycles after a power down or power up event. For the provided analysis, a

constant energy consumption is assumed for each cycle, where (8.7) is simplified by

assuming E0
sub−Vt ≈ E1

sub−Vt ≈ E2
sub−Vt ≈ ... ≈ EN

sub−Vt for N cycles. A similar

assumption is made for Ecyc
L,active and Ecyc

L,idle. Substituting for ET1
L , Ecyc

L,active, E
cyc
L,idle,

and Ecyc
sub−Vt in (8.16) results in
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(
ET1
L +NEcyc

sub−Vt +NEcyc
L,active −NEcyc

L,idle

)
=

(
CG+

CV G + Cint,super−Vt +
1

2
CS,super−Vt

)
Nαsuper−VtV

2
DD, (8.17)

where

Nbreak−even = |N |

=
ET1
L((

CG + CV G + Cint,super−Vt + 1
2
CS,super−Vt

)
αsuper−VtV

2
DD − Ecyc

sub−Vt + Ecyc
L,active − Ecyc

L,idle

) .
(8.18)

Advanced power management and task scheduling algorithms are used to identify

the idle intervals in a multi-core system [317]. The reuse of the leakage current of the

super-Vt core is activated through the control signal Φ only when the number of idle

cycles in the super-Vt core exceeds Nbreak−even and the voltage on the VGND node

meets the target sub-Vt supply voltage. Therefore, the activation of the control signal

Φ is formulated as

∀i,Φcore,i =



0 (LR on), when N > Nbreak−even &

|Vk,i − VDD,sub−Vt | ≤ 0.1V target
DD,sub−Vt ,

1 (LR off), otherwise

(8.19)
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Fig. 8.20: Comparison between analytical and simulation results when determining
the number of idle clock cycles of the super-Vt core corresponding to the break-even

point in energy consumption for frequencies of 50 MHz to 1 GHz.

where i is the super-Vt core identifier for n cores =
{
1, 2, 3, . . .n

}
. The voltage at

the VGND node after k number of cycles is given as Vk,i. The target supply voltage

of the sub-Vt core is represented by V target
DD,sub−Vt . The minimum number of cycles Nmin

that the super-Vt core must be idle is given by (8.20), which ensures an overall gain

in the energy efficiency of the system and a supply voltage for the sub-threshold core

that is within 10% of V target
DD,sub−Vt . The number of cycles required to settle within 10%

of V target
DD,sub−Vt is defined as N target

DD,sub−Vt .

Nmin = max

{
Nbreak−even, N

target
DD,sub−Vt

}
(8.20)
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Simulation is performed to determine the total energy consumption of a multi-

core system where the required energy to operate the sub-Vt core is supplied by one

super-Vt core. The results of the characterization of the number of cycles obtained

from simulation are compared with the number of cycles determined through the

analytical expressions. The super-Vt Core 1 and the sub-Vt core are each implemented

with a chain of six inverters. To analytically determine the Nbreak−even, the technology

parameters listed in Table 8.5 are applied to (8.18) for both the super-Vt and the sub-Vt

cores, where CVGND
/CS,super−Vt = 0.1, δ = 0.1, VGND ≈ VDD,sub−Vt = 0.38V , T = 1 ns,

αsuper−Vt = 1, αsub−Vt = 0.05, ISG
= ISV G

= 0.15Itotal, Itotal = 10 µA,Wr = 0.125, and

CS,super−Vt = 70 fF. The total area of both the super-Vt and sub-Vt chain of inverters

is listed in Table 8.1. The analytical and simulated results are plotted in Fig. 8.20,

where the number of idle clock cycles corresponding to the break-even point in energy

consumption is evaluated for 50 MHz to 1 GHz operating frequencies of the super-Vt

core. For example, the number of cycles N when operating at a 1 GHz frequency that

results in the energy break-even point (Nbreak−even) is 125 and 133 for the analytical

and simulated analysis, respectively. The Nmin that satisfies (8.20) is taken as 133

cycles. Core 1 must, therefore, be stacked for at least 133 ns when operating at 1

GHz for the leakage reuse technique to provide an improvement in the overall energy

efficiency of the circuit. The percent difference between the analytical and simulated

results in Fig. 8.20 is calculated as |Analytical−Simulation|
Simulation

×100. The maximum and
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Fig. 8.21: Characterization of the energy per cycle normalized to the baseline for a
range of idle cycles (133 to 1330) when the super-Vt core is operating at 1 GHz and
for 1.33 µs. The left Y-axis represents the energy consumed by both the super-Vt and
sub-Vt core per cycle, while the right Y-axis represents energy consumed by switches

SG and SV G per cycle.

minimum percent error in the calculated number of idle cycles needed for the energy

break-even point using the analytical expressions is, respectively, 11% (at 50 MHz)

and 6% (at 1 GHz) as compared to simulated results. Note that the percent error

decreases as the operating frequency increases since, for a given difference in the

number of cycles between the analytical and simulated results, the relative difference

is smaller at higher frequencies due to the larger number of cycles.

The total energy consumed by the super-Vt and sub-Vt cores per cycle and the

energy consumed by the switches (SV G and SG) per cycle are characterized for 1

GHz operation of the super-Vt core starting from Nmin (133 idle cycles at 1 GHz)

to 10×Nmin (1330 idle cycles), with results shown in Fig. 8.21. The analysis of

the leakage reuse technique is normalized to the baseline, where independent power
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delivery networks are implemented for the super-Vt and sub-Vt cores as described by

Topology 1 in Section 8.1.3.d. For the leakage reuse technique, the size of the super-Vt

core is increased by 1.2× as compared to the baseline to account for the overhead due

to the supporting circuits required to generate and propagate the control signal Φ.

The overhead in area due to the supporting circuits as a percentage of the total area

is smaller as the size of the super-Vt core increases, since the area of the supporting

circuits remains about constant. Similar switching activity is applied to both the

leakage reuse and the baseline implementations. The savings in the energy per cycle

due to the leakage reuse technique increases as the leakage current from the super-

Vt core is supplied for an increasing number of idle cycles. For example, the total

energy per cycle is 0.23× the baseline for 1064 idle cycles, while consuming 0.89× the

baseline for 266 idle cycles. In addition, as the number of continuous idle cycles of the

super-Vt core increases, the fewer the number of triggered switching events needed to

switch to an idle super-Vt core, which reduces the energy overhead due to the switches

as a percentage of the total energy consumed. As an example, the energy per cycle

of two switches is 0.12× the total energy when charge is reused for 133 cycles, while

the switches consume 0.027× of the total energy per cycle when charge is recycled

for 1064 cycles.
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8.3 Algorithms for Leakage Reuse

Reusing leakage current from idle circuits provides significant improvement in the

overall energy efficiency while also generating intrinsic voltage source(s) for ICs with

multiple voltage domains [334, 335]. A controlled reuse (recycling) of the leakage

current of an idle core generates a virtual ground voltage VGND that is used as a

supply voltage for an active core. In addition, the leakage reuse technique reduces the

leakage current through the idle cores. In this research, both circuit and algorithmic

techniques are proposed to manage and reuse the leakage current of a circuit such

that the overall energy consumption in a multi-processor system-on-chip (MPSoC) is

reduced. In addition, the simultaneous implementation of the leakage reuse (LR) and

power gating techniques is explored to further improve the energy efficiency.

In this section, idle cores from which leakage current is reused are described as

donor cores and active cores to which reused charge is delivered as receiver cores.

The proposed power management techniques are evaluated through a circuit model

simulated in SPICE to accurately characterize the improved energy efficiency and

the dynamic transients on the power delivery network (PDN) while accounting for

process variation.

The algorithmic development of leakage reuse technique includes

� a novel dynamic idle core management technique and scheduling algorithm,
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longest idle time - leakage current reuse (LIT-LR), to optimally assign the idle

donor circuit block(s) or core(s) for leakage current reuse, and

� a novel technique and algorithm, longest idle time - simultaneous leakage reuse

and power gating (LIT-LRPG), to optimally assign idle cores for simultaneous

execution of power gating and leakage reuse.
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Fig. 8.22: System level model of the leakage reuse technique with dynamic idle core assign-
ment.

The proposed power management technique is applied to only idle cores such that

the circuit is unaffected when operating in active mode. The leakage current from

idle cores is reused and delivered to an active core within a MPSoC through voltage

stacking [68].
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8.3.1 Circuit and System Model of Leakage Reuse

The proposed circuit model that accounts for the reuse of leakage current is shown

in Fig. 8.22. In a MPSoC platform, m number of donor cores are connected to k

number of receiver cores through m number of leakage control blocks (LCBs), which

consists of two transistors behaving as switches. Each of m number of LCB is imple-

mented with an n-bit (n is 1 for Algorithm 3 and 2 for Algorithm 4) control signal Φ

such that Φ1 is applied to LCB1, Φ2 to LCB2, and Φm to LCBm. Each control signal

Φ1, Φ2, . . . Φm is connected to the gate terminals of the SV G and SG transistor of the

corresponding LCBm. Note that both the number of donor cores and receiver cores

are scalable at design time. Under normal circuit activity, when a donor coreDCORE,m

is executing a workload, Φm is set to logic high and is applied to the LCBm such that

the ground node of all transistors within the donor core DCORE,m is connected to true

ground (GND). The normal activity of the donor cores, therefore, remains unaffected.

At the onset of an idle period, where the energy conserved exceeds the break-even

point as defined by NBE,LR,m in Algorithm 3, Φm is set to logic low and is applied to

LCBm such that the donor core DCORE,m and the receiver core RCORE,k are stacked.

The stacking serves two primary purposes: 1) to produce a virtual ground voltage

that is used as the supply voltage of the receiver core RCORE,k and 2) to reduce the

total leakage current of the idle donor core DCORE,m. The conventional voltage stack-

ing technique stacks two cores (a top PDN at a higher potential and a bottom PDN
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at a lower potential) regardless of the circuit activity during both active and idle

periods, where the executing workloads of the top core affects the supply voltage of

the bottom core [68]. Therefore, expensive on-chip voltage regulators and closed-loop

power management techniques are required to maintain a steady supply voltage for

the bottom core [68]. However, the proposed technique only stacks idle donor cores

(top core(s)) with no workload activity with receiver core(s) (bottom core(s)). Ex-

pensive voltage regulators are, therefore, not required to maintain a stable supply for

the receiver cores. The simulated results presented in Section 8.4.3 indicate that the

use of only on-chip decoupling capacitors is sufficient to negate the voltage transients

on the PDN and, therefore, maintain a stable supply voltage for the receiver core.

The number of donor cores required to generate a desired supply voltage for a

given receiver core is determined at design time. The desired supply voltage of a

receiver core is set by either adjusting the ratio of the area of the donor and receiver

cores, modifying the size of the switch in the LCB, or applying a charge booster such

as an on-chip switch capacitor based voltage doubler to increase the supply level of

a receiver core. In this paper, the supply voltage is set through the ratio of the areas

of the donor and receiver cores.
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8.3.2 Scheduling of Idle Donor Cores for Leakage Current

Reuse

Conventional hardware and software based power management techniques do not

implement leakage reuse despite the opportunities of efficiently conserving energy

from idle donor cores [113, 317, 336]. In this paper, idle donor cores or circuit blocks

are selected for leakage reuse to minimize the number of transistors switching in the

leakage control block and to maximize the energy-efficiency of a MPSoC system. The

proposed algorithm is equally applicable to core or circuit block level assignment for

leakage reuse.

The proposed technique requires the scheduling information of donor cores to

effectively select the idle donor cores for leakage reuse. In order to evaluate the effec-

tiveness of the proposed leakage reuse technique, in the worst case, the application

scheduling algorithm executes a task with the shortest duration possible and with

a minimal idle time in a multi-core platform. The heterogeneous earliest-finish time

(HEFT) algorithm meets both requirements as 1) the overall completion time is mini-

mized by providing an execution rank for each task in an application for a set number

of cores in a multi-core system and 2) tasks are scheduled based on an insertion-based

policy that assigns tasks in idle time slots between two already-scheduled tasks on a

core, which reduces the total idle time of the system [337].
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Recently, dynamic voltage and frequency scaling (DVFS) is applied in conjunction

with the execution of the HEFT algorithm, which provides an estimate of the total

number of processor cycles executed by each core for a given task within a frequency

range of 1 GHz to 2 GHz [317]. In this paper, the DVFS enabled HEFT algorithm

is used as the application scheduler for the donor cores, which sends the scheduling

information to the proposed longest idle time - leakage current reuse (LIT-LR) algo-

rithm as shown in Fig 8.22. The LIT-LR algorithm generates and sends the control

bit(s) to the LCB when scheduling the idle donor cores for leakage current reuse. In

addition, a directed acyclic graph (DAG) is used to represent the application workload

of the donor cores and is utilized by the HEFT algorithm.

Algorithm 3 Idle core assignment for leakage current reuse
Input: m, Tasknum, Ordercore, Pcyclestask, NBE,LR

Output: Available idle core assignment to be used for leakage reuse with usage-based ordering (LRcores)
1: while i ≤ Tasknum do
2: Calculate the total number of cycles until the application is assigned to the next processor for execution
3: if Pcyclestask [i] > NBE,LR then . NBE,LR is the number of cycles corresponding to the energy

break-even point for LR
4: while j ≤ (Tasknum − i) do
5: Track the earliest execution start time of all of Tasknum - i tasks in m number of cores.
6: Store a ranking of each core in Corem,ranking based on the order in which each task is

executed.
7: end while
8: if i 6= (Tasknum - 1) then
9: LRcores_index [i] ⇐ max(Core1,ranking , Core2,ranking , Core3,ranking , . . .

Corem,ranking) . Assigning the donor core with longest idle time for LR
10: LRcores [i] ⇐ Ordercore

[
LRcores_index [i]

]
11: else if i == (Tasknum - 1) then
12: LRcores[i] ⇐ LRcores [0] . Tracking the donor core with longest idle time at the

beginning of last execution and assigning for current state
13: end if
14: else
15: LRcores [i] ⇐ Ordercore

[
LRcores_index [i− 1]

]
. Keep the last idle core assignment for leakage

reuse
16: end if
17: end while
18: return LRcores
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8.3.3 Longest Idle Time - Leakage Current Reuse Algorithm

The pseudo-code of the proposed LIT-LR algorithm that efficiently schedules idle

donor cores for leakage current reuse is provided as Algorithm 3. First, the execu-

tion order of each core Ordercore is calculated for the given task graph using the

HEFT algorithm [337]. Then, the number of processor cycles required for each task

Pcyclestask is calculated in a DVFS enabled MPSoC platform [317]. The calculated

values of Ordercore and Pcyclestask are applied as inputs to both Algorithms 3 and

4. Based on the number of cores m, number of tasks in each task graph Tasknum,

Ordercore, Pcyclestask, and number of cycles corresponding to the break-even point

NBE,LR, the LIT-LR algorithm determines the earliest execution time of each task on

the m core system. Depending on the task execution order and idle intervals, each

core is dynamically assigned a ranking, where the core with the longest idle time is

given the highest ranking and the core with shortest idle time is assigned the lowest

ranking. The scheduler gives priority to the highest ranking idle donor cores when

assigning cores for leakage current reuse and sends the control bit Φ to the corre-

sponding LCB. In this work, a single receiver core is assumed, and one donor core

provides sufficient leakage current for the receiver core.
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8.4 Simultaneous Leakage Reuse and Power Gating

Power gating (PG), a method to disconnect idle circuits from the power network, is

a widely used power management technique to reduce the leakage current [26, 65, 110–

115]. Techniques developed through prior research apply cut-off and intermediate

mode power gating at the core, block, memory, and network-on-chip (NoC) level

[26, 28, 65, 113–115, 120]. A block level PG technique has been proposed that analyzes

the correlation between RTL modules and, therefore, power gates the module(s) in

the case of inactivity [113]. A technique based on probabilistic analysis of NoC routers

has been proposed, where queuing theory is used to model the break-even point in

consumed energy when applying PG to the buffers of the router [114]. In addition,

PG is used to gate caches and GPUs of a multi-core platform to reduce energy loss

due to leakage current [115].

In addition, adaptive power gating is proposed to gate idle functional units [121].

Circuit blocks within a core or cores within a multi-core system are assigned to differ-

ent operating modes (C-states) based on idle activity patterns to improve the perfor-

mance per watt [26, 120]. Power gating with single and multiple sleep modes raises

the voltage at the virtual ground node by up to V DD when applying a power-down

mode and, therefore, reduces the leakage current of the circuit [28, 65, 112]. However,
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the reduction in the leakage current is achieved at a cost of increased current tran-

sients on the power distribution network (PDN) and a large power consumption by

the footer transistors (MOS switches) due to the discharging of charge on the virtual

ground node to true GND during mode transitions [111, 112].

Current state-of-the-art power management techniques and algorithms do not in-

clude leakage current reuse with power gating despite the opportunity of significant

improvement in energy-efficiency. However, despite the potential benefits, the overall

system energy efficiency is not improved unless all idle donor cores are scheduled for

leakage current reuse at any given time. In a MPSoC platform, the idle donor cores

that are not scheduled for leakage current reuse continue to leak current. In this

paper, the simultaneous implementation of power gating and leakage reuse is con-

sidered, which is applicable at the block, core, memory, and NoC level. Only donor

cores are considered for power gating.

The opportunity of applying both power gating and leakage reuse introduces new

challenges as both techniques target idle circuits or cores in a multi-core system.

Power gating is best utilized when the core with the longest idle time is placed in

deep sleep mode and the core with shortest (≥ break-even point NBE,PG) idle time

is placed in light sleep mode [28]. Note that deep sleep and light sleep correspond to

the largest and smallest wake-up penalty, respectively. Similarly, the leakage reuse

technique is best utilized when the core with the longest idle time is placed in leakage
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reuse mode to minimize the energy consumption of switching the LCBs. Therefore,

the maximum benefit in energy efficiency is achieved when the cores with the longest

idle times are assigned for either power gating or leakage reuse. Assigning the longest

idle core for leakage reuse is beneficial only when the donor core provides just the

sufficient amount of current to the receiver core. If the amount of supplied leakage

current from a particular donor core is more than a receiver core requires, than the

energy efficiency is reduced as an undesired increase in the VGND voltage occurs.

Power gating improves the overall energy efficiency for a given donor core only when

the reduction in the leakage current from applying power gating is greater than savings

provided by leakage current reuse (reduction in leakage current plus the total energy

consumed by the receiver core). Therefore, the assignment of idle cores for either

power gating or leakage reuse is an optimization problem.

8.4.1 Longest Idle Time - Simultaneous Leakage Reuse and

Power Gating Algorithm

A power management algorithm, longest idle time - simultaneous leakage reuse and

power gating (LIT-LRPG), is developed that dynamically assigns each idle donor core

in a MPSoC for either power gating or leakage current reuse. The pseduo code de-

scribing LIT-LRPG is provided as Algorithm 4. The LIT-LRPG dynamically applies

a core idleness ranking to each core, which is similar to Algorithm 3.
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Algorithm 4 Simultaneous implementation of LR and PG
Input: m, δ [m], NBE,PG, NBE,LR, Pcyclestask, two-bits core tracker for each of m cores coret [m], which keeps
track of each core for possible use in LR and PG mode
Output: core assignment for leakage reuse (LRcores) and power gating (PGcores)
Procedure: Assign idle cores to both LR and PG
1: . The following section (lines 2 to 36) replaces lines 8 to 15 in Algorithm 3
2: for core = 1, 2, . . . ,m do
3: max X [m] · Esaved,LR [m] + Y [m] · Esaved,PG [m]

s.t. LRwake−up [m] ·X [m] + PGwake−up [m] · Y [m] ≤ Lmax [m]

Eloss,LR [m] ·X [m] + Eloss,PG [m] · Y [m] ≤ Eloss,max [m]

X [m] , Y [m] ≥ 0

4: if X [m] > Y [m] then
5: δ [m] ⇐ 1
6: else
7: δ [m] ⇐ 0
8: end if
9: if coret [m] == 01 then . Core m is idle and not used for either LR or PG
10: if δ [m] == 1 then . LR is selected
11: if i 6= (Tasknum - 1) then
12: LRcores_index [i] ⇐ max(Core1,ranking , Core2,ranking , Core3,ranking , . . .

Corem,ranking) . Assigning the core with longest idle time for LR
13: LRcores [i] ⇐ Ordercore

[
LRcores_index [i]

]
14: PGsecond,max ⇐ sort and assign core index with second longest idle time
15: PGcores [i] ⇐ Ordercore

[
PGsecond,max

]
16: coret [m]⇐ 10
17: coret

[
PGsecond,max

]
⇐ 11

18: else if i == (Tasknum - 1) then
19: LRcores [i] ⇐ LRcores [0] . Tracking the core with longest idle time from the

execution of last application and assigning for current state
20: PGcores [i] ⇐ LRcores [1] . Tracking the core with second longest idle time

from the execution of last application and assigning for current state
21: end if
22: else if δ [m] == 0 then . PG is selected
23: if i 6= (Tasknum - 1) then
24: PGcores_index [i] ⇐ max(Core1,ranking , Core2,ranking , Core3,ranking , . . .

Corem,ranking) . Assigning the core with longest idle time for power gating
25: PGcores [i] ⇐ Ordercore

[
PGcores_index [i]

]
26: LRsecond,max ⇐ sort and assign core index with second longest idle time
27: LRcores [i] ⇐ Ordercore

[
LRsecond,max

]
28: coret [m]⇐ 11
29: coret

[
PGsecond,max

]
⇐ 10

30: else if i == (Tasknum - 1) then
31: PGcores [i] ⇐ PGcores [0] . Tracking the core with longest idle time from the

execution of last application and assigning for current state
32: LRcores [i] ⇐ PGcores [1] . Tracking the core with second longest idle time

from the execution of last application and assigning for current state
33: end if
34: end if
35: end if
36: end for
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A two-bit core tracker coret[m] is utilized in Algorithm 4 to represent four core

activity scenarios: 1) 00 = DCORE,m is active, 2) 01 = DCORE,m is idle (not currently

used for LR or PG), 3) 10 = DCORE,m is in use with LR, and 4) 11 = DCORE,m is in

use with PG. The priority variable δ [m] defines which technique (LR or PG) provides

greater energy savings for an idle donor core and, therefore, assigns the core to either

power gating or leakage current reuse based on the value of the variable. For a δ [m]

of 1, the idle core m is assigned for leakage current reuse, while the remaining idle

cores, starting from the core with the second longest idle time, are assigned for power

gating. For a δ [m] of 0, the idle core m is assigned for power gating, while the core

with the second longest idle time is assigned for leakage current reuse. All remaining

idle cores are assigned for power gating beginning with the core with the third longest

idle time.

Assigning δ [m] at design time such that a fixed priority is set for LR and PG is

possible, where one is assigned with a core with the longest idle time and another

with a core with the second longest idle time. However, a dynamic assignment of

δ [m] is implemented through linear programming as described by lines 3 through

8 in Algorithm 4. The variables X and Y define the impact of, respectively, LR

and PG on the overall energy efficiency of the circuits in a MPSoC, where a higher

value indicates greater energy efficiency and results in the assignment of δ to logic

high. The variables LRwake−up and PGwake−up are the wake up latencies normalized
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to the cycle time for, respectively, the leakage reuse and power gating techniques.

The energy loss normalized to the total energy consumed by the donor core during

the idle state is given by Eloss,LR and Eloss,PG for, respectively, the leakage reuse and

power gating techniques. The energy loss is a function of the energy consumption

of an idle donor core Edonor,idle, the technology dependent fitting parameter η, the

energy consumed by the LR LCBs ELCB,LR, and the energy consumed by the PG

LCBs ELCB,PG and is given by Eloss,LR = η·ELCB,LR

Edonor,idle
and Eloss,PG = η·ELCB,PG

Edonor,idle
for,

respectively, the LR and PG techniques. The savings in energy normalized to the

total energy consumed for the leakage reuse and power gating techniques is given

by Esaved,LR = Edonor,idle−ELCB,LR+Ereceiver,LR

Etotal
and Esaved,PG = Edonor,idle−ELCB,PG

Etotal
, respec-

tively. In addition, Lmax describes the maximum allowed latency normalized to the

cycle time, and Eloss,max = Edonor,idle

Etotal
defines the maximum allowed energy loss nor-

malized to the total energy.

8.4.2 Simulation Framework

The activation and deactivation of a power gating mode results in voltage tran-

sients on the power distribution network (PDN) due to the switching of the control

transistors implementing the power gating [111, 338]. The proposed technique that

reuses leakage current from idle cores results in similar switching voltage transients.

Therefore, the voltage noise due to the implementation of the leakage reuse and power

gating techniques is characterized while accounting for the impedance of the power
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Fig. 8.23: DAG with nine tasks representing the executing application used to characterize
LIT-LR and LIT-LRPG algorithms.

network. In this work, an optimized PDN with off-chip and on-chip impedance pa-

rameters is implemented that allows for a more accurate analysis of the transient

noise.

Both the LIT-LR and LIT-LRPG algorithms are evaluated through SPICE sim-

ulation using a 45 nm CMOS process. A MPSoC platform with five cores is utilized,

where four homogeneous cores are implemented as donors and one core is imple-

mented as a receiver. The donor cores operate at a supply voltage of 1.2 V with

a 1 GHz clock frequency, while a sub-threshold (Sub-Vt) supply voltage of 340 mV

is generated for the receiver core from the reused leakage current of one of the four

donor cores. The receiver core operates at 100 MHz. Note that the supply voltage of

the receiver core is adjustable based on the ratio of the areas between the donor and

receiver cores as mentioned in Section 8.3.1. The ISCAS89 benchmark circuits and

boolean logic circuits are implemented within each of the four donor cores, while the

receiver core is implemented as either the ISCAS89 s27 benchmark circuit or a 32-bit

ARM Cortex M0 core.
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Fig. 8.24: Identification of donor cores with longest idle time that are assigned for leakage
current reuse using the LIT-LR algorithm.

An application with nine periodic tasks is used to characterize non-preemptive

scheduling of donor cores, where the task graph is as shown in Fig. 8.23. The execution

order of four donor cores is shown in Fig 8.24. During the execution of a task on a

given donor core, the remaining donor cores are idle and, therefore, available for LIT-

LR and LIT-LRPG scheduling. The longest idle period for each core when executing

the nine tasks is determined through the LIT-LR algorithm. For example, Task 0 is

executed on core 1 as shown in Fig 8.24, while core 4 provides the longest idle time

before starting execution of a task and, therefore, is assigned with the largest index

value (C4,index = 5). In this case, core 4 is assigned for leakage current reuse when

executing Task 0 on core 1. Similarly, core 2 provides the longest idle time when

executing third task on core 3 and is, therefore, assigned for leakage current reuse.

Note that the index number and task number are not the same.

An accurate estimation of the number of cycles corresponding to the break-event

points (NBE,LR and NBE,PG) requires a separate analysis. In this paper, Pcyclestask
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is assumed as larger than both NBE,LR and NBE,PG for the entire task graph since

only one receiver core implements leakage current reuse and four homogeneous donor

cores are used for both LR and PG. To the best of our knowledge, this is the first work

that addresses the scheduling of idle cores for leakage current reuse. Therefore, the

proposed LIT-LR algorithm is compared against random assignment of available idle

donor cores for leakage current reuse. Based on the idle core assignment performed

by the LIT-LR and LIT-LRPG algorithms, control bits are set and provided to the

LCB for SPICE simulation. For the LIT-LR algorithm, a one bit control signal Φ is

generated and supplied, while a two-bit control signal is generated and supplied to the

LCB after executing the LIT-LRPG algorithm. Note that the LCB circuit is similar

to the control circuit used in [334] and [335], and the same number of transistors are

used in each LCB for both the LIT-LR and LIT-LRPG algorithms.

Optimized PDN with Off-Chip and On-Chip Impedance Model:

The four donor cores are supplied current through an optimized PDN that includes

both off-chip impedance components and on-chip distributed power and ground net-

works as shown in Fig. 8.25. The off-chip and on-chip impedance parameters are listed

in Table 8.3 [335]. A 4×5 on-chip grid is used to improve the simulation accuracy

without significantly increasing the computational cost. The output of the off-chip

voltage regulator module (VRM) is maintained at 1.2 V to emulate the closed-loop
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Fig. 8.25: Optimized PDN modeled with off-chip and on-chip impedance to evaluate the
LIT-LR and LIT-LRPG algorithms.

response of a VRM.

On-chip decoupling capacitors (Codc) are placed at each load point to compensate

for any voltage ripples, where a total of 4 nF of decoupling capacitance is implemented

for the four donor cores. In addition, an on-chip decoupling capacitor Codc,receiver of

50 pF is implemented on the supply node of the receiver core to minimize any voltage

ripple on the virtual ground node. The frequency response of the PDN is evaluated.

A maximum impedance of 320 mΩ occurs at 700 MHz, which is much lower than
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the target impedance of the PDN given by VDD×%ripple
Imax−Imin

. The PDN is optimized to

maintain the voltage ripple within 10% of the target voltage on both the V DD and

GND networks.

8.4.3 Results and Discussion

The LIT-LR algorithm is evaluated through SPICE simulation using the circuit

shown in Fig. 8.25 for the ss, tt, and ff process corners. The voltage tran-

sients due to the leakage reuse technique are characterized for three different sizes of

the switches within each LCB, where switches with 7.5%, 15%, and 30% of the area

of a donor core are used.

Table 8.6: Execution order of four donor cores and the corresponding assignments
by the LIT-LR and LIT-LRPG algorithms for leakage current reuse and power

gating.
Execution order of

donor cores
1 2 3 1 1 4 3 4 2

Idle core
assignment

Leakage current
recycling: LIT-LCR

4 4 2 2 2 2 2 2 4

Leakage current
recycling: Random

2 1 4 2 3 1 2 3 1

Power gating (LIT-LCRPG) 3
2

1
3

4
1

3
4

3
4

3
1

4
1

1
3

3
1

The execution order generated by the HEFT algorithm for the DAG shown in

Fig.8.23, the idle donor core assignments produced by the LIT-LR algorithm, and a

random allocation of cores is listed in Table 8.6. The control bits generated by both

LIT-LR and a random assignment are provided to the LCB for SPICE simulation.

The transient behavior of the leakage current reuse technique when executing the
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Fig. 8.26: SPICE simulation results characterizing the activity of both the donor and
receiver cores when executing the leakage reuse technique when applying the LIT-LR algo-

rithm.

LIT-LR algorithm is shown in Fig. 8.26, where the area of the LCB is 7.5% that of a

donor core. The outputs of a donor and a receiver core are plotted in Fig. 8.26, which

operate at a clock frequency of, respectively, 1 GHz and 100 MHz. Despite the reuse of

leakage current, a full voltage swing is maintained at every clock cycle at the outputs

of all four donor cores (the output of only one donor core is shown). In addition, a

steady voltage of 340 mV is maintained at the output of the receiver core. Additional

characterization of the maximum and minimum voltage noise on the supply node of

the receiver core (the VGND node) is performed while considering process variation

and for three different sized LCBs. The results of the characterization are listed in

Table 8.7. Even with large MOS switches (up to 30% of the donor core) in each

LCB and for the extreme process corners (ss and ff), the maximum and minimum

supply voltage of the receiver core remains within ±3% of 340 mV. Therefore, the
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proposed leakage current reuse technique and scheduling algorithm provide a stable

supply voltage for the receiver core with the use of only on-chip decoupling capacitors.

Table 8.7: Voltage generated on the receiver core from reused charge from idle
donor cores for different switch sizes and process corners.

Switch size (%) 7.5 15 30
Corner SS TT FF SS TT FF SS TT FF
Max. Sub− Vt
VDD (mV)

336.5 340.6 345.4 337.2 341.2 345.9 338.6 342.4 346.9

Min. Sub− Vt
VDD (mV)

336.2 340.2 344.8 336.9 340.8 345.4 338.2 342 346.4

ss tt ff

0.5

1

2

3

4

LR max grid VDD (V)

RN max grid VDD (V)

LR peak power (mW)

RN peak power (mW)

LR switch energy (pJ)

RN switch energy (pJ)

Fig. 8.27: Figures of merit characterizing the LIT-LR algorithm (solid lines) and
random core assignment (dotted lines).

The maximum noise on the supply voltage VDD, the peak power consumption

of the MPSoC system (the sum of the power consumed by the donor cores, receiver

core, and LCBs), and the total energy consumed by the LCBs due to the execution

of the LIT-LR assignment and the random core assignment are characterized for the

ss, tt, and ff process corners with the results shown in Fig 8.27. The assignment

of idle donor cores using the LIT-LR algorithm reduces the energy consumed by

the switches by 27%, 25%, and 24% in, respectively, the ss, tt, and ff corners as
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compared to the random assignment of cores. The peak power consumption when

assigning cores with LIT-LR is reduced by 8.4%, 7.4%, and 5.8% as compared to the

random assignment of cores in, respectively, the ss, tt, and ff corners. In addition,

the maximum voltage noise on the on-chip distributed PDN is reduced by 0.64%,

2.1%, and 1.3% when LIT-LR assignment is performed in, respectively, the ss, tt,

and ff corners as compared to random assignment.

Similar to the LIT-LR algorithm, the control bits generated from execution of

the LIT-LRPG algorithm are supplied to the LCBs shown in Fig. 8.22 to evaluate

the simultaneous implementation of LR and PG. SPICE simulation is performed at

the tt corner and with a LCB area of 7.5% that of a donor core. However, for the

simultaneous implementation of both techniques, two-bit control signals are passed

to each LCBs: one bit to SV G and another to SG.

The simulated results obtained from a 45 nm CMOS technology are used to solve

the optimization problem described in line 3 of Algorithm 4. The LRwake−up and

PGwake−up parameters, which are extracted from simulation, are set to, respectively,

1.1 and 1.2 for a 1 GHz clock frequency. The Edonor,idle, ELCB,LR, ELCB,PG, and

Etotal parameters are determined as, respectively, 4.75 pJ, 0.16 pJ, 0.63 pJ, and 29.2

pJ. Consequently, an optimum solution is found with a larger value of X by setting

Eloss,LR, Eloss,PG, Esaved,LR, Esaved,PG, Lmax, Eloss,max, and η to, respectively, 0.33,

1.33, 0.162, 0.14, 5, and 0.17, and 10. As homogeneous cores are used, the value of
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Fig. 8.28: Simulated figure of merits using proposed Algorithm 4, where T1, T2, T3,
T4 represents, respectively, simultaneous implementation of LR and PG, LR only,

PG only, and baseline without LR and PG.

δ [m] is the same for all donor cores. Therefore, in this case, the idle donor core with

the longest idle period is always assigned for leakage current reuse.

The peak power, average power consumption per cycle, and total energy con-

sumption are characterized for four power management scenarios: T1) simultaneous

implementation of leakage current reuse and power gating, T2) power gating only,

T3) leakage current reuse only, and T4) without either leakage current reuse or power

gating (baseline). The simulation is performed with two sizes of receiver cores: one

that contains only an s27 benchmark circuit (3.36 µm2) and another that consists of

a 32-bit ARM Cortex M0 core (98930 µm2). Both s27 and the synthesized ARM core

operate with a supply voltage of 340 mV. The current trace for 10% activity of the

ARM core is applied to the PDN shown in Fig. 8.25 for SPICE simulation. The size



281

of each donor core is increased by 1750× (equivalent to 1750 s27 blocks) to provide

sufficient leakage current to the ARM core operating at 340 mV.

The simulation results for the four scenarios are shown in Fig. 8.28. The simul-

taneous implementation of LR and PG reduces the total energy consumption of the

donor cores by 50.2% (75.5%), 14.4% (18%), and 5.7% (11.2%) for receiver cores

consisting of s27 (ARM Cortex M0) as compared to, respectively, the baseline with

no PG or LR, power gating only, and leakage current reuse only. The use of leakage

current reuse also reduces the average power consumption per cycle of the LCB by

9.9% (7.6%) as compared to power gating when applied to receiver core consisting

of s27 (ARM core). In addition, the simultaneous implementation of PG and LR

on s27 (ARM core) reduces the peak power consumption by 45.2% (66.7%), 11.9%

(22%), and 1.62% (4.2%) as compared to, respectively, the baseline, PG only, and

LR only. Although the simultaneous implementation of LR and PG results in a

greater power consumption by the LCB than power gating or leakage current reuse

implemented separately, the energy consumption and peak power consumption of the

overall MPSoC is reduced.

8.5 Summary

In this chapter, a novel leakage reuse technique is developed to deliver unused

current to low voltage circuits, where the leakage current from the idle donor circuits
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is recycled to deliver current to receiver circuits that are active and operated at sub-

and near-threshold supply voltages. An additional voltage source is, therefore, not

required for the receiver circuits, while the leakage overhead of the donor circuits is

also reduced. An analysis of the energy break-even point is provided, which describes

the minimum idle number of cycles of a donor core required to achieve an overall

improvement in the energy-efficiency of the multi-core system. In addition, a novel

method of dynamically assigning idle donor cores or circuits for leakage reuse is im-

plemented to maintain a stable receiver supply voltage for workloads executed on the

receiver circuits with variable current load demands. Circuit and algorithmic tech-

niques for dynamic idle core management are proposed to reduce the leakage current

and improve the overall system energy efficiency of a MPSoC platform. Algorithms

are developed to optimally schedule workloads when implementing the leakage reuse

technique with and without implementing power gating.



Chapter 9

Leakage Reuse for Energy Efficient

Near-memory Computing of

Heterogeneous DNN Accelerators

The implementation of artificial neural network (ANN) based models in existing

CPU, GPU, and FPGA based architectures is computationally costly [59–61, 242,

339, 340]. Therefore, active research to accelerate the computation of ANNs with

custom ASICs is being pursued that leverages parallelism and data reuse [59–62].

However, the challenges of storing and moving large quantities of data still exist in

state-of-the-art AI accelerator architectures [242, 339, 340]. The large number of input

activations, output activations, weights, and addresses are stored in a combination of

283
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off-chip and on-chip memory depending on the latency and bandwidth requirements

of the application [242, 339, 340]. However, at any given clock cycle, only a tiny

fraction of both the off-chip and on-chip memory is actively used [59–61]. In this

chapter, the application of the leakage reuse technique on an on-chip SRAM array is

discussed, where the array implements a heterogeneous multi-voltage domain DNN

accelerator for near-memory computing.

The primary contributions described in this chapter include

• a design space exploration analyzing the computational demand and execution

time of the DNN models, which includes the characterization of multiple sub-

layers of the models,

• a novel leakage reuse (LR) technique applied to on-chip SRAM, where the leak-

age current from idle memory banks (memory banks that are in a hold state)

are recycled to deliver power to the adjacent processing elements of a DNN

accelerator for near-memory computing,

• a novel multi-voltage domain heterogeneous DNN accelerator architecture that

executes multiple models simultaneously with different power-performance op-

erating points, where each sub-array of PEs is tied to an independent power

domain, and

• a close-loop adaptive voltage control technique to mitigate variations due to

process, voltage, temperature (PVT), and aging.
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This chapter is organized as follows. An introduction to custom DNN accelerators

is provided in Section 9.1. The application of the leakage reuse technique to an on-chip

SRAM is described in Section 9.2. The power management of multi-voltage domain

DNN accelerators that reuse the leakage current from SRAM memory is described in

Section 9.3.

9.1 Custom DNN Accelerators for Edge Applica-

tions

The exploration of custom deep neural network (DNN) accelerators for highly

energy constrained edge devices with on-device intelligence is gaining traction in the

research community. Several custom architectures were proposed in the past five

years that implement DNN accelerators with improved performance, throughput,

and energy efficiency as compared to CPU, GPU, and FPGA based implementations

[53, 59, 62, 194, 199, 205, 239, 253, 255]. Despite the superior throughput and perfor-

mance of custom accelerators, the energy efficiency and versatility of state-of-the-art

DNN accelerators is constrained due to the storage and movement of a large quan-

tity of data. Recent advances in DNN models and DNN accelerators (customized
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hardware architectures optimized for DNN inference) have provided significant im-

provement in incorporating intelligence into ubiquitous edge devices, which are imple-

mented with highly stringent energy efficiency requirements. The use of edge devices

for applications including computer vision, augmented reality (AR), face recognition,

image processing, and speech applications require DNNs with varying specifications

[53, 214]. The state-of-the-art DNN models customized for resource constrained edge

devices are capable of inference with as few as 2-bits of arithmetic operation [341],

while training is demonstrated with as few as 4-bits of arithmetic operation [342]. As

the bit precision is reduced, the execution of both inference and training is more fea-

sible on edge devices. However, hardware level implementations of optimized DNNs

has not sufficiently progressed in the research community as compared to the break-

throughs made in model and algorithm development due to a) the lack of efficient

circuits and architectures implementing the DNNs, and b) the higher power consump-

tion of the DNN accelerators as a result of executing a large number of computations

and the inclusion of large off- and on-chip memories.

The development of an optimized DNN accelerator is an area of on-going research

effort [53, 59, 62, 194, 199, 205, 239, 253, 255]. As neural networks are implemented

with a greater number of layers and with increasingly diverse layer structures, new

challenges emerge due to a) the storing and management of a large volume of data

sets, and b) the requirement of efficient dataflows for layer by layer processing of
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DNN models [53, 253]. In addition, the implementation of a DNN accelerator that

offers both optimized energy efficiency and optimized performance across the various

DNN models is a challenge to achieve as the architecture of the DNN accelerators is

often fixed and only provides optimized results for a sub-set of DNN models [53, 196].

The primary challenges of implementing optimized DNN accelerators are discussed

in this section. The challenges due to the management of the large number of net-

work parameters are discussed in Section 9.1.1. The challenges of executing DNN

models on a target hardware platform in a sequential layer-by-layer flow is discussed

in Section 9.1.2. The limited scope of monolithic DNN accelerators is discussed in

Section 9.1.3.

9.1.1 Storing a Large Number of Network Parameters On-chip

Most prior research has focused on the development of efficient hardware that

computes target DNN models, where an accurate characterization of the on-chip and

off-chip memory requirements is not satisfactorily performed [53, 63, 196, 253]. Recent

research proposed maximizing the size of the on-chip memory of DNN accelerators as

a means to improve the performance and energy efficiency by avoiding expensive off-

chip data transfers [53, 253]. In addition, several techniques are explored to reduce the

memory footprint of deep neural networks [53]. The memory requirements of DNN

accelerators for several neural network models are characterized with an emphasis on
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the size of the on-chip memory and the off-chip memory bandwidth, where results

indicate that increasing the size of the on-chip memory improves the performance,

bandwidth, and energy efficiency [53]. Recently, a memory management technique

for DNN accelerators was proposed, where the activation memory of two sequentially

adjacent layers are intentionally overlapped, as opposed to ping-pong buffering where

the input and output activations of two consecutive layers are temporarily stored

into two dedicated memory blocks for layer-by-layer processing [253]. By overlapping

the activation memory, the energy overhead due to the on-chip memory of the DNN

accelerators is reduced [253].

As the DNNs are implemented with deeper and larger networks to improve accu-

racy, the storage of a greater number of parameters in a combination of on-chip and

off-chip memory is required. The increasing need for additional on-chip memory poses

challenges on power and resource constrained DNN accelerator SoCs, where all or a

majority of the network data (activations and weights) are stored in on-chip memory

as discussed in Section 5.4 [53, 253]. Both the energy per access and the latency are

reduced by storing the activations (inputs and outputs) and weights in on-chip mem-

ory [53]. The performance and energy efficiency of state-of-the-art DNN accelerators

are, therefore, constrained by the on-chip memory, where the energy consumed by a

unit operation of the on-chip memory is 6× greater than the energy required by a

unit operation of computation [239, 253]. Activations and weights are conventionally
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stored in either a global on-chip memory and/or within each PE in separate local

memory [53]. As recent research has targeted improving the breadth of models exe-

cuted on a DNN accelerator, the minimum and maximum memory requirements vary

by orders of magnitude for different neural network models [53, 196, 253]. Therefore,

as the number of DNN models and the size of the neural networks increases, a greater

portion of the total power consumption of a DNN accelerator is consumed by the on-

chip memory [59, 63, 196]. In addition, as the size of the on-chip memory increases,

the amount of unused memory for the implementation of smaller models at any given

time results in a significant amount of energy loss due to leakage current.

Algorithm 5 An algorithm that implements convolution for n number of CNN layers
[253].
1: for Layer = 0 to n
2: for yout = 0 to Yout
3: for xout = 0 to Xout

4: for cout = 0 to Cout
5: for ky = 0 to Ky

6: for kx = 0 to Kx

7: for cin = 0 to Cin
8: xin = xout · Sx − Px
9: yin = yout · Sy − Py

10: out(xout, yout, cout) += in(xin+kx,yin+ky,cin)·k(kx, ky, cin)
11: end
12: end
13: end
14: end
15: end
16: end
17: end
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Fig. 9.1: Layer-by-layer processing of the convolution operation, where the algorithm
implementing convolution for n number of CNN layers is given by Algorithm 5. A
two-dimensional convolution operation of a CNN layer is shown. [253].

9.1.2 Layer-by-Layer Processing of Neural Network Models

DNN models are composed of several convolution layers, fully connected layers,

and activation layers, where the convolution layers are the most computation and

memory intensive [343]. The algorithm executing the convolution operation and a

depiction of an implementation of a convolutional neural network (CNN) with n

number of layers are provided as, respectively, Algorithm 5 and Fig. 9.1 [253]. In

each layer, the input feature map in(Xin, Yin, Cin) is convolved with Cout number

of weight kernels k(Kx, Ky, Cin) to produce an output feature map out(Xout, Yout,
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Cout). The parameters Xin, Xout, Yin, Yout, Cin, Cout, Kx, and Ky represent, respec-

tively, the width of the input, the width of the output, the height of the input, the

height of the output, the number of input channels, the number of output channels,

the width of each filter, and the height of each filter. For Algorithm 5, the param-

eters Sx, Sy, Px, and Py represent, respectively, the stride in the x direction, the

stride in the y direction, the padding of zeros in the x direction, and the padding

of zeros in the y direction. For the n-layer convolution operation shown in Fig. 9.1

[253], each weight kernel is convolved with the input feature map by sliding in the

x and y directions. Once the computation of the first layer is complete, the output

is provided to the second layer, where the same computation is repeated. Therefore,

the convolutional neural network performs layer-by-layer processing, where the out-

put from a given layer is applied to the input of the subsequent layer [53, 253]. The

layer-by-layer computation and data access pattern is common to all CNNs regardless

of the implemented model, executing application, and implemented hardware archi-

tecture. However, the layer-by-layer computation poses challenges when optimizing

the utilization of the processing elements and the on-chip memory.

For a given CNN model, multiple layers exhibit different shapes (stride, padding,

number of channels, and dimension of inputs, outputs, and weights), which results

in disparate configurations of the PE array and memory. Therefore, the execution

of models on an accelerator SoC must be dynamically assigned through an efficient
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dataflow [194]. Several optimized dataflows including row stationary (RO), output

stationary (OS), and weight stationary (WS) were proposed to maximize the utiliza-

tion of PEs across all layers [194]. However, a given dataflow optimizes the target

hardware only for a sub-set of layers and models. Therefore, the challenge of efficiently

utilizing on-chip memory resources and PE arrays remains. Specifically, available PEs

are not best utilized for all layers, which results in the need for dynamic memory al-

location for each layer.

In addition, the on-chip memory utilization at any given time changes when exe-

cuting layer-by-layer processing. As noted in Section 5.4 and Section 9.1.1, the size of

the on-chip memory of current hardware accelerators is larger [53, 194, 239, 253, 255].

If the weights and/or activations of all layers are stored in on-chip memory, only a

fraction of the total on-chip memory is utilized when executing a particular layer

[253]. Therefore, a significant amount of energy is lost due to the leakage current

through the idle memory banks, as leakage energy increases proportionally to the size

of the circuits.

9.1.3 Limited Scope of Monolithic DNN Accelerators

The DNN accelerators are typically composed of an array of monolithic process-

ing elements (homogeneous accelerator architecture where all PEs are tasked with

executing a single model at any given time), and all PEs are tied to a single power
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Fig. 9.2: Characterization of the utilization of the PEs and the average number of cycles to
execute a set of DNN models for array sizes of 12×14, 6×6, and 2×2.

domain [53, 59, 61–63, 194, 239, 253, 255]. The implementation of a monolithic DNN

architecture limits any improvement in the energy efficiency and the performance of

the system as i) all PEs are allocated for a particular model regardless of the actual

hardware requirements of the executing model and ii) the same supply voltage is ap-

plied to all PEs regardless of the specific latency and throughput requirements of the

executed application.

The computational requirements, size of the on-chip memory, and the memory

bandwidth vary by multiple orders of magnitude for different neural network models

as well as across layers within a given model [53, 253]. Maintaining a high energy

efficiency when implementing a monolithic DNN accelerator is a challenge as a given

dataflow does not map diverse layers and models optimally to the available hardware

resources. In this work, an Eyeriss-like architecture is characterized using a cycle
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accurate neural processing unit (NPU) simulator [194, 216]. The architecture is an-

alyzed across a set of DNN application models and for three PE array sizes (12×14,

6×6, and 2×2). A weight stationary (WS) dataflow is applied to all array sizes and

models [239]. The average utilization of the PE array and the average number of

cycles required to complete execution of a diverse set of models used for applications

including vision, object detection, and speech recognition are characterized, with re-

sults as shown in Fig 9.2. The number of cycles of execution is normalized to the

number of cycles required by the 12×14 array. For the 12×14 PE array, the average

number of cycles required to complete execution of HandwritingRec, GoogleTrans-

late, DeepVoice, MelodyExtraction, MobileNet, DeepSpeech, OCR, Yolo, FaceRecog-

nition, GoogleNet, Vision, SpeakerID, and ResNet is, respectively, 0.245K, 2.84K,

2.48K, 3.627K, 206K, 1639K, 127K, 1735K, 423K, 174K, 1823K, 6007K, and 462K.

The average PE utilization is less than 90% for most of the models when the PE ar-

ray size is 12×14, while the PE utilization significantly increases for the smaller array

sizes of 6×6 and 2×2. Underutilization of PE arrays across hundreds to thousands

of cycles results in a significant reduction in the energy efficiency of the accelerator

due to increased leakage current. Conversely, an increase in the utilization of PEs

results in a significant improvement of the total energy efficiency of the DNN accel-

erator. However, the reduction in the size of the array results in an increase in the

average number of cycles needed to complete execution of the models by 1.16× to
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4.43× and 2.86× to 36× for, respectively, an array of size 6×6 and 2×2. The overall

power-performance trade-off is, therefore, improved when the different models and

layers are optimally mapped to a heterogeneous PE sub-array.

State-of-the-art edge devices execute multiple applications that concurrently run

in the background. As an example, edge devices performing augmented reality (AR)

require concurrent execution of object detection, speech recognition, pose estimation,

and hand tracking [196, 214]. In addition, due to the increasing complexity and the

greater variety of DNN based workloads executed on edge devices, dynamic allocation

of resources and the computational loads is required [196, 214, 217, 343]. Traditional

DNN accelerators with monolithic architectures optimized to efficiently execute only

a sub-set of models are not suitable for current trends in applications that require the

use of a diverse set of DNN models. Recent research proposed flexible and hetero-

geneous DNN accelerators to improve the performance and energy efficiency of edge

devices simultaneously running a diverse set of DNN models [196, 214, 217]. The

heterogeneous DNN accelerators are composed of multiple sub-arrays of PEs each

optimized for different layer shapes and operations [196, 214, 217]. Each sub-array of

PEs is mapped to a dataflow that optimizes the utilization of resources and improves

the overall power-performance trade-off.

In addition, monolithic DNN accelerators, where all PEs share a common power

domain, limit any improvement in the energy efficiency of the circuit provided by
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techniques such as fine-grain dynamic voltage scaling, adaptive voltage scaling, and

power gating [59, 215, 238, 257]. For example, more recently, an inference processor

was implemented for improved energy efficiency, where all of the PEs operate at a

near-threshold voltage of 0.4 V for the entire execution of the DNN [255]. While the

power consumption is lower at 0.4 V as compared to 1.2 V, the operating frequency of

60 MHz is also significantly lower, which limits the inference processor to the imple-

mentation of only a sub-set of DNN models [255]. The highly constrained monolithic

architecture is, therefore, not well suited for the execution of a diverse set of DNN

models as the throughput, energy efficiency, and execution time of the accelerator are

not dynamically adjustable.

The operating frequency of most state-of-the-art DNN accelerators is limited by

the memory bandwidth despite the opportunity of running the computational units

at much higher frequencies [63, 194, 255, 256]. For example, the Eyeriss accelerator

implemented in a 65 nm CMOS fabrication process operates at a clock frequency

of 200 MHz, where each PE consists of either a 16-bit MAC [194, 256] or two 8-

bit MACs [63]. In addition, an inference processor implementing 848 KB of SRAM

memory operates at a 120 MHz frequency for a supply voltage of 0.7 V in a 65 nm

CMOS technology [255]. In both cases, the 65 nm technology permits much higher

operating frequency. Therefore, there are opportunities to improve the overall system

energy efficiency without significantly impacting the performance of the accelerator
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SoC by operating the computational units (MACs) at a lower supply voltage, while

operating memory at a higher supply voltage.

9.2 Leakage Reuse in Memory

Leakage reuse is a technique where the leakage current from an idle circuit block

or core in a system-on-chip (SoC) is reused to deliver power to an active circuit

block or core within the same SoC [272, 334, 335]. Prior research applied the leakage

reuse technique to logic circuits [334, 335]. Recently, circuits and algorithms for

simultaneous implementation of leakage reuse and power gating were proposed [272].

In this paper, however, the leakage reuse technique is applied to on-chip memory

(SRAM). Idle memory banks from which leakage current is reused are described as

donors and computing units (PEs or MACs) to which reused charge is delivered as

receivers. Unlike the prior techniques, in this paper the leakage current from memories

(donors) is reused to supply power to computing units (receivers) that implement a

near-memory computing architecture. The stored data is not affected when leakage

reuse is applied, which is validated through SPICE simulation (more discussion is

provided in Section 9.2.2). The primary advantages of applying the leakage reuse

technique include a) a reduction in the leakage current of the donors, which improves

the overall energy-efficiency of the system, b) the leakage energy, which is otherwise

considered wasted energy, is recycled to deliver power to computing units, and c)
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Fig. 9.3: An overview of applying the leakage reuse technique at the memory bank
level, where leakage current from x number of SRAM banks (donors) provide power
to y number of computing elements (receivers).

voltage regulators are not required to generate and regulate the supply voltages of

the receivers, which reduces the area and power overhead of the IC.

9.2.1 Bank-level Leakage Reuse

Large state-of-the-art on-chip SRAM memories are composed of many smaller

banks. The smaller distributed memory blocks allow for selective activation of banks

that are required for specific workloads, which results in a significant reduction in

the overall power consumption of the SoC [254, 344]. In addition, for conventional
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topologies, the maximum allowed bit cells per row or column in an SRAM array is

limited to no more than 300 due to the increased RC delays on the wordlines and

bitlines [344]. Furthermore, the size of the decoders is increased correspondingly,

which results in greater delay as the size of the wordline or array size is increased.

The greater decoder delay is in addition to large distributed RC load on the wordlines

and bitlines. The use of banks also increases the throughput as memory interleaving

is permitted, which is a technique where the addresses of large on-chip or off-chip

memory are evenly distributed across many smaller memory banks [254]. The benefit

of memory interleaving is that the execution of read/write operations and the waiting

time to re-execute read/write operations on a specific memory address is reduced,

which increases the data throughput [254].
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Given the significant benefits of using SRAM banks to improve power consump-

tion, latency, and throughput, in this paper the leakage reuse technique is applied

to the SRAM banks, which are the smallest units the technique is implemented on.

An overview of applying the leakage reuse technique to SRAM banks is provided

through the block level representation shown in Fig. 9.3, where the leakage current

from x number of donors (memory banks) is recycled to generate supply voltages for
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y number of receivers (computing units). Each donor consists of a switching fabric

described as a leakage control block (LCB) that controls the leakage flow between

donor and receiver(s), while the leakage control wrapper (LC wrapper) provides the

control signals to the LCBs.

The circuit implementation of the LCB and the LC wrapper is shown in Fig. 9.4.

Each LCB consists of PMOS and NMOS switches that allow current in, respectively,

leakage reuse and active mode. Multiple PMOS switches are utilized to allow for finer

control of the generated voltage for the receiver. The LC wrapper sets the control

bits based on the activity of the donor(s) and receiver(s) and the amount of current

required for the receiver to generate a given supply voltage. A binary 4-to-16 decoder

is implemented that sets the idle donor memory bank(s) for leakage reuse. The NMOS

transistor N of the LCB connects the virtual ground node VSS0 of Bank0 to the true

ground node GND when Bank0 is in active mode. The PMOS transistors P0 through

P2 tie the VSS0 node to the power network of the receiver when Bank0 is idle (hold

state). The control signal C0, which is connected to the gates of the PMOS and

NMOS transistors in Fig. 9.4, is set to 0 or 1 when Bank0 is operating in either idle

mode or active mode, respectively. The transistors P0 to P2 must be large enough

to sufficiently conduct the leakage current through the virtual ground (receiver power

network) within a given clock period and without resulting in significant resistive

voltage drop, while the threshold voltages of transistor N must be large enough to
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prevent leakage loss during the idle mode operation of the memory banks.

The circuit representation of Bank0 is shown in Fig. 9.5, where each bank has

a separate virtual ground node. Note that the circuit structure of all remaining

banks is identical to that of Bank0. Each bank consists of an m×n SRAM cell array,

row/column decoders, sense amplifiers, and driver circuits as shown in Fig. 9.5, where

in this work 16 rows (m = 16) and 16 columns (n = 16) are implemented in each

bank.

Table 9.1: Characterization of leakage power and access time of SRAM with standard-
Vt transistors, high-Vt transistors, and transistors with 25% longer channel length.

One 6T
bit-cell

16×16
cell array

16×16 memory
bank

Access time of a
6T memory cell
Read Write

Standard-Vt
and L 95.25 pW 104.5 W 113.3 W 0.179 ns 0.152 ns

High-Vt 40.51 pW 39.11 W 47.91 W 0.195 ns 0.172 ns
25% longer
gate length (L) 60.08 pW 77.74 W 86.54 W 0.192 ns 0.166 ns

Total power of a
8b MAC (@0.45 V) 14.53 W

Existing techniques that minimize the leakage current of SRAM memory cells are

also considered in this research. The leakage current of a single 6T SRAM cell, a

16×16 cell array, and a 16×16 SRAM macro are characterized, with results as listed

in Table 9.1. Three scenarios are evaluated: a) an SRAM cell that includes transistors

with standard threshold voltage Vt and standard gate length, b) an SRAM cell that

includes high-Vt transistors, and c) an SRAM cell that includes transistors with 25%

longer gate length. Note that high-Vt transistors are utilized in both the pull-up and
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the pull-down networks of both inverters of the 6T SRAM cell to produce the maxi-

mum reduction in the leakage current as reported in [57, 58]. Despite the reduction in

the leakage current of the SRAM cells that include transistors with high-Vt and long

gate length, a significant amount of power is dissipated as leakage, as indicated by

the results listed in Table 9.1. Specifically, the leakage power of a 6T SRAM is 95.25

pW, 60.08 pW, and 40.51 pW when implemented with transistors of, respectively,

standard threshold voltage Vt and gate length, 25% longer gate length, and higher-Vt.

In addition, SRAM cells that are implemented with transistors of higher threshold

voltage and longer gate length result in greater access time for both read and write

operations as indicated by the results listed in Table 9.1, which negatively impacts the

overall performance of the accelerator. Therefore, SRAM cells with both standard Vt

and gate length are used in this work. However, the leakage reuse technique is appli-

cable to the SRAM banks that are implemented with transistors of higher threshold

voltage and longer channel length by adjusting the ratio of the donor area to receiver

area at design time. Note that the leakage power of the SRAM banks is significantly

larger than the total power of an 8-bit MAC even with transistors of higher-Vt and

longer channel length.

Despite the reduction in the leakage current in more advanced process nodes, leak-

age current loss is not eliminated, and a significant amount of power is still dissipated

as leakage. Specifically, the leakage power of an 8T SRAM cell is 114.44 pW and 27.5
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pW for a 6T SRAM cell in, respectively, a 32 nm tri-gate CMOS and 7 nm FinFET

process [17, 271]. The proposed technique generates the receiver supply voltages by

tuning the size and configuration of the leakage control blocks, the LC wrappers, and

the ratio of the donor area to the receiver area at design time. Therefore, even at ad-

vanced technology nodes, the leakage reuse technique remains applicable. Moreover,

the complex circuit techniques available in state-of-the-art on-chip SRAM architec-

tures including the sharing of decoders, the sharing of sense amplifiers, and the use of

higher order address bits to apply chip select and bank addressing are not considered

in this paper as 1) the design of the SRAM architecture is not a primary objective

of this work and 2) the use of the SRAM architecture shown in Fig. 9.5 provides suf-

ficient circuit details for the proof of concept described, where the inclusion of more

complex techniques only increases the area and leakage current.

9.2.2 Functionality of Donors During Leakage Reuse

The functionality of the SRAM banks (donors) and the computing units (re-

ceivers) when implementing the leakage reuse technique is analyzed. Four banks are

implemented to characterize the functionality of the donors and receivers when im-

plementing the proposed technique. The 6T SRAM bit cell array and the peripheral

circuits of the memory bank are developed in a 65 nm CMOS technology. The results

from transient analysis of Bank0, which include the implementation of the leakage
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reuse technique, are obtained through SPICE simulation and are shown in Fig. 9.6.

A 4-bit address is used to access a smaller sub-array (4×4) of the memory, as shown

in Fig. 9.6. At any given time, two banks are assumed active, while the remaining

two are assumed idle, where Bank0 and Bank1 (Bank2 and Bank3) share the same

control signals. A 4-bit carry look-ahead adder is implemented as the receiver. A

0.45 V supply voltage is generated for the receiver from the leakage current of the

two idle SRAM banks. The control signals for the SRAM banks are listed in Ta-

ble 9.2, where signals for only Bank0 are provided. At the beginning of the control

cycle, Bank0 and Bank1 are active (C0 = C1 = 1) and the leakage current from the

two idle banks (Bank2 and Bank3) is provided to the adder. A logic high is written

into a memory cell located at address 0100, which is followed by a control pulse that

changes the state of Bank0 to idle (hold state). Therefore, Bank0 and Bank1 are

now available for leakage reuse. During the third control pulse, where Bank0 is in

an active state again, the stored data is retrieved correctly. Similarly, a logic low is

written to memory address 0000 and is retrieved correctly. Therefore, the proposed

technique recycles leakage current from memory banks without causing functional

errors and data loss.

The implementation of the leakage reuse technique does not result in a pertur-

bation of the stored bits of the SRAM cell arrays. As an example, a bit cell from

Bank0 is analyzed as shown in Fig. 9.7. As the leakage reuse technique is only applied
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Fig. 9.6: Analysis of the functionality of SRAM Bank0 (donor) as a 4×4 cell array
before and after implementing leakage reuse.

during the hold state of the memory bank, data must be retained when the bank is

returned to the active operating modes (read/write). When the bit cell stores a logic

‘1’, the input and output of INV2 is, respectively, 1.2 V and 0 V. As the bit cell

enters the leakage reuse mode, the output node of INV2 rises to 0.45 V, which results

in a corresponding change to the input of INV1 to 0.45 V from 0 V. However, the

rise in the input voltage of INV1 does not perturb the output state of INV1 as the

NMOS transistor M3 is in cut-off mode (VGS,M3 = 0V ). Therefore, the 1.2 V input

to INV2 remains unchanged. Similarly, when a logic ‘0’ is stored on the bit cell, the
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Table 9.2: Control signals corresponding to SRAM Bank0.

Signal Operation

CLK_R0 = 0 : pre-charge
= 1 : evaluate

RW_EN_R0
(read/write enable)

= 0 : hold mode
= 1: read/write mode

SENSE_EN_R0
(enable sense amplifier)

= 0 : write mode
= 1 : read mode

WR_DR_EN_R0
(write driver enable)

= 0 : read/hold mode
= 1 : write mode

C0
(leakage control)

= 0 : LR mode
= 1 : donor is active

output node of INV1 rises to 0.45 V from 0 V. In this case, the NMOS transistor M5

remains in cut-off mode, which prevents any perturbation of the output node of INV2.

Therefore, stored data on the SRAM cells is retained even with implementation of

the leakage reuse technique.

9.2.3 Functionality of Receivers During Leakage Reuse

The functionality of the computing units (receivers) when implementing the leak-

age reuse technique is analyzed. A 4-bit carry look-ahead (CLA) adder that operates

at a supply voltage of 0.45 V is implemented as the receiver. The supply voltage of

the adder is generated from the leakage current of two memory banks. The results

from transient analysis obtained through SPICE simulation are shown in Fig. 9.8,

where two 4-bit numbers (A and B) are added to produce the output ADD_OUT.

Despite the need to change donors while applying leakage reuse, a stable voltage of

0.45 V is maintained at the receiver.
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Fig. 9.7: Intrinsic data retention of SRAM cells when accounting for the implemen-
tation of the leakage reuse technique.

In addition, the changes in adder inputs, which represents workload variation,

incur minor voltage drops, which is shown through the magnified view of the

V DDreceiver signal. However, the V DDreceiver signal returns to it’s target value due

to the added on-chip decoupling capacitor of size 0.5 nF as shown in Fig. 9.4. The

adder is implemented with a single-stage pipeline and, therefore, requires a one clock

cycle delay to provide a logical output.
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Fig. 9.8: Functional verification of a 4-bit carry look-ahead adder (receiver) that is
supplied current from the implementation of the leakage reuse technique.

9.3 Power Management of DNN Accelerator by

Reusing SRAM Leakage

In this research, a novel power management technique is developed through con-

trolled charge recycling from on-chip SRAM memory cells during the hold state to

supply current to processing elements of the DNN accelerators. The proposed tech-

nique implements a near-memory computing architecture by bringing the compu-

tations units closer to the on-chip memories. In addition, the proposed technique
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implements a heterogeneous and multi-voltage domain DNN accelerator, where mul-

tiple PEs are grouped to form NSA number of sub-arrays that perform simultaneous

execution of NSA number of models.

The leakage current of idle SRAM banks or blocks is reused to supply current

to the computing units of the DNN accelerator. Recently, many variants of custom

DNN ASICs have been proposed, where regardless of the underlying architecture,

the generic structure of each accelerator is composed of 1) an array of processing

elements, 2) on-chip memory, 3) off-chip memory, and 4) a communication network

such as a network on chip (NoC) [61, 194]. The proposed DNN accelerator that

implements near-memory computing with leakage reuse is shown in Fig. 9.9, where

the leakage current from idle on-chip memory (SRAM) is reused to deliver power to

the computing units within the processing elements. A conventional power delivery

system is assumed for the memory banks, where the supply voltage VDD is generated

and distributed through integrated voltage regulators (IVRs) and/or distributed on-

chip voltage regulators (OCVRs) controlled by a power management unit (PMU)

[345].

The detailed description of the proposed heterogeneous multi-voltage domain

DNN accelerator architecture is discussed in Section 9.3.1. The framework to evaluate

the proposed technique is described in Section 9.3.2, which is followed by a discussion

of simulation results in Sections 9.3.3, 9.3.4, and 9.3.5. In addition, a novel technique
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Fig. 9.9: Architecture of the proposed multi-voltage domain DNN accelerator imple-
menting both near-memory computing and leakage reuse.

to maintain a stable supply voltage from the recycled leakage current of the memory

cells is discussed in Section 9.3.6.

9.3.1 Proposed Heterogeneous DNN Accelerator Architecture

Implementing Near-Memory Computing through Leak-

age Reuse

A multi-voltage domain heterogeneous DNN accelerator architecture is proposed

to address the limitations of monolithic DNN accelerators and the energy loss due to

the leakage current of on-chip memory. The proposed architecture implements both
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Fig. 9.10: Block level representation of the proposed multi-voltage domain heteroge-
neous DNN accelerator based on the Eyeriss architecture.

near-memory computing and leakage reuse. The architecture of the DNN accelerator

is shown in Fig. 9.10, where the accelerator is composed of multiple sub-arrays each

operating in a separate voltage domain, as opposed to established architectures that

implement one large PE array with a single voltage domain V0 as shown for the

conventional DNN accelerator of Fig. 9.10. The input and output activations are

stored in separate global on-chip memory, where the total size of each memory block

is 108 KB. The weights required by the multiple layers are stored in an on-chip

memory of 0.5 KB within each PE. The total memory to store weights for 168 PEs

is 84 KB.
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The proposed technique implements near-memory computing within a given PE

by generating the supply voltage of the MAC units from the leakage current of the

adjacent idle memory blocks that store the weight parameters. Within a processing

element, the idle memory banks from all non-active layers of the DNN accelerator are

utilized for leakage reuse, where at any given time a single layer and the corresponding

weights are active. When any of the sub-arrays execute a given layer L, the weights

associated with only layer L are in use, while the remaining memory cells storing

weights are idle within each PE of a given sub-array.

The total number of PEs, the number of MACs per PE, the size of the memory

storing the input and output activation values, and the size of the on-chip memory per

PE are listed in Table 9.3, where the hardware specifications are similar to that re-

quired by the Eyeriss architecture [63, 256]. However, unlike the Eyeriss architecture,

the PEs for the proposed heterogeneous DNN accelerator are clustered into multiple

sub-arrays with independent voltage domains. Therefore, each sub-array of PEs exe-

cutes a separate DNN model with an optimized performance-energy operating point.

The block level overview of a single PE is shown in Fig 9.11, where each PE includes

0.5 KB of on-chip SRAM and two fixed-point 8-bit MACs with two-stage pipelines

that produce two multiply-and-accumulate results per cycle.
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Fig. 9.11: A single processing element with a 0.5 KB on-chip memory and two 8-bit
MACs. The 0.5 KB memory is implemented as 16 16×16 SRAM banks, where at any
given time one bank is utilized for leakage reuse.

Table 9.3: Hardware specification of the proposed heterogeneous multi-voltage do-
main accelerator.

Process technology TSMC 65 nm LP
Total on-chip SRAM 300 KB
Total number of PEs 168
Number of MAC units per PE 2
Number of PE sub-array 10
Number of voltage domain 6
Shared memroy 216 KB
On-chip SRAM per PE 0.5 KB
Clock frequency 200 MHz
Combined peak throughput
when all PE sub-arrays
operate at 0.45 V

14.686 GOPS

Arithmetic precision 8-bit fixed point

Operating voltage Memory: 1.2 V
MAC: 0.45 V

9.3.2 Evaluation Framework

The proposed multi-voltage domain heterogeneous DNN accelerator consists of a

total of 168 PEs and 300 KB of on-chip SRAM memory. The accelerator is imple-

mented and characterized through SPICE simulation in a 65 nm CMOS technology.

Each 8-bit MAC unit consists of a radix-4 booth multiplier and a carry look-ahead
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adder. Six voltage domains (V0 to V5) are implemented as shown in Fig. 9.10 for the

selection of the optimal power-performance point. However, two voltages are applied

for the characterization of the heterogeneous accelerator, where voltage domain V0

is set to 1.2 V, and voltage domains V1, V2, V3, V4, and V5 are all set to 0.45 V.

Therefore, ultra-low voltage scaling is not applied to the on-chip SRAM as 1) both

the performance and throughput of DNN accelerators are already limited due to the

on-chip memory and any further reductions in the operating voltage of the SRAM

leads to significant degradation in the performance [54, 63, 255] and 2) operating the

SRAM cells at ultra-low voltages requires specialized techniques that include write

assist circuits or dual-supply rail architectures [346, 347], which are not objectives of

this work.

The characterization of the proposed heterogeneous DNN accelerator is performed

with 168 PEs that are clustered into ten sub-arrays consisting of a) one 8×6 sub-array

with a throughput of 3.67 giga operations per second (GOPS), b) two 6×6 sub-arrays

each with a throughput of 2.75 GOPS, c) one 4×6 sub-array with a throughput of

1.84 GOPS, and d) six 2×2 sub-arrays each with a throughput of 0.306 GOPS. The

number of sub-arrays and the size of each sub-array are chosen such that the different

throughput requirements of the DNN models and corresponding layers are met.
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Three scenarios are considered to characterize the throughput and energy effi-

ciency of the proposed accelerator, which are the 1) baseline, 2) proposed architec-

ture without leakage reuse, and 3) proposed architecture with leakage reuse. The

three scenarios differ based on the implemented power management technique. The

baseline includes a single voltage domain V0 set to 1.2 V that provides current to

both the memory and MAC units. For the second scenario, the heterogeneous DNN

architecture includes two independent voltage domains, one for the on-chip memory

and the other for the MAC units, which are set to, respectively, 1.2 V and 0.45 V. For

the third scenario, the memory banks are supplied by a 1.2 V source, while the 0.45 V

voltage for the MAC units is generated from the leakage current of idle memory banks

within each PE. The 0.5 KB of SRAM memory in each PE that stores the weights

consists of 16 banks of 32 bytes each in a 16×16 cell array. The on-chip SRAM of

each PE is considered as the donor blocks that supply current, while the MAC units

are considered as the receivers. Therefore, for the third scenario, the 0.45 V supply

voltage for domain V5 is generated from the implementation of the leakage reuse

technique, while OCVRs provide the 1.2 V supply to the on-chip SRAM as shown in

Fig. 9.9. Through simulation, the leakage current from an idle 16×16 SRAM bank

(donor) is determined to sufficiently generate a stable supply voltage of 0.45 V for two

8-bit MAC units (receiver). Therefore, at any given time, only one idle memory bank

(16×16) of a PE is utilized for leakage reuse. Note that the leakage reuse technique is
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Fig. 9.12: Energy efficiency of the accelerator with a monolithic 12×14 PE array
across five voltages.

capable of generating supply voltages that are either larger or smaller than 0.45 V for

domains V1 to V4 [272, 334]. In addition, the ratio of the donor area to the receiver

area is determined at design time as opposed to run-time due to the significant energy

overhead of reconfiguration needed at run-time. Recent research has demonstrated

that heterogeneous DNN accelerators exhibit superior energy efficiency as compared

to reconfigurable DNN accelerators due to the requirement of per layer reconfigura-

tion and the energy overhead of the switches, interconnect, and controllers needed to

implement the reconfiguration [196].
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9.3.3 Characterization of a Monolithic Accelerator Architec-

ture Using the MobileNets Model

An accelerator that consists of 336 MAC units within 168 PEs is characterized

for energy efficiency, which is represented as tera operations per second per watt

(TOPS/W), across the five voltages of 1.2 V, 1 V, 0.8 V, 0.6 V, and 0.45 V with

results as shown in Fig. 9.12. The energy efficiency increases as the supply voltage

is reduced, with the PE array being 44.5× more efficient at 0.45 V (2.04 TOPS/W)

as compared to 1.2 V (0.0458 TOPS/W). Therefore, the leakage reuse technique is

evaluated at a supply voltage of 0.45 V.

In addition, the monolithic accelerator architecture is characterized through the

implementation of the MobileNets model using a cycle accurate neural processing

unit simulator to obtain the number of MAC operations required to execute each of

27 convolutional layers [216, 348]. The simulation provides an analysis of the energy

consumed by each layer at voltages of 1.2 V, 1 V, 0.8 V, 0.6 V, and 0.45 V, with results

as shown in Fig. 9.13. The number of MAC operations is directly proportional to the

completion time of each layer as shown in Fig. 9.13, where the completion time at each

voltage is calculated based on the minimum cycle time of the two 8-bit MACs at a

given voltage. For example, the Conv27 layer is the most computationally expensive

layer of the MobileNets model and requires 3282 MAC operations when executed
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on the 12×14 PE array. The energy consumption (completion time) of Conv27 is

15.96 J (0.5 ms), 4.37 J (0.63 ms), 0.73 J (0.97 ms), 0.07 J (3.6 ms), and 0.01 J

(14.4 ms) when operating at a supply voltage of, respectively, 1.2 V, 1 V, 0.8 V, 0.6

V, and 0.45 V. Conv24 is the least computationally expensive layer and, therefore,

requires only 139 MAC operations to execute, resulting in an energy consumption

and a completion time of, respectively, 0.68 J and 0.021 ms at a supply voltage of 1.2

V. Among the 27 convolutional layers, the standard deviation (SD) of the number of

MAC operations required is 845. The completion time and energy consumed per layer

is also characterized for additional models including GoogleNet, ResNet50, Yolo, and

AlexNet. The average mean and average standard deviation across all layers of the five

models evaluated in this paper are provided through Fig. 9.14. Note that the results

for the completion time and energy consumption are obtained for a supply voltage

of 0.45 V. Similar to the MobileNets model, large variation in the MAC operations

across all layers is observed for the other models, where the standard deviation of

the number of MAC operations required across all layers of Googlenet, Resnet50,

Yolo, and Alexnet is, respectively, 1782, 1236, 8813, and 414809. There is significant

variation in the required computational resources and completion time across the

multiple layers of a single model. The variation further increases when implementing

multiple models as discussed in Section 9.1.3. Therefore, there is benefit in computing

multiple models on a heterogeneous PE array that accounts for the required number
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of MAC operations and the latency of each layer of the neural network.
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9.3.4 Characterization of Energy Efficiency and Throughput

of the Proposed Heterogeneous Architecture that In-

cludes Leakage Reuse

The total power consumption and the throughput of the MAC arrays are charac-

terized for the baseline and the proposed multi-voltage domain heterogeneous DNN

accelerator architecture with and without applying leakage reuse, with results as

shown in Fig. 9.15. The supply voltage is set to 1.2 V and 0.45 V for, respectively,

the baseline and the proposed technique (with and without leakage reuse) across the

four sub-array sizes of 2×2, 4×6, 6×6, and 8×6. The relative difference between

the three configurations in total power consumption and energy efficiency scales with

sub-array size. The power consumption of the baseline is 605.5× and 487.2× that of,

respectively, the proposed technique with leakage reuse and without leakage reuse.

The throughput of the baseline MAC units operating at 1.2 V is 35× the throughput

of the proposed technique with or without leakage reuse as the supply voltage in both

cases is set to 0.45 V.

The energy efficiency of the proposed architecture, with and without leakage reuse,

is compared with a baseline homogeneous implementation, with results as shown in

Fig. 9.16. Note that 1) the total power consumption and delay of the MAC arrays is

considered when calculating the energy efficiency for each topology and 2) the leakage
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Fig. 9.15: Comparison of a) total power consumption and b) throughput for the
baseline, proposed technique without leakage reuse, and proposed technique with

leakage reuse.

reuse technique is applied to 6.25% of a processing element. The implementation of

leakage reuse on the proposed heterogeneous architecture exhibits a maximum energy

efficiency of 3.27 TOPS/W, which is 71.44× and 1.60× greater than the baseline and

the proposed architecture without leakage reuse, respectively.

9.3.5 Characterization of Total Power Consumption

The total power consumption of a 2×2 sub-array is characterized, where each

processing element within the sub-array consists of two 8-bit fixed-point MACs and



323

Baseline Proposed WO LR Proposed W LR
0

0.5

1

1.5

2

2.5

3

3.5

E
n

e
rg

y
 e

ff
ic

ie
n

c
y
 (

T
O

P
S

/W
)

Fig. 9.16: Characterization of the energy efficiency of all MAC sub-array sizes in
TOPS/W when assuming all processing elements in each topology are equally loaded
and at the same voltage.

a 0.5 KB memory as shown in Fig 9.11. In addition, the total power consumption of

a group of six 2×2 sub-arrays (shown in Fig. 9.10) is also characterized. The simula-

tion results of both a single 2×2 sub-array and six 2×2 sub-arrays for the baseline,

proposed architecture without leakage reuse, and proposed architecture with leakage

reuse are shown in Fig. 9.17. The total power consumption of one 2×2 sub-array is

65.57 mW, 9.04 mW, and 8.73 mW for, respectively, the baseline, proposed architec-

ture without leakage reuse, and proposed architecture with leakage reuse. Note that

energy loss due to the voltage regulators is not considered when characterizing the

power consumption of the accelerator without leakage reuse. The relative ratio of the

power consumption across the three topologies, which are described in Section 9.3.2,

is maintained when characterizing the six 2×2 PE sub-arrays. Note that application

of the leakage reuse technique to only six 2x2 sub-arrays, which includes a total of 24
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MACs.

PEs, results in a 1.9 mW (3.5%) reduction in the total power consumption. For the

24 out of 168 PEs that the leakage reuse technique is applied to, only 24 16×16 mem-

ory banks (one bank from each PE) are used for leakage reuse from a total of 2688

(16×168) memory banks in the entire accelerator. Therefore, 6.25% of the memory

storing the weights in 24 PEs (24 banks out of 384 banks) is used for leakage reuse,

where the 24 memory banks correspond to only 0.89% of the entire 2688 memory

banks of the accelerator.

The total power consumption of all PE sub-arrays is characterized for seven dif-

ferent percentages (1%, 5%, 10%, 20%, 30%, 40%, and 50%) of idle on-chip memory

used for leakage reuse as shown in Fig. 9.18, where all MACs operate at 0.45 V. The

total power consumption includes the on-chip memory (84 KB) and MAC units within

each of the 168 PE. The power savings increases as more of the memory used for the
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four different percentage of weight memory utilization for leakage reuse.

weights is included for leakage reuse. For example, the total power consumption of

the accelerator is reduced by 6 mW and 99.4 mW when, respectively, 1% and 50% of

the memory is used for leakage reuse.

The components of the total power consumption of the baseline and the proposed

accelerators is listed in Table 9.4, where the power is characterized for 50% utilization

of the weight memory when leakage reuse is implemented. The proposed accelerator

implemented with the leakage reuse technique reduces the power consumption by

26% (99.4 mW) as compared to an accelerator that does not apply leakage reuse.

The simulated results are obtained from the execution of the accelerators across 8000

clock cycles and for a clock frequency of 200 MHz. Note that the active area of one

16×16 memory bank is 345.3 µm2. The total area of the LC wrapper is equivalent

to 4.75% of the area of a 16×16 memory bank. The total area of the leakage control
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block (LCB) when process, voltage, and temperature (PVT) mitigation circuits are

included, as discussed in Section 9.3.6, is equivalent to 2.93% of the area of a 16×16

memory bank.

Table 9.4: Power consumption of the baseline and the proposed accelerators.
Breakdown of total
power consumption Baseline Proposed without

leakage reuse
Proposed with
leakage reuse

One PE including 0.5 KB
of weight memory and
two 8-bit MACs

16.39 mW 2.26 mW 1.21 mW

168 PEs 2754 mW 380 mW 203.35 mW
Overhead due to leakage reuse
including 2688 LCBs, 168 LC
wrappers, and 168 PVT mitigation
circuit blocks

N/A N/A 75.71 mW + 0.63 mW
+ 0.88 mW

Total power consumption 2754 mW 380 mW 280.57 mW

9.3.6 Circuit Techniques for Robust Leakage Reuse Under

Process, Voltage, and Temperature Variations

The results described in Sections 9.3.4 and 9.3.5 are obtained for the typical-

typical (TT) process corner and a temperature of 27◦C. As noted, for the leakage reuse

technique proposed in this paper, the supply voltage of the MAC units is generated

from the leakage current of the SRAM banks. However, the leakage current is highly

sensitive to process and temperature variations, which results in a deviation in the

generated supply voltage of the MAC units from the target of 0.45 V.

In this paper, a novel circuit technique is developed to generate a stable supply
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Fig. 9.19: Proposed circuit that maintains a stable supply voltage for the receiver in
the presence of process and/or temperature variation.

voltage when applying leakage reuse in the presence of process, voltage, and temper-

ature (PVT) variations. The proposed circuit is shown in Fig. 9.19, which dynami-

cally detects any variation in the generated supply voltage from the leakage current

of Bank0 and maintains a stable supply voltage of 0.45 V. The error detection circuit

consists of two tri-state low-skewed inverters, two OR gates, and one AND gate. The

term “error" refers to any increase or decrease in the supply voltage from the target
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value of 0.45 V. The two error detection circuits are placed on the virtual ground

node of two memory cells of Bank0 to avoid any invalid activation of the error signal.

When the voltage fluctuation on the virtual ground node of both cells m0 (row m,

column 0 ) and 0n (row 0, column n) exceeds a set threshold, the error signal is as-

serted. The threshold for generating the error signal is tuned by transistor widths of

the error detection circuit, which is set to 0.43 V in this paper. The leakage control

block (LCB), which is shown in Fig. 9.20, is modified to implement the proposed

error detection and correction technique. Once the supply voltage deviates from the

target value of 0.45 V, the error signal Er is asserted as logic high. The error signal is

connected to the modified leakage control block as shown in Fig. 9.20. The modified

LCB consists of n number of PMOS transistors and one NMOS transistor that allow

for the flow of current in both the idle and active mode of operation of the donor

SRAM, respectively. However, the PMOS transistors are placed in parallel to enable

fine-grain control of the generated supply voltage for the receiver. In this paper, three

PMOS transistors (P0, P1, and P2) are used to recycle the leakage current of the idle

memory units with a 1-bit control signal C0 that is applied to all three transistors.

The gate of transistor P0 is also controlled by the Er signal. Transistor P0 is forced

to operate in the cut-off mode when Er is set to logic high, which increases the supply

voltage of the receiver. Note that the tuning of the supply voltage of the receiver to a

different voltage than 0.45 V is possible at run-time by applying the multi-bit control
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Fig. 9.20: Modified leakage control block that dynamically increases the supply
voltage for the receiver.

signal Cn to the n number of PMOS transistors.

The supply voltage of the MAC units, which is generated through leakage reuse,

is characterized for the typical-typical (TT), the fast-fast (FF), and the slow-slow

(SS) process corners and at temperatures of 27◦C, 50◦C, and 100◦C. The simulation

results are shown in Fig. 9.21. The generated supply voltage significantly deviates

from the target voltage of 0.45 V across process corners and temperatures. Note that

in all cases, the supply voltage is lower than the target voltage due to the sizing of the

PMOS and NMOS transistors within the leakage control block. The size of the NMOS

transistor is 4× the size of the PMOS transistors to minimize the resistance along the

path to ground during the active mode operation of the SRAM. The current through

the NMOS transistor is the primary cause of any variation that results from operating

the circuit in the SS corner, FF corner, and at higher temperatures (50◦C and 100◦C).

Therefore, tri-state low-skewed inverters are used, which produce a logic high for an



330

input voltage less than 430 mV and a logic low at the output when the input voltage is

greater than 430 mV. Note that a logic high is required on the Er_En input signal to

enable the inverters. The results from transient simulation of the mitigation circuit

across process and temperature corners are shown in Fig. 9.21(b). At all process

corners and temperatures, the proposed technique generates a stable supply voltage

of 0.45 V for the MAC units.
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Fig. 9.21: Characterization of the supply voltage of the receiver with TT, FF, and SS
process corners and at the temperatures of 27◦C, 50◦C, and 100◦C, where a) includes
the results without variation mitigation and b) shows the results with the proposed

process and temperature variation mitigation technique.

9.4 Summary

A heterogeneous multi-voltage domain DNN accelerator architecture is proposed

that implements near-memory computing within a given PE. The leakage current from

memory banks operating at 1.2 V is recycled to generate a supply voltage of 0.45 V for

the adjacent MAC units. Therefore, a separate voltage source is not required for the
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MAC units operating at 0.45 V. In addition, a novel circuit to mitigate process and

temperature variation effects is proposed that maintains a stable supply voltage of

0.45 V for the MAC units. The proposed architecture improves the energy efficiency

by 71.4× (3.27 TOPS/W) as compared to a baseline topology that includes both

memory and MAC units operating within a single voltage domain of 1.2 V. However,

the throughput is reduced by 35×. Applying the leakage reuse technique to only half

of all memory cells within each PE reduces the total power consumption by 26% (99.4

mW) as compared to an accelerator that does not apply leakage reuse. Therefore,

the proposed architecture and techniques allow for more energy efficient means of

inference for edge devices.



Conclusions

The importance of energy efficient computing is increasing with the rapid growth

of battery-operated devices, especially with the emergence of on-device intelligence.

The market for intelligent and efficient battery-operated devices is expected to grow in

the foreseeable future. Ultra-low voltage circuits are one of the most effective ways of

achieving energy efficient computing. However, novel circuit and power management

methodologies are needed to fully benefit from ultra-low voltage operation. In this

research defense, circuit techniques, methodologies, algorithms, architectural tech-

niques, and power management techniques are developed in conjunction with a novel

leakage reuse technique for energy efficient, robust, and ultra-low voltage computing.

Circuit and algorithmic techniques developed include 1) robust and energy efficient

logic families for near-threshold computing, 2) interfacing of ultra-low voltage circuits

with circuits operating at higher voltages, 3) clock-power co-design for sub-threshold

computing, and 4) optimization of the supply and threshold voltage.

Three novel differential signaling based logic families are developed for near-

threshold computing that outperform the equivalent CMOS and current-mode logic

(CML) circuits with respect to power, performance, and noise margins. The three

logic families, which are described as dynamic current mode logic (DCML), latched
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dynamic current mode logic (LDCML), and dynamic feedback current mode logic

(DFCML), are developed in a 130 nm technology to operate at 400 mV and 450 mV.

The circuits implemented with dynamic differential signaling logic (DDSL) families

improve the noise margin, increase the maximum operating speed, and reduce the to-

tal power consumption by, respectively, 2.5×, 1.4×, and 0.96× as compared to circuits

developed with CMOS logic. Techniques are developed to interface near-threshold

circuits with circuits operating at nominal and I/O voltages. A novel single-ended

level shifter and a bi-directional input/output circuit are developed that provide a

conversion range of 0.38 V to 1.2 V and 0.45 V to 3.3 V depending on the target

output voltage. The interface circuit that allows for signal propagation between the

near-threshold voltage domain of 0.45 V and I/O ports operating at a voltage of 3.3

V consumes 4.87 mW and produces a fanout of four (FO4) delay of 0.46 in a 130 nm

process. The single ended level shifter reduces the delay and power consumption to,

respectively, 0.74× and 0.4× that of a current mirror level shifter when converting

an input voltage of 0.625 V to an output voltage of 1.5 V. A robust clock-power

co-design methodology is developed for sub-threshold operation at 250 mV, where a

distributed, multi-voltage domain, and hierarchical power distribution network ex-

hibits increased tolerance to power supply noise. The multi-voltage domain power

distribution network delivers current to the clock buffers, the registers, and the com-

binational circuits of a local clock network while providing noise immunity to up to

10% variation in a target supply voltage of 250 mV. In addition, the use of optimized

sub-Vt buffers results in a reduction in the minimum clock period, skew, and insertion

delay to, respectively, 0.74×, 0.52×, and 0.79× that of a clock network that includes
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non-optimized buffers operating at 250 mV. A linear programming-based optimiza-

tion technique is developed and applied to optimally determine the supply voltage of

circuits operating at ultra-low voltages for a given range of threshold voltages. The

variations in the maximum operating frequency, the noise margins, and the threshold

voltage of the transistors are considered in the optimization algorithm, where the

proposed technique optimally selects a supply voltage with up to 14% and 8% error

in respectively, the average noise margins and the maximum operating frequency as

compared to target circuit specifications.

An energy efficient multi-voltage domain heterogeneous architecture is developed

to accelerate neural network models, which is evaluated in an Eyeriss-like architecture

with 168 processing elements and a total of 300 KB of on-chip memory. A design

space exploration is performed that indicates that the proposed heterogeneous accel-

erator is better suited to execute various state-of-the-art DNN models as compared to

conventional monolithic accelerators. The proposed accelerator implements multiple

PE sub-arrays for the concurrent execution of different neural network models.

A novel power management technique referred to as ‘leakage reuse’ is developed

as part of this research effort. Work completed based on leakage reuse includes 1)

circuits and methodologies to reduce power consumption through the reuse of leak-

age current from idle computing units of integrated circuits, 2) algorithms for the

implementation of leakage reuse as both a stand alone technique as well as in con-

junction with existing power gating methodologies, and 3) circuits and methods to

reduce power consumption by applying leakage reuse to idle on-chip memories of AI

accelerators. The leakage reuse technique utilizes leakage current from idle donor cir-

cuits and provides current to receiver circuits by utilizing the recycled leakage energy.
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Therefore, an additional voltage source is not required for receivers that are operating

at an ultra-low voltage. Circuit methodologies are developed for the implementation

of the leakage reuse technique on the computing units of ISCAS benchmark circuits

and the ARM Cortex M0 core. In addition, an analysis of the energy break-even

point is performed. The total power consumption of a power management system

that implements the leakage reuse technique is reduced to 0.41x that of a conven-

tional power delivery system. Moreover, novel scheduling algorithms are developed

for a) the optimal assignment of idle donor cores for leakage reuse, which is described

as ‘longest idle time – leakage reuse (LIT-LR),’ and b) the optimal and simultaneous

execution of leakage reuse and power gating techniques, which is described as ‘longest

idle time- simultaneous execution of leakage reuse and power gating (LIT-LRPG).’

The implementation of the LIT-LR algorithm on a MPSoC with five cores resulted in

a reduction of the energy consumption by the leakage control blocks and a reduction

in the peak power consumption of, respectively, 25% and 7.4% as compared to a ran-

dom assignment of cores for leakage reuse. The execution of the LIT-LRPG algorithm

on the MPSoC system reduces the total energy consumption by 50.2%, 14.4%, and

5.7% as compared to, respectively, the baseline scenario that includes neither leakage

reuse or power gating, only power gating, and only leakage reuse.

The leakage reuse technique is also applied to idle on-chip memories of multi-

voltage domain heterogeneous DNN accelerators. Circuit technique and method-

ologies are developed to deliver current to the multiply-accumulate (MAC) units of

processing elements from the recycled leakage current of the adjacent on-chip SRAM,

which are utilized for energy efficient near-memory computing. In addition, a novel
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circuit is developed to maintain a stable supply voltage for the MAC units imple-

mented with the leakage reuse technique in the presence of variations in process,

voltage, and temperature. The proposed accelerator that operates memory banks at

1.2 V and generates a supply voltage of 0.45 V for the MAC units when leakage reuse

is applied, improves the energy efficiency by 71.4× (3.27 TOPS/W) as compared to

a baseline topology that includes both memory and MAC units operating within a

single voltage domain of 1.2 V. In addition, applying the leakage reuse technique to

only half of all memory cells within each processing element reduces the total power

consumption by 26% (99.4 mW) as compared to an accelerator that does not apply

leakage reuse. The techniques and methodologies developed as part of this research

effort allow for the implementation of reliable and energy efficient circuit solutions

for artificial intelligence computation of ubiquitous edge, IoT, and embedded appli-

cations.
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