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Hsin-Chu 30050, Taiwan

Abstract

Modern SoC integrations and mobile systems have emphasized low power
techniques due to shortage of battery.life: Conventional power management designs
focused on the reduction of dynamic power.consumption, recent designs begin to take
leakage power into consideration since it becomes an important factor in nano-scale
CMOS technology. Latest development has taken advantage of modularity in SoC
design methodology to develop the block=levelcontrol technique for power reductions.
However, thermal gradient over the system and-its impacts to SoC designs are barely
discussed. In this thesis, a block-level optimization of comprehensive thermal aware
power management is presented. The proposed design applies several low power
techniques to control different power sources and handles thermal impacts to provide
performance coherence. As a result, optimal power reductions and performance
coherence can be guaranteed within the whole system. The simulation results show a
significant improvement in stability and leakage power reduction for most circuitries.
These results are based on TSMC 100nm CMOS technology.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation

Power dissipation in modern VVLSI designs has become the most critical issue in
System-on-Chip era. The ever increasing on-chip integrations in recent decade have
enabled a dramatically increase in system performance and scale. Unfortunately,
accompanied with the performance improvement, a significant increase in power
dissipation and heat density is introduced [1]. However, in modern VLSI circuitry of
mobile systems, especially for handheld audio and video applications, low power
considerations are becoming an important issue as battery life and geometry of mobile
systems are limited [2, 3]. The demand for increased battery life will require designers
to seek out new technologies and circuit:technigues to maintain high performance and
long operational lifetimes. Therefore, power.and.thermal issues have become the
major limitation of such systems. Low power circuitry designs and architecture-level
power reduction techniques have become more important in modern System-on-Chip
implementation.

Generally, power consumption is categorized to three portions in VLSI circuitry:
short circuit, leakage, and dynamic switching power. Traditionally, dynamic switching
power is the dominant component of power consumption. However, as scaling trends
continue in future generations, leakage power has become comparable to dynamic
power, and potentially a dominant component of overall power consumptions [4-6].
Actually, leakage power is approaching 40% of the total power consumption in
today’s high-performance microprocessor design [6]. Therefore, unlike previous
power reduction methods, modern power management techniques for SoC designs
have to deal with static leakage power as equally important as dynamic switching
power.

Several power reduction techniques can be adopted for modern power
management designs, such as dynamic voltage scaling (DVS) [2, 7-11], clock gating
[12, 13], power gating [1, 5, 6, 14-17], body bias [6, 18-23], and voltage islands
[24-26]. DVS and clock gating can effectively reduce dynamic power consumption,

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
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Chapter 1 Introduction

while power gating reduces static leakage power. Forward body bias can increase
speed, while reverse body bias reduces power as well. Voltage islands can provide
block-level control of power management, which makes control mechanism more
flexible. These power reduction techniques are mainly circuit-level to
architecture-level, meaning that given corresponding standard cell library,
hardware-language coding remains unchanged and current EDA flows are compatible.
It is possible to adopt these techniques to already established Software Intellectual
Property (Soft-IP), which is in accordance with the concept of IP reuse in SoC
designs.

Besides battery life, thermal impact is another major reason to utilize power
management [8]. Power consumption of the chip contributes thermal impact, such as
frequency sacrifice, leakage increase, and even circuit breakdown. Because of high
costs of packaging and cooling requirements for reliability, power reduction is also
addressed to face thermal impact. However, system temperature is not temporally and
spatially constant, so adaptive power control doesn’t imply adaptive thermal control.
Thermal gradient over the system and. its impact to SoC designs are barely discussed
in current power management schemes.

Shown in Figure 1.1 to Figure 1.3 is:the thermal impact to operating frequency,
power consumption, and leakage power of-aring oscillator. We notice that there are
about 13% frequency decrease, 18%:total power:consumption increase in the active
mode, and 9X leakage power increase "in the standby mode from 0 to 125°C.
Functional blocks will not keep performance coherence at the same target frequency
due to temperature difference. Leakage problems will become worse and worse as
temperature rises. System will become asynchronous and power will not be controlled
within specifications if we ignore these changes. Therefore, power management of
SoC chip should take temperature variation into consideration.

In this thesis, we present a comprehensive thermal-aware power management
(CTAPM) architecture and emphasis thermal optimization in block-level control. The
proposed design not only deals with dynamic switching power and static leakage
power, but also with temperature variation to dynamically adjust performance and
power consumption of each block. Our goal is to make power and performance
scalable as well as performance coherence between functional blocks in the
meantime.

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
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Figure 1.1 Thermal impact to operating frequency of a ring oscillator
in TSMC 100nm CMOS technology. Supply voltage is 1.0V.
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Chapter 1 Introduction

1.2 Organization

In the beginning of Chapter 2, categories of power sources in digital ICs are
discussed. Next comes the overview of low power techniques. After them, the
Enhanced Intel SpeedStep® Technology, a state-of-the-art example of power
management design, is presented. Finally, contributions and features of our
comprehensive thermal-aware power management design end this chapter.

In Chapter 3, we propose the CTAPM unit architecture. Possible control flow
chart, control state definition, and look-up table design are also introduced in this
chapter. This CTAPM is designed to provide dynamic block-level power control and
ensure performance coherence between functional blocks. Moreover, the test vehicle
and analysis flow for power analysis are described in the end of this chapter.

In Chapter 4, the effect and efficiency of low power techniques are discussed.
The experimental results of these different circuitry techniques are presented to see if
they can provide needed functionalities:for .our CTAPM design. These results are
based on TSMC 100nm CMOS technology,

In Chapter 5, conclusions-and future works are addressed.

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
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Chapter 2

Overview of Low Power Techniques

This chapter begins with the classification of power sources in VLSI circuitry.
Several low power techniques are examined next to realize their functionalities.
Afterwards, the Enhanced Intel SpeedStep® Technology is introduced as an example
of modern power management design. Finally, contributions and features of our
comprehensive thermal-aware power management (CTAPM) design are summarized

in the end of this chapter.

2.1 Power Source Categories

In modern digital integrated circuits) power consumption is categorized to three

components: dynamic, short circuit, and static leakage power.

2.1.1 Dynamic Power

Conventionally, dynamic power is the.dominant component of total power
consumption. Charging and discharging load capacitance contribute this power.

Dynamic power is given by

P

2
dynamic ~ P, X clk X Cswitched X VDD (21)

where p; is the switching activity, f.; is the operating frequency, Csyichea 18 the total
effective switched capacitance, and Vpp is the supply voltage. Obviously, scaling
down Vpp is the most efficient way to reduce dynamic power, since dynamic power is
proportional to the square of Vpp. However, Vpp cannot be scaled down unlimitedly

because the operating frequency also degrades with lower supply voltage.

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
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Chapter 2 Overview of Low Power Technigues

2.1.2 Short-Circuit Power

The second component of power consumption is called short-circuit power,
which results from non-zero rise time and fall time of the input waveforms. As shown
in Figure 2.1, non-zero input rise time and fall time make PMOS and NMOS turn on
at the same period of time, setting up a DC path between Vpp and ground, therefore

introducing the short-circuit current to consume power.

Vb

IJ‘ short-circuit current
woSon Vin Vout
A _lil A _\_

Figure 2.1 Short-circuit power is.generatéd because of non-zero rise

time and fall time of the mput waveforms.

Short-circuit power can be expressedas

2
PS]’lOVI*CiI‘CMl't =D X tsc x fclk X Ipeak X VDD =D X clk X Csc X VDD (22)

where ¢, 1s the time when the DC path exists, /,cq 1s the maximum of short-circuit
current, and Cs. is the equivalent switched capacitance. Just like dynamic power,
short-circuit power is also proportional to the switching activity. Besides, if Vpp can
be scaled down below the sum of absolute values of NMOS and PMOS threshold
voltage, which means Vi, + [Vip|, then short-circuit power will be eliminated because
NMOS and PMOS won’t turn on at the same time.

2.1.3 Leakage Power
The third component of power consumption is leakage power, which grows

larger and larger in nano-scale CMOS technologies. Leakage current can be divided

into several portions, as illustrated in Figure 2.2 [4]. I; is the reverse-bias pn junction

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
CMOS Technology
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Chapter 2 Overview of Low Power Technigues

leakage, I, is the subthreshold leakage, /; is the oxide tunneling current, /,1is the gate
current due to hot-carrier injection, /s is the gate-induced drain leakage (GIDL), and /4

is the channel punchthrough current.

Source Drain

¢|5

Well

Figure 2.2 Summary . of 7leakage .current mechanisms of

deep-submicrometer transistors.

Among these leakage sources, subthreshold leakage is dominant and can be
modeled as [4]

Vg =Vs Vo —7'xVs *UXVDS%

—Vps
Isubth = A xe " X (1 —e€ %T ) (23)
where
~AV,
A = /uocox K(VT)Z x 61.8 xe %VT (24)

eff

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
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Chapter 2 Overview of Low Power Technigues

Vino 1s the zero bias threshold voltage, V7 is the thermal voltage, 7 'is the linearized
body effect coefficient, and 7 is the drain-induced barrier lowing (DIBL) coefficient.
o 1s the zero bias mobility, C,, is the gate oxide capacitance, m is the subthreshold
swing coefficient of the transistor, and AVy is a term introduced to account for
transistor-to-transistor leakage variations. Equation (2.3) reveals that subthreshold
leakage is larger when threshold voltage is lower due to their inverse exponential
relationship. It is serious in nanometer devices since threshold voltage follows the

scaling trends with the progress of CMOS technology.

Subthreshold leakage is the dominant component of leakage power
consumption in deep-submicron and nanometer CMOS technologies. However,
gate-tunneling leakage has the potential to exceed subthreshold leakage in future

generations. The equation of gate tunneling leakage is given by [4]

=B (1- Leryprzy
E

Jpr = AE, *xe (2.5)

ox

ox

where

e N

A = — =
16721, 3hg 26)

Vox 1s the voltage drop across the gate oxide, ¢, is the Si-SiO; interface barrier
height for electrons, and E,, is the field across the oxide. As shown in Figure 2.3 [4],
gate-tunneling leakage can be further divided into five components, namely, parasitic
leakage current through gate-to-source and gate-to-drain extension overlap region (Zgs,
and Igy,), gate to inverted channel current (/ ) which goes to the source (/) and the

drain (/,.q), and the gate to the substrate leakage current (/).

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
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Figure 2.3 Components of gate-tunneling leakage current.

Unlike dynamic and short-circuit ‘power which depend on the number of
actively switching transistors, leakage power. is a function of the total number (or area)
of on-chip transistors, independent of their 'swatching activity [1]. Although scaling
Vpp down also helps to reduce subthréshold and gate-tunneling leakage, its
limitations of frequency degrading and nioise€ margin decrease still exist. However,
power gating and reverse bias afe two effective ways to suppress leakage power,

which will be explained later in Section 2.2.

2.1.4 Summary

Power consumption of a VLSI chip can be categorized to three components:
dynamic, short circuit, and leakage power. Traditionally, dynamic power is dominant,
but leakage power has become comparable to dynamic power in nano-scale CMOS
technologies. Subthreshold leakage is the dominant component of leakage power

nowadays. However, gate-tunneling leakage has the potential to exceed subthreshold

leakage in future generations.

Several low power techniques have been proposed to reduce and control power
consumption dynamically, such as dynamic voltage scaling (DVS), clock gating,
power gating, body bias, and voltage islands. These techniques will be introduced

respectively in the next section.

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
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Chapter 2 Overview of Low Power Technigues

2.2 Low Power Techniques

DVS, clock gating, power gating, body bias, and voltage islands are five major
circuit-level techniques to reduce power consumption. They deal with different power

sources and have individual control mechanisms.

2.2.1 Dynamic Voltage Scaling

Dynamic voltage scaling is the most efficient technique to reduce dynamic
power. It also has benefits for leakage power saving. When the required performance
of the target system is lower than the maximum performance, supply voltage can be
dynamically reduced to the lowest possible extent that ensures proper operation.
Significant power reduction is possible, since dynamic power of CMOS circuits is

proportional to the square of the supply voltage.

Shown in Figure 2.4 is an example of the microprocessor system’s desired
throughput as a function of time_[9]/ The. computational requirements can be
considered to fall into one of thre¢ categories: comipute-intensive, low-speed, and idle
(standby). Low-speed and long-latency:tasks' enly require a fraction of the full
throughput to adequately run: Executing these tasks faster than needed has no
discernible benefit. Therefore, the supply voltage has room to be scaled down in this

situation to save dynamic power.

Compute-intensive and
Short-latency processes

A
- < Processor speed
o 3
=3
o £
Q-
 —

>
/ time
System idle Background and

long-latency processes

Figure 2.4 Processor usage model.

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
CMOS Technology
12



Chapter 2 Overview of Low Power Technigues

The conventional DVS system architecture is shown in Figure 2.5 [7]. The
value of the supply voltage is determined by the computational loading and adjusted
by a hard-wired frequency-voltage feedback loop. A ring oscillator, which is the
replica of the critical path, is used to model the CMOS circuit delay for given supply
voltage. However, this hardware-feedback approach does not provide efficient voltage
control and has the following problems [7]:

I. Even in a same chip, critical path may be different along supply voltage,
meaning that circuit delay of ring oscillator should have much margin to cover
this variation.

2. Since fabrication process technology is different for each chip, circuit delay
characteristics may differ a lot, meaning that all chips should be custom-designed
to have same frequency-voltage relationship for efficient power reduction.

3. This approach cannot be applied for off-the-shelf processors, since ring oscillator
cannot be inserted into ready-made chips.

4. In the multi-processor system, it is desirable to control supply voltages separately

for each processor, which is impossible in this approach.

Voltage Regulator

fDESIRI; Z fERR SWItChlng VVAR
+ Power Supply Interface with
- 1 fuar External
Systems
Desired Ring —1> 1
Frequency Oscillator [€] 3 /O Chip
Register <7fVAR
1 Y y ('__: Memory Chip
Processor -
Software Core
<-—><|——E Peripheral Chip
Processor System Bus

Figure 2.5 Conventional hardware-feedback DVS system architecture.

These problems can be solved by the software-feedback approach, as shown in
Figure 2.6 [7]. Desired supply voltage is looked up from the device driver. The device

driver has two lookup tables: one for frequency-voltage relationship of the chip, and

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
CMOS Technology
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Chapter 2 Overview of Low Power Technigues

the other for transition delay to change clock frequency and supply voltage. These
lookup tables are programmable and established by physical measuring results.
Therefore, this software-feedback approach can prevent the conventional DVS

system’s problems.

Power Controller

VVAR

[ Interface with

DC-DC Frequency fuvar External

Converter Synthesizer Systems

A A 1
T 10 chip
Device
-— o .
Software «— 5 iver 3| Memory Chip
Processor Core
**‘I__E Peripheral Chip
Processor System Bus

Figure 2.6 Improved software<feedbackiDVS system architecture.

The concept of software feedback is inspiring and essential in our
comprehensive thermal-aware power management design. This concept can be
applied to other low power techniques, so that these techniques can be controlled in

the same way. Related issues will be discussed in Chapter 3.

2.2.2 Clock Gating

Clock gating is another efficient technique to reduce dynamic power. Clock
switching power is a major component of total dynamic power because clock tree
represents a very large load and clock signal switches all the time. If we can control
and stop clock switching when the system is idle or data remain unchanged, thus

unnecessary clock switching power can be saved.

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
CMOS Technology
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Chapter 2 Overview of Low Power Technigues

Shown in Figure 2.7 is an illustration of the clock gating technique. The
clk _enable signal is commonly set to high voltage level (logic 1) during normal
operation. If the system is idle or data remain unchanged, then clk enable will be set
to low voltage level (logic 0) to stop local gated clock switching. An example of the
operating timing diagram is shown in Figure 2.8. Finally, either AND gate or NOR
gate can be used to generate gated clock, depending on which trigger type

(positive-edge trigger or negative-edge trigger) of sequential elements is selected.

-'__/_ r|:+
In —4~—D Q In —4— D Q

Global Local
Register Register

yANE yANE

A

Global Clock > \ Gated Clock
clk_enable > -/

Figure 2.7 Tllustration of clock’ gating:

Global Clock

clk_enable

Gated Clock

Figure 2.8 Operating timing diagram of clock gating, which is the
positive-edge triggered case.
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2.2.3 Power Gating

Power gating is the most efficient way to reduce leakage power. Figure 2.9 is an
illustration of this technique [5]. In the active mode, the ctr/ signal remains high, and
the power gating devices act as minor power-rail resistance which does not affect the
correctness of the function. In the standby mode, however, ctrl is set to low. The
power gating devices act as open switches that cut off the direct connection between

power supply and internal circuits, so as to reduce leakage current [15].

Vce
Vce - I - *I::aj
Virtual Ground 2% LT
Rsieep :’ Y Cx :'_l 1
‘\‘ ;,'. S— ‘\‘ ,"

- o

-e® eoe®

Sleep Transistor

Figure 2.9 Illustration of power gating:

Actually, sleep transistors, as power gating devices, can be PMOS (header-type)
or NMOS (footer-type), as shown in Figure 2.10 [15]. Because PMOS sleep
transistors require larger silicon area to be capable of sourcing the maximum
instantaneous current in the active mode, NMOS is commonly chosen to be power

gating devices.

Besides, if sleep transistors are turned off more strongly, further leakage
reduction can be achieved. Figure 2.11 shows the block diagram of two enhanced
cut-off switch schemes having multi-threshold-voltage CMOS (MTCMOS) and
variable-threshold-voltage (VTCMOS) [17]. However, using higher threshold voltage
transistors as sleep transistors requires extra mask cost for foundry and larger silicon
area to be capable of sinking the maximum instantaneous current in the active mode.
Therefore, using single threshold voltage transistors as sleep transistors only or
utilizing reverse body bias technique to adjust threshold voltage of sleep transistors

are more recommendable.
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Figure 2.10 (a) NMOS footer-type sleep transistors for power gating.

(b) PMOS header-type sleep transistors for power gating.

Vdd
Leaky
Circuit Block
Sleep i (;Ut.'to:]fi
Signal | ! wite ;
——| :
{ High :
t :
GND T[T
(a)

Vdd
$ vdd 2
i Cut-Off|
Sleep f——i—»[e— switch :
Signal ; '
Léaky
Circuit Block
i Cut-Off|
——P: Switch !
GND T '
v GND 2

(b)

Figure 2.11 Block diagram of two enhanced cut-off schemes. (a)
MTCMOS (b) VTCMOS (also known as reverse body bias).
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2.2.4 Body Bias

Body bias can be applied for either dynamic or leakage power reduction. In the
active mode, forward body bias (FBB) is applied to reduce supply voltage to save
dynamic power at the same operating frequency. In the standby mode, reverse body

bias (RBB) is applied to raise threshold voltage to save leakage power.

Figure 2.12 shows the Vy-hopping scheme that the substrate bias of transistors
can be dynamically changed [23]. Vpsp and Vpsy, the body voltage of PMOS and
NMOS, are isolated from Vpp and ground, connected to two possible voltage levels to
adjust the threshold voltage of the target processor. In the active mode, the
Vt low enable signal is asserted, inducing FBB to lower the threshold voltage, so as
to reduce supply voltage to save dynamic power at the same operating frequency. In
the standby mode, however, Vt high enable is asserted, inducing RBB to raise the
threshold voltage of the target processor to save leakage power. The CONT signal
represents the operation mode and decides the values of V¢ low enable and

Vi_high_enable. It can also be used torcontrol the discrete frequency levels of the

o

target processor. I l——
| ElS %
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Figure 2.12 Schematic diagram of Vy-hopping.

As mentioned before, body bias can be combined with power gating technique
to provide further leakage power savings. Shown in Figure 2.13 is a design example
which applies these two techniques [6]. On the one hand, FBB can compensate part of

frequency degradation due to power gating insertion in the active mode. On the other
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hand, RBB can turn off sleep transistors more strongly to further reduce leakage
power in the standby mode, which is also known as the VTCMOS cut-off scheme of
power gating.

V.. external
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| CBG —> —>

| 1
| Scan

| Body bias |~ | contol

|m ol

| Sleep

| control

I

Vss external
Figure 2.13 Design example utilizing ‘both body bias and power
gating.

2.2.5 Voltage Islands

Voltage Islands provide block-level control of the system. In the active mode,
local supply voltage can scale down to reduce dynamic power while maintaining the
same performance for islands at non-critical paths. In the standby mode, leakage
savings are possible when the island is not being used, regardless of whether or not
the rest of others are operating. Block-level control makes it easier to spatially

optimize the system.

The concept of voltage islands was proposed by IBM in 2002 and originated
from the use of dual supply voltages (Dual-Vpp) [24, 27]. To begin with, gates on
critical paths are assigned to operate at higher Vpp and non-critical portions of the
circuit operate at lower Vpp, reducing the total power consumption without degrading
performance. For example, clustered voltage scaling (CVS) is a classic design style
with Dual-Vpp [24], as shown in Figure 2.14(a).
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Afterwards, as shown in Figure 2.14 (b), the concept of voltage islands restores
the concept of individual voltage optimization of functional blocks to SoC design [25].
Individual functional blocks of the SoC design can have power characteristics unique
from the rest of the design, and can be optimized accordingly. For example, in a
system integrating a processor core with on-chip memory and control logic, the
processor core may require the highest voltage for performance requirements.
However, the on-chip memory and control logic can be operated at low voltage to
save dynamic power without compromising system performance. In addition, this
macro-based design methodology allows pre-designed standard components to be
reused.

Shown in Figure 2.14 (¢) is so-called generic voltage islands [26], a new design
style with Dual-Vpp. In the case of designs that are highly performance critical as
well as severely power constrained, it is useful to have a finer grained control over
supply voltages or even within a macro of the chip. However, it needs advanced
synthesis and placement EDA tools to deal with relative timing issues, and

optimization flow is not supported by available.commercial EDA tools.

Circuit Rows Voitage Islands " 'Generic Voltage Islands

Vddh

Vddl

Usami+ Lackey+
JSSC’ 98 ICCAD’ 02

Figure 2.14 Design styles with dual supply voltages. (a) CVS (b)
voltage islands (c) generic voltage islands.

Voltage islands itself is a static solution for low power criteria, but it can be
combined with power gating to perform dynamic block-level control of leakage power.
It can also be combined with DVS to dynamically and spatially reduce active power,

since the power supply of each voltage island is separated and isolated.
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2.2.6 Summary

DVS provides overall power reduction by dynamically scaling down the supply
voltage. Clock gating saves clock switching power when the system is idle or data
remain unchanged by stopping local gated clock switching. These two techniques
mainly focus on dynamic power saving. On the contrary, power gating efficiently
suppresses leakage power in the standby mode by cutting off the direct connection

between power supply and internal circuits.

Body bias has two ways to use: FBB and RBB. Forward body bias can reduce
dynamic power at the same target frequency or increase speed with the same supply
voltage, whereas reverse body bias reduces leakage power by raising threshold
voltages of NMOS and PMOS transistors. Moreover, voltage islands provide
block-level optimization and spatial flexibility for control mechanism. Table 2.1 is the

summary.

Table 2.1 Summary of circuit-level low. power techniques.

Dynamic power | Leakage power
Technology Time domiain Space domain ] _
saving saving
Dynamic Voltage Scaling Yes Yes
Clock Gating Yes Yes
Power Gating Yes Yes
Forward Body Bias Yes Yes
Reverse Body Bias Yes Yes
Voltage Islands Yes Yes Yes
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2.3 Enhanced Intel SpeedStep® Technology

In this section, the Enhanced Intel SpeedStep® Technology [28], a
state-of-the-art example of power management design and widely used in the Intel
processor family, is introduced. The old version of this technology enables real-time
dynamic switching of the voltage and frequency between two performance modes
based on processor demand. However, the Enhanced Intel SpeedStep® Technology
enables the processor to switch between multiple frequency and voltage points instead

of two. Switching between states is software controlled.

Following are the key features of the Enhanced Intel SpeedStep® technology
[28]:
e Multiple voltage/frequency operating points provide optimal performance at the
lowest power.
*  Voltage/Frequency selection is software controlled by writing to processor model
specific registers (MSRs) thus eliminating chipset dependency.

—  If the target frequency is higher'than the current frequency, Vcc is ramped
up by placing a new value on,the VID pins and the PLL then locks to the
new frequency.

—  If the target frequency is lower than the current frequency, the PLL locks to
the new frequency and the Veerischanged through the VID pin mechanism.

—  Software transitions are’aceepted at any time. If a previous transition is in
progress, the new transition is deferred until its completion.

*  Low transition latency and large number of transitions possible per second.

—  Processor core (including L2 cache) is unavailable for up to 10us during the

frequency transition.
¢  Improved Intel® Thermal Monitor mode.

—  When the on-die thermal sensor indicates that the die temperature is too
high, the processor can automatically perform a transition to a lower
frequency/voltage specified in a software programmable MSR.

—  The processor waits for a fixed time period. If the die temperature is down
to acceptable levels, an up transition to the previous frequency/voltage point
occurs.

—  An interrupt is generated for the up and down Intel Thermal Monitor

transitions enabling better system level thermal management.
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The Enhanced Intel SpeedStep® Technology used a DVS based mechanism,
changing both the voltage as well as the frequency at run time, to adjust the power
consumption of the system to the thermal conditions and to maximize the battery life
[8]. An example of a DVS cycle is described in Figure 2.15 [8]. Initially, the processor
is operating at high Vpp and high frequency generating high power. When the on-die
thermal sensor indicates that the die temperature is too high, or the workload of the
processor is lower than its capability, then the processor halts the execution and locks
the phase-locked loop (PLL) at a new frequency. Once finished, the Vpp starts
changing to a new lower value. The full power saving is achieved once the voltage
transition is finished. A frequency transition up is done in reverse order to ensure
normal work of the processor. Finally, the target frequency and voltage points are
programmable by BIOS or operating system. Table 2.2 is an example of the Enhanced
Intel SpeedStep® Technology operating point for Intel Pentium® M Processor [28].

Besides the Enhanced Intel SpeedStep® Technology, the Intel Pentium® M
processor supports the AutoHALT Power-Down, Stop Grant, HALT/Grant Snoop,
Sleep, DeepSleep, and Deeper Sleep,states:for optimal power management. Figure
2.16 is its low power state machine and Table.2.3"explains definitions of these states
in detail [28].
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Figure 2.15 Dynamic voltage scaling cycle.
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Table 2.2 Voltage specifications of Intel Pentium® M Processor. The
Intel Pentium® M processor uses six voltage identification pins,

VID[5:0], to support automatic selection of power supply voltages.

Processor Frequency (MHz) Vop (V) VID
2.1 1.340 010111
1.8 1.276 011011
1.6 1.228 011110
Intel Pentium® M 1.4 1.180 100001
Processor 765 1.2 1.132 100100
1.0 1.084 100111
0.8 1.036 101010
0.6 0.988 101101
2.1 1.340 010111
1.8 1.292 011010
1.6 1.244 011101
Intel Pentium® M 1.4 1.196 100000
Processor 755 1.2 1.148 100011
1.0 1£100 100110
0.8 1.052 101001
0:6 0.988 101101
STPCLK# asserted SLP# asserted
s s C)

SLP# deasserted

STPCLK#
asserted

snoop
serviced

DPSLP#
snoop deasserted

core voltage raised
Deep Deep
Sleep Sleep

core voltage lowered

DPSLP#
asserted

STPCLK#
deasserted

occurs

serviced

Figure 2.16 Low power state machine of Intel Pentium® M processor.
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Table 2.3 State and

Processor.

control signal definitions of Intel Pentium® M

Normal State

This is the normal operating state for the processor.

AutoHALT Power-Down State

AutoHALT Power-Down is a low-power state entered when the
processor executes the HALT instruction. While in AutoHALT
Power-Down state, the processor will process bus snoops and

interrupts.

Stop-Grant State

When the STPCLK# pin is asserted, the Stop-Grant state of the
processor is entered 20 bus clocks after the response phase of the
processor-issued Stop Grant Acknowledge special bus cycle. While
in Stop-Grant state, the processor will process snoops on the FSB

and it will latch interrupts delivered on the FSB.

HALT/Grant Snoop State

The processor responds to snoop or interrupt transactions on the
FSB while in Stop-Grant state or in AutoHALT Power-Down state.
During a snoop or interrupt transaction, the processor enters the

HALT/Grant Snoop state.

Sleep State

A low powrer!'state”in which the processor maintains its context,
maintains thesPLL,-and has stopped all internal clocks. The Sleep
state can be ‘entered. only from Stop-Grant state. In the Sleep state,
the processor i5-incapable of responding to snoop transactions or
latching rinterrupt-signals. No transitions or assertions of signals
(with therexception.of SLP#, DPSLP# or RESET#) are allowed on

the FSB while the processor is in Sleep state.

Deep Sleep State

Deep Sleep state is a very low power state the processor can enter
while maintaining context. BCLK may be stopped during the Deep
Sleep state for additional platform level power savings. When the
processor is in Deep Sleep state, it will not respond to interrupts or

snoop transactions.

Deeper Sleep State

This state is functionally identical to the Deep Sleep state but at a

lower core voltage.

STPCLK#

STPCLK# (Stop Clock), when asserted, causes the processor to
enter a low power Stop-Grant state. The processor issues a
Stop-Grant Acknowledge transaction, and stops providing internal
clock signals to all processor core units except the FSB and APIC
units. The processor continues to snoop bus transactions and
service interrupts while in Stop-Grant state. When STPCLK# is

deasserted, the processor restarts its internal clock to all units and

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm

CMOS Technology

25




Chapter 2 Overview of Low Power Technigues

resumes execution. The assertion of STPCLK# has no effect on the

bus clock; STPCLK# is an asynchronous input.

SLP#

SLP# (Sleep), when asserted in Stop-Grant state, causes the
processor to enter the Sleep state. During Sleep state, the processor
stops providing internal clock signals to all units, leaving only the
Phase-Locked Loop (PLL) still operating. Processors in this state
will not recognize snoops or interrupts. The processor will
recognize only assertion of the RESET# signal, deassertion of
SLP#, and removal of the BCLK input while in Sleep state. If SLP#
is deasserted, the processor exits Sleep state and returns to
Stop-Grant state, restarting its internal clock signals to the bus and
processor core units. If DPSLP# is asserted while in the Sleep state,
the processor will exit the Sleep state and transition to the Deep

Sleep state.

DPSLP#

DPSLP# when asserted on the platform causes the processor to
transition from the Sleep State to the Deep Sleep state. In order to

return to.theSleep state, DPSLP# must be deasserted.

In summary, the Intel Peitium® M processor applies DVS in the active mode,

which means utilizing the Enhanced Intel SpeedStep® Technology in Normal state; in

the standby mode, namely in Stop:Grant, Sleep, DeepSleep, and Deeper Sleep states,

clock gating is used to reduce clock switching power. Although the Enhanced Intel

SpeedStep® Technology has taken die temperature limit into consideration, however,

it doesn’t deal with the problem of performance coherence between functional blocks

due to temperature gradient. Besides, leakage power is barely emphasized in the Intel

Pentium® M processor design. In our CTAPM system, performance coherence and

leakage power suppression are especially addressed.
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2.4 Summary

Power consumption is categorized to dynamic, short circuit, and static leakage
power in modern VLSI circuitry. Several low power techniques have been used to
deal with different power sources. DVS, clock gating and forward body bias can
reduce dynamic power in different ways, while power gating and reverse body bias
are aimed at leakage power suppression. The Enhanced Intel SpeedStep® Technology
is a state-of-the-art example of power management design. However, just like other
developments, the block-level control for multiple power sources and the awareness
of thermal impact are not achieved yet. Therefore, we propose a new power

management design in this thesis.

Contributions and features of our CTAPM design are listed in the following:

1. The word “Comprehensive” means that this design adopts several low power
techniques mentioned above to dynamically deal with both dynamic power and
static power consumption. Some researches have used more than one technique
in their designs [3, 6, 22, 29] but only one,power source was discussed or both of
them were controlled by stati¢ solutions.for the most cases.

2. The phrase “Thermal-Aware” means that the problem of performance coherence
between functional blocks due to temperature gradient is ensured in our power
management design. This problem wasfotrevealed since previous works mainly
focused on the full-chip control.. Digital circuit designers are also hard to be
aware of it during hardware-language coding. However, the block-level control
provides more flexibility and efficiency. Therefore, this problem has to be solved
to maintain system stability.

3. Because the software-feedback approach is chosen, this CTAPM design is
programmable to handle both die-to-die process variation and within-die process
variation. The yield can hence be improved.

4. Not only power analysis, design trade-offs between different techniques and
technologies are also discussed in this thesis. The analysis flow is still the same
for different technologies, while the selection of low-power techniques will be

case by case.

In order to implement these design concepts, the CTAPM unit architecture and
related issues are introduced in Chapter 3. The proposed full-version architecture
design can be modified or simplified while maintaining the same functionality. More

details and the experimental results are described in Chapter 4.
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Chapter 3

Comprehensive Thermal-Aware Power Management

The comprehensive thermal-aware power management (CTAPM) system is
proposed in this chapter. In power phase, the CTAPM takes care of both dynamic
power and leakage power; in thermal phase, the asynchronous problem between
functional blocks due to temperature gradient is handled. Related issues like the
architecture map, control state machine, and look-up table design are also introduced
in this chapter. In addition, the test vehicle and analysis flow are described in Section
3.2and 3.3.

3.1 System Design of CTAPM

As implied by the name;: the function of CTAPM is to control power
consumption of functional blocks ofithe chip, and take thermal issues into account at
the same time. As shown in Figure 3.1, the:CTAPM receives temperature and leakage
information from the thermal sensor;andyjob-monitor of each target circuit. It also
accepts system orders from the' embedded.operation system (OS) or specific
scheduling software, such as system state and desired performance. Besides, there
should be an application interface for users to input commands externally. Afterward,
the CTAPM decides and sends control parameters to peripheral circuits to produce
desired supply voltage and clock frequency, .etc. Finally, the target circuits will act in
the desired performance and power envelopes.

The overall architecture map, control state machine and look-up table design
are major parts in system design of CTAPM. The following of this section will
describe these three topics in sequence.
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3.1.1 Architecture Map

The proposed CTAPM unit architecture is shown in Figure 3.2. Techniques

including dynamic voltage scaling

(DVYS), clock gating, power gating, and body bias

are combined to control system power and adapt to thermal impact. DVS and clock
gating can effectively reduce dynamic power consumption, while power gating
reduces static leakage power. Forward body bias can increase speed, while reverse

body bias reduces power as well.

Individual details of these low power techniques

have been described in Chapter 2. Besides, these techniques can be applied at the
full-chip level, or they can be applied on a finer block-level granularity. As the result,
the concept of voltage islands is also included in power management design.
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Comprehensive Thermal-Aware Power Management Unit
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Figure 3.2 Architecture of proposed comprehensive thermal-aware
power management unit. Peripheralieircuits, such as DC-DC converter
and temperature sensor, arerrequired.

The CTAPM unit contains control logic circuits, look-up tables, status register
files, and a bus interface. Look-up. table-desigmis the-most important design parameter
of the CTAPM unit, which will ‘be discussed: later. The control logic chooses
optimized values of parameters based on 1ook-up tables and system status. Status
register files record system information from software and hardware. Finally, the bus
interface is used for communication.

Peripheral circuits are needed to implement these low power techniques.
DC-DC converter is used to dynamically provide the desired supply voltage of the
target circuit. Frequency synthesizer is applied to change the operating frequency
between different performance levels. If the functional block is in the standby mode,
the gated local clock will be paused to save clock switching power. Body bias
generator provides the desired body voltages of core transistors. If forward body bias
(FBB) is expected in the active mode, then the body voltage of PMOS (Vggn) Will be
below Vpp and the body voltage of NMOS (VggL) will be above ground. Otherwise, if
reverse body bias (RBB) is preferred in the standby mode, then Vggy will be above
Vpp and Vg, Will be below ground.
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In addition, the thermal sensor in each voltage island is needed to report the
operating temperature to CTAPM. Even at the same performance level, the supply
voltage and body bias could vary according to temperature variation to make sure the
consistence of the speed.

3.1.2 Control State Machine

Figure 3.3 is the low power state machine of CTAPM. Compared with that of
Intel Pentium® M processor [28], Figure 3.3 is simpler because some functional
states handling exceptions are omitted, but stronger in power phase due to leakage
control mechanism, which is important especially for future technology generations
and SoC designs. Besides, since CTAPM provides block-level control, each
functional island should have its own state rather than unity.

STPCLK# asserted SLP# asserted

STP# deasserted

STPCLK# deasserted

palIasseap #d1Sdd
pajiesse #d1Sdd

DPSLP# asserted

DPSLP# deasserted

Deeper Deep
Sleep Sleep

Figure 3.3 Low power state machine of CTAPM.

From Figure 3.3, Normal State is identical to the active mode in previous used
terminology, while other four states can be seen as different standby modes in the
mean time. Normal State is the common operating state for the target functional block.
When the island is about to execute few HALT instructions (this condition can be
predicted or scheduled early in compile time), it will enter HALT State to pause the
gated local clock to save clock switching power. If the functional block is idle for a
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longer time, then it will enter Sleep State, Deep Sleep State, and Deeper Sleep State in
order. Corresponding low power solutions, like power gating and reverse body bias,
will be applied sequentially, too. Timing specifications need to be investigated and
decided by measurement or simulations. However, it is not covered in this thesis.
Table 3.1 is the summary.

Table 3.1 State definitions and functionalities of CTAPM.

Definition Normal operating state for the target functional island

Normal State _ | DVSto make performance and power scalable
Functionality
FBB to ensure performance coherence between blocks

Definition Entered when few consecutive HALT instructions executed
HALT State - - o
Functionality | Gated clock off to reduce local clock switching power
Definition Entered after the island idle for a while
Sleep State

Functionality | Sleep transistor off to reduce leakage power

Definition Entered after the island in Sleep State for a while

Deep Sleep State
Functionality | RBB to reduce leakage power even more

Definition Lowest power state, the system can enter

Deeper Sleep State

Functionality | .Lowest Vpp and'highest RBB to reduce leakage power most

3.1.3 Look-Up Table Design

As shown in Figure 3.2, the look-up.table is among the most important design
parameter of the CTAPM unit. It provides frequency-voltage information for software
feedback of the system, either in operation mode transitions or toward temperature
variation. In this thesis, we focus on the look-up table design for the block-controlling
parameters, especially for adjust frequency-voltage relationship under temperature
variation. Besides power control mechanism, we utilize DVS and FBB on the
temperature axis to meet performance requirements. We hope that power
consumption can be controlled by the CTAPM system but also deal with thermal
impact to performance coherence in the meantime.

Figure 3.4 illustrates the construction of look-up tables. Each functional block
should have its own look-up table in the CTAPM unit. Normal State is divided into
five performance levels, followed by HALT State, Sleep State, Deep Sleep State, and
Deeper Sleep State. The temperature axis is divided into six steps. VDDID and VBBID
represent the optimized supply and body bias voltages, while CLKSP and CKTSP
stand for enabling clock gating and power gating or not.
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Figure 3.4 Diagram of the look-up.table design for CTAPM.
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110001 | 110001 | 110010 | 4110010 | 110011 | 4110011
MKz |1|1 0000 |1|1 0000 |1|1 0000 |1|1 0000 |1|1 0000 |1|1

110000 | 101111 | 101110 | 4101101 | 4101100 | 4101011 VBBID #
00MHz | [1]1] o000 11| oooa [1f1] o010 [1[1] 0000 [1]1] o010 |1]1

101010 | 101001 | 4101000 | 4100111 | 4100110 | 4100101 0000
St v [1]1] o000 11| oooa [1f1] o000 [1[1] 0000 [1]1] o000 |1]1

0XXX: FBB

HALT S S e C I . 1XXX: RBB
Sleep |o|u |o|o |o|u |o|o |o|o 0 |o|u CLKSP CKTS®
Dee
Sleez 1111 |ofof 1110 [o]of 1101 [o]of 1100 [oo] 1010 [o[o] 1001 oo Izl Izl
Deeper | 000000 [ 000000 [ 000000 | 000000 | ooo000 | oooo0o 0: CLK off 0: ST off
Steep | 1111 [ofof 1110 [o]of 1101 [oo| 1100 [o[o] 1010 [ofo] 1001 [ofo] 1:cLKon 1:STon

Actually, Figure 3.4 primarily uses DVS to face temperature variance. If FBB is
applied dynamically in the small scale of temperature to adjust frequency loss, there
will be an extra look-up table in each temperature step for FBB to decide the value,
which is like Figure 3.5.

VBBID |50~ 55°C|55 ~ 60°C]60 ~ 65°C|65~70°C|70 ~ 75°C
VBBID |25~ 30°C|30 ~35°C|35~40°C|40 ~45°C|45 ~50°C
VBBID | 0~5°C | 5~10°C |10 ~15°C|15 ~20°C|20 ~ 25°C
600MHz 0000 0001 0010 0011 0100
500MHz 0011 0100 0101 0110 0111
400MHz 0010 0011 0100 0101 0110
300MHz 0001 0010 0011 0100 0101
200MHz 0000 0001 0010 0011 0100

Figure 3.5 Illustration of the FBB look-up tables.
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3.2 Test Vehicle

To verify the concepts of CTAPM, a 101-stage ring oscillator is chosen as the
test vehicle, as shown in Figure 3.6. The 101-stage ring oscillator is chosen for
following reasons: First, the ring oscillator is composed by inverters, which consumes
the largest static leakage power because of the least stacking effect. Therefore, this
test vehicle matches the trend of leakage growth, and our experimental results are
applicable for future generations. Second, the ring oscillator is a common component
of digital circuits as the timing emulator, especially in hardware feedback systems.
Moreover, the scale of the 101-stage ring oscillator is comparable to a 32-bit adder,
meaning that the experimental results are practicable.

VDD VBBH

Dynamic Voltage Scaling T T Body Bias

I
Sleep Transistor

e
=

e e
S =

CTRL —I ;

Sleep Transistor

|
Power Gating l l

VBBL

Figure 3.6 A 101-stage ring oscillator is used as the test vehicle.
Several power reduction concepts are applied to this circuit.

Figure 3.7 is the layout illustration of our test vehicle. Differing from the
conventional layout style, source and body terminals of transistors are separated for
DVS and body bias. Besides, sleep transistors are inserted in to the original circuit for
power gating. However, if body bias is applied to NMOS transistors, then the
triple-well technology (see Figure 3.8) is needed for block-level control to isolate the
p-well bias of each voltage island.
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I <«—for Body Bias

«—for DVS

<«—for Power Gating

<«—for Power Gating

<«—for DVS

<«—for Body Bias

P-substrate

Substrate NoiseITrapping N-well
Double N-well Isolation Structure

Figure 3.8 Triple-well technology. Deep n-wells are implemented to
prevent crosstalk between p-wells of NMOS transistors.
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3.3 Analysis Flow

Power gating insertion is done before DVS simulation and body bias simulation,
since DVS and body bias only change the supply voltage and body voltages of CMOS,
which do not impact the structure of the core logic circuit, but power gating technique
does. Sleep transistors are added to the original circuit for power gating insertion,
which has a great impact on system performance, noise margin, dynamic power, and
static power consumption. As a result, when designing a system integrating several
low power techniques such as DVS, body bias, and power gating, the first work is to
decide the type and size of sleep transistors. Figure 3.9 is the analyzing flow for
experiments.

Target Circuit Design

»i
<

\ 4

Power Gating Insertion

< <=~--~ Sleep Transistor Sizing Loop

» Operating frequency

System Spec. ? s* Noise margin

* Area overhead

2 v

DVS Simulation Body Bias Simulation

&
Y
y

A

Parameter Optimization

<€ ----- Vppand Vgg Tuning Loop

Minimum Power ?

Loop-Up Table

Figure 3.9 Analysis flow for experiments.
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After the target circuit design, simulations about power gating insertion will
proceed. The type of sleep transistors has to be chosen first, then the sleep transistor
sizing loop will be activated. Trade-offs between the operating frequency, noise
margin, and area overhead drive this sizing loop. Once these three specifications are
acceptable, the size of sleep transistors will have been decided.

DVS and body bias simulations come after power gating insertion. First, basic
characteristic simulations will be done to realize the effect and efficiency of these
techniques. Afterward, Vpp and Vgg tuning loop should be activated to optimize
design parameters. Each performance level and temperature interval should be
corresponding to a pair of optimized Vpp and Vgg to minimize power consumption.
At last, the loop-up table of CTAPM can be built. Detailed simulation results can be
seen in Chapter 4.
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Chapter 4

Power Analysis

The experimental results of different circuitry techniques utilized in proposed
comprehensive thermal-aware power management (CTAPM) system are presented in
this chapter. We first begin with power gating analysis in Section 4.1. Section 4.2
discusses characteristics of dynamic voltage scaling (DVS) and construction of the
Vpp look-up table. Section 4.3 and 4.4 examine the effect and efficiency of reverse
body bias (RBB) and forward body bias (FBB). However, the simulation of clock
gating is skipped since it is a mature technique. These experimental results are based
on TSMC 100nm CMOS technology.

4.1 Power Gating Analysis

In this section, first we observe device leakage characteristics before we use
these transistors. Then, we choose NMQOS or PMOS as the sleep transistor for our test
vehicle under some considerations. Section4:1.3 shows sleep transistor sizing by
trade-offs between operating frequency, dynamic power, and virtual ground rising.
The minimum scale of voltage islands is also defined. In the end of this section is the
summary.

4.1.1 Device Leakage Characteristics

Before proceeding power gating analysis, characteristics of device leakage
should be known first. Figure 4.1 is the device leakage current simulation results
based on TSMC 100nm CMOS technology (minimum transistor length is used) at
room temperature. We can see that the PMOS device leakage is as a rule proportional
to the transistor width; namely, the wider the transistor is the larger leakage current it
produces. However, the NMOS device leakage is not that normal. Leakage current
grows surprisingly large when the device width is approaching minimum width. There
is no appropriate physical explanation yet for this unpredicted phenomenon, but it
reveals two important messages: First, since digital circuits are generally composed of
minimum size transistors for area constraints, larger than expected leakage current is
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produced inevitably to worsen power consumption. Moreover, to earn more effect and

efficiency of power gating technique, NMOS approaching minimum size should be
avoided to be sleep transistors.
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Figure 4.1 Device leakage simulation of TSMC 100nm CMOS
technology. Unless otherwise noted, all data used for the figures and
tables in this chapter are simulated at room temperature.

4.1.2 Sleep Transistor Type Selection

As mentioned in Chapter 2, sleep transistors for power gating can be PMOS
(header-type) or NMOS (footer-type); only one polarity sleep device is actually
required to reduce leakage. Because the mobility of electric holes is smaller than
electrons, header-type PMOS sleep transistors require more silicon area than NMOS
to source the maximum instantaneous current in the active mode. Therefore, NMOS is
commonly chosen to be sleep transistors.
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Figure 4.2 shows the relationships between operating frequency and sleep
transistor width of the 101-stage ring oscillator (described in Chapter 3) under TSMC
100nm CMOS technology. It shows that PMOS sleep transistor leads to more
frequency sacrifice than NMOS sleep transistor for the same transistor size. In fact,
for example, PMOS sleep transistor needs to be 14X minimum size to compete with
3X minimum size of NMOS sleep transistor for the same frequency sacrifice.

750

700 ~

650 ~

600 ~

550

500 ~

450 -

Operating Frequency (MHz)

400 H

350 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Transistor Width (um)

—&— NMOS of tsmc 100nm technology
O PMOS of tsmc 100nm technology

Figure 4.2 Speed comparison of different kinds of the sleep transistor
of the ring oscillator under TSMC 100nm CMOS technology. NMOS
sleep transistor is more competitive because of less area overhead for
the same frequency sacrifice.

Besides area overhead, virtual supply noise and power consumption should be
taken into consideration when selecting sleep transistor type. However, there is nearly
no difference in choosing which type of sleep transistor about these two issues.
Shown in Table 4.1 are frequency/power/noise trade-offs of different sleep transistor
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types. Due to equivalent resistance but larger parasitic capacitance, using PMOS as
the sleep transistor results in slightly less virtual supply noise and more power
consumption than NMOS.

Since these differences are quite small, selecting sleep transistor type should
mainly depend on area overhead. Nevertheless, manufacturing issues need to be kept
in mind when combining power gating with reverse body bias technique to do the
block-level control. More details will be seen in Section 4.5.

Table 4.1 Comparison of different sleep transistor types.

Case 1

Case 2

Sleep Transistor Type

9X PMOS

2X NMOS

14X PMOS

3X NMOS

Operating Frequency (MHz) 680.61 680.25 701.75 701.26
Virtual Supply Noise (mV) 52.05 56.46 31.49 35.85
Power Consumption (uW) 35.56 35.32 38.76 37.40

4.1.3 Sleep Transistor Sizing

Sleep transistors sizing is-the most important and hardest part of power gating
insertion due to frequency loss,-area overhead, and other trade-offs. If sized too large,
then valuable silicon area would: be wasted-and leakage power saving would be
reduced. On the other hand, if sized:too small,then the circuit would be too slow
because of increased resistance to ground. A rule of thumb about sleep transistor
sizing is to be 1/10 of total PMOS or NMOS area of the target circuit, depending on
which kind of sleep transistor chosen. However, this rule is only a rough estimation,
not really an optimization.

As shown in Figure 4.3, 3X minimum size of NMOS sleep transistor is chosen
for our test vehicle, which brings about 4% frequency loss, 9% dynamic power saving,
and less than 50mV virtual ground raising. This size is only 3% of total NMOS area
of the ring oscillator, which is more aggressive than the sizing rule mentioned above.
Although different target circuits have their own optimized sleep transistor sizes, the
same analysis flow can be applied. By sketch characteristic curves like Figure 4.3 and
needed specifications, optimized sleep transistor sizes of different target circuits can
be clearly decided.
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Figure 4.3 Relationship between:frequency/power/virtual ground and
NMOS sleep transistor width of the ring oscillator under TSMC 100nm
CMOS technology. Without power: gating, -operating frequency and
power consumption are 732.69MHz and 41.13uW, respectively.

The use of power gating is“to reduce leakage power. As shown in Figure 4.4,
leakage power can be suppressed from ‘the order of microwatt to nanowatt, which
means more than 90% leakage power can be reduced applying this technique. For
example, since 3X minimum size of NMOS sleep transistor is chosen for our test
vehicle, then leakage power can be reduced from 2.3uW to 12.66nW at room
temperature. However, as noticed in Section 4.1, NMOS approaching minimum size
should be avoided to be sleep transistors. In other words, the scale of the target circuit
should be large enough to prevent optimized size of sleep transistor falls in this region.
Otherwise, leakage power saving will be reduced, or extra area wasted will be
produced to enlarge the sleep transistor. Because the scale of the ring oscillator is
comparable to a 32-bit adder and its optimized sleep transistor size is just outside this
unusual leaky region, it can be concluded that power gating is preferable in system
and sub-system design, but not suitable in cell library design. As a result, the
minimum scale of voltage islands is defined.
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Figure 4.4 Relationship between leakage power and NMOS sleep
transistor width of the ring oscillator under TSMC 100nm CMOS
technology. Without power gating, leakage power is about 2.3u\W.

4.1.4 Summary

Sleep transistors for power gating can be implemented by PMOS or NMOS.
Because of the area constraint and better leakage reduction efficiency, we choose
NMOS to be sleep transistors. Besides, Sleep transistor sizing is the most important
and hardest design decision due to frequency loss, area overhead, and other trade-offs.
3X minimum size of NMOS sleep transistor is chosen for our test vehicle, which
brings about 4% frequency loss, 9% dynamic power saving, and small virtual ground
rising. More than 90% leakage saving can be achieved applying power gating
technique. Details about co-working with reverse body bias will be discussed later in
Section 4.3. Finally, the scale of voltage islands should be beyond a sub-system, such
as a 32-bit adder, .etc, to prevent the use of leaky sleep transistors.
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4.2 DVS Analysis

The goal of DVS analysis in this section is to build Vpp look-up tables for
CTAPM. We first realize that the circuit operating at different supply voltages has
different responses toward temperature gradient. Then the Vpp look-up table can be
divided to three zones to complete individually.

4.2.1 Characteristic Simulation

Before building Vpp look-up tables for CTAPM, characteristics of DVS
technique should be known first. Figure 4.5 shows relationships between operating
frequency and supply voltage in five different technology corners. Figure 4.6 is the
corresponding power statistics. It is verified in Figure 4.5 that the operating frequency
is linearly proportional to the supply voltage. It is also described in Chapter 2 that the
dynamic power is proportional to Vpp?. As a result, if the operating frequency can be
varied with the supply voltage, then we can say that the dynamic power is
proportional to Vpp®. Since the dynamicipower is the dominant component of total
power consumption in the active:mode,.the total.power consumption is close this
relationship, too. Therefore, Figure 4.6 is shown in that way.

However, Figure 4.6 reveals thatthermarginal benefit of reducing the supply
voltage too low is quite little. When-the dynamic power is reduced to be competed
with leakage power, it is not worth scaling the supply voltage down further. Besides,
if supply voltages of two adjacent functional blocks differ too large, needed level
shifters will be too hard to design. Moreover, the efficiency of the on-chip DC-DC
converter is worse in low voltage level transformation [30]. Last but not least, noise
margins will be destroyed due to low voltage level of logic 1. For these reasons, even
though the required operating frequency is low enough, scaling the supply voltage
below 0.5V should be avoided.
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Figure 4.5 Relationships between operating frequency and supply
voltage in five different technology corners.
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Figure 4.6 Relationships between power consumption and supply
voltage in five different technology corners.

Figure 4.7 shows relationships between operating frequency and supply voltage
in eight different temperature levels. Figure 4.8 is the corresponding power statistics.
We notice that supply voltage range can be divided into high, middle, and low Vpp
zones. When operating in the high Vpp zone, frequency decreases as temperature
increases, which causes the problem of performance coherence between functional
blocks. In the middle Vpp zone which is round 700mV in our simulation, frequency
decreases slightly as temperature increases. However, frequency increases as
temperature increases in the low Vpp zone, resulting in no performance coherence
problem at all.
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The reason of these phenomena is as follows: As temperature rises, the mobility
decreases due to more phonon scattering, and the threshold voltage is reduced due to
Fermi level. In high and middle Vpp zones, the mobility is dominant, so that the drain
current and operating frequency are both reduced. However, the threshold voltage is
the dominant factor in the low Vpp zone, and thus increases the drain current and
operating frequency. While this concept is well-known to analog designers, it has so
far not been emphasized in digital circuit design.
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Figure 4.7 Relationships between operating frequency and supply
voltage in eight different temperature levels.
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Figure 4.8 Relationships between power consumption and supply
voltage in eight different temperature levels.

4.2.2 Vpp Look-Up Table Construction

Since frequency increases as temperature increases in the low Vpp zone, there
is no performance coherence problem in this supply region. Therefore, we raise a
margin of supply voltage in high Vpp and middle Vpp zones to keep performance
coherence, but keep minimum required supply voltage in the low Vpp zone. Table 4.2
is simulation results of the Vpp look-up table. Without utilizing DVS, the supply
voltage must be the highest one, 980mV in the table, to ensure normal operation. On
the contrary, it only needs to be 500mV for 200MHz operation at 150°C if we utilize
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DVS on both frequency and temperature dimensions. It can lead to 74% total power
reduction and maintain performance coherence at the same time. By appropriate
coding, the logical Vpp look-up table can be built like Table 4.3.

Table 4.2 Numerical Vpp look-up table for CTAPM. 10mV is the
minimum step.

Vpp (MV) | -40~-25°C -25~0°C 0~25°C 25~50°C 50~75°C 75~100°C | 100~125°C | 125~150°C
600 MHz 860 870 890 910 930 940 960 980
500 MHz 780 780 790 800 810 820 830 840
400 MHz 700 700 700 710 710 710 720 720
300 MHz 630 630 620 620 610 610 600 600
200 MHz 570 560 550 530 520 510 500 500

Table 4.3 Logical Vpp look-up table for CTAPM. Each VID number
corresponds to an independent Vpp level, respectively.

VID -40~-25°C -25~0°C 0~25°C 25~50°C 50~75°C 75~100°C | 100~125°C | 125~150°C
600 MHz 100100 100101 100111 101001 101011 101100 101110 110000
500 MHz 011100 011100 011101 011110 011111 100000 100001 100010
400 MHz 010100 010100 010100 010101 010101 010101 010110 010110
300 MHz 001101 001101 001100 001100 001011 001011 001010 001010
200 MHz 000111 000110 000101 000011 000010 000001 000000 000000

In our initial plan, DVS is used in the large steps of temperature to meet
performance requirements, and FBB will be applied in the small steps of temperature
to adjust frequency changes due to temperature variation. There should be no need to

raise a margin of the supply voltage in high Vpp and middle Vpp zones because of

performance coherence needs. However, the effect of FBB is surprisingly too small to
compensate frequency decrease based on used TSMC 100nm technology, which will
be described later in Section 4.4. Consequently, DVS is used alone to solve the
problem in this situation, raising a margin of the supply voltage to ensure performance
coherence.

A Comprehensive Thermal-Aware Power Management System with Block-Level Optimization in 100nm
CMOS Technology

49




Chapter 4 Power Analysis

4.3 RBB Analysis

In this section, we present experimental results about reverse body bias
technique. Owing to previous works about this technique mainly focusing on the
effect of leakage suppression, we put our emphasis on the apply methods instead. As
shown in Figure 4.9, although converging quickly, applying reverse body bias on
PMOS is the least effective since the leakage current of OFF-state PMOS devices is
much smaller than that of NMOS devices. Applying reverse body bias on both PMOS
and NMOS leads to the largest leakage saving. However, applying reverse body bias
on NMOS only is efficient due to lower power overhead of the charge-pump circuit,
which is needed to provide body bias voltage.

Figure 4.10 is the case co-working with power gating technique. Because the
magnitude of leakage current of the circuit is decided by the OFF-state NMOS sleep
transistor in this situation, applying reverse body bias on this sleep transistor only is
as effective as on all PMOS and NMOS devices. In addition, applying reverse body
bias on NMOS sleep transistor only introduces the least loading and power overhead
of charge-pump circuits.

What is worth to mentiontis that the magnitude-of reverse body bias voltage has
its limit; in fact, applying too large reverse body bias will bring about obvious second
order effects (SCE), such as gate‘induced drain lowering (GIDL). Previous research
indicates (see Figure 4.11) that beyond a certain optimal RBB voltage, which is about
0.3X Vpp for 0.13um technology, the transistor OFF-state current starts to increase
due to increased GIDL leakage [19]. We follow the reference to choose 0.3V as
optical reverse body bias voltage to avoid the GIDL effect because the lack of BSIM4
model.
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in different applying methods.
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Utilizing power gating technigue willsreduce leakage power from 2.3uW to
12.66nW, and combining power gating with.0.3V reverse body bias can further reduce
leakage power to 7.2nW. These simulation results show that power gating and reverse
body bias are powerful to reduce leakage power.

4.4 FBB Analysis

Forward body bias is originally arranged to co-work with DVS to solve the
problem of performance coherence in our CTAPM design. However, this technique
doesn’t show enough competence for the job based on used TSMC 100nm technology.
Related simulation results will be expressed to explain the statement in this Section.

Reviewed from Section 4.2, supply voltage range can be divided into high,
middle, and low Vpp zones. When operating in high and middle Vpp zones, frequency
decreases as temperature increases, which causes the problem of performance
coherence between functional blocks. However, frequency increases as temperature
increases in the low Vpp zone, resulting in no performance coherence problem at all.
Figure 4.12 and Figure 4.13 clearly illustrate these phenomena once more. In this
place, we define that the 600MHz speed mode is in the high Vpp zone, and the
500MHz and 400MHz speed modes are in the middle Vpp zone, whereas the last two
low speed modes are in the low Vpp zone.
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temperature in five technology corners for the high Vpp zone. Supply
voltage is 1.0V. Frequency decreases as temperature increases.
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voltage is 500mV. Frequency increases as temperature increases, SO
that there is no problem of performance coherence.

Following is the evidences showing that FBB is not that effective to increase
speed. As shown in Figure 4.14, applying FBB on PMOS is more powerful than NOS
because of stronger body effect for the same FBB voltage level. Even so, it still can’t
catch the frequency loss due to temperature raise. The speed of the ring oscillator
decreases about 20MHz from 25°C to 50°C when the supply voltage is 1.0V, but
applying FBB can only provide about 15MHz performance gain. Besides, although
applying heavier FBB on PMOS can further increase the speed, the power overhead
will be amazingly huge. For example, applying 650mV FBB on PMOS can
compensate the frequency loss, but its power consumption at room temperature rises
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from 37.40uW to 373.14uW, which is absolutely not applicable. Hence, we choose to
raise 10 ~ 20mV of the supply voltage to deal with frequency sacrifice due to
temperature rise in Section 4.2, since its power overhead is quite little.
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Figure 4.14 Relationship between operating frequency and forward
body bias at 25°C in the high Vpp zone. Supply voltage is 1.0V.

Figure 4.15 shows similar results as Figure 4.14. We notice that the applicable
FBB range is narrower at high temperature, reducing the speed increase that FBB can
provide. Although the frequency loss is reduced to about 12MHz from 125°C to
150°C when the supply voltage is 1.0V, applying FBB can only provide about 6MHz
performance gain, still not enough to overcome this thermal impact.
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Figure 4.15 Relationship“between operating frequency and forward
body bias at 125°C in the high Vpp zone. Supply voltage is 1.0V.

Concerning about the middle Vpp zone, however, Figure 4.16 presents the
power of forward body bias to increase speed. The frequency loss is about 8MHz
from 25°C to 50°C when the supply voltage is 750mV, and applying FBB can provide
about 30MHz performance gain to compensate this loss. Besides, the applicable FBB
range is about the same with the high Vpp zone case, revealing that it is less
dependent on the supply voltage than operating temperature.
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Figure 4.16 Relationship“between operating frequency and forward
body bias at 25°C in the middle Vpp Zone. Supply voltage is 750mV.

According to Figure 4.14 to Figure 4.16, we can draw Figure 4.17 to conclude
the FBB characteristics. The lower the supply voltage and operating temperature are
the better performance improvement it has. Therefore, when operating in the high Vpp
zone, DVS is used alone to ensure performance coherence between functional blocks.
In the middle Vpp zone, FBB can co-work with DVS to solve the problem. However,
it is unnecessary to adopt FBB in the low-Vpp operation, since the frequency, since
there is no performance coherence problem in this situation.
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Figure 4.17 lllustration of FBB application efficiency. FBB is suitable
in middle-Vpp and low-temperature environments.

At last, one thing should be clarified. Even though FBB is applicable in the
middle Vpp zone, we don’t take this option eventually. Instead, DVS is still used
alone to face the frequency loss for simplicity. As shown in Figure 4.18, although
applying FBB can reduce Vpp at the Wq&; frequency, the power consumption is
higher because the circuit is Ieaklgg%iue t 2ase of threshold voltage. Raising a

margin Vpp is more efficiency tv_j,énime € Efb ) ‘Gp- coherence in this technology.

7% E
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800mV VDD 790mV VDD 780mV VDD
OmV FBB 200mV FBB 400mV FBB

Figure 4.18 Comparison of power consumptions at 500MHz between
different Vpp and FBB voltages. FBB is applied on PMOS.
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4.5 Discussion

In our analysis flow, every design decision is based on its own trade-offs for
each low power technique. For example, we consider area overhead, virtual ground
noise and power consumption when choosing sleep transistor type for power gating,
but we are not conscious that this earlier decision has impact for other techniques. In
fact, technique-to technique trade-offs need to be taken into account when we make a
design decision, and sleep transistor type selection is coincidentally the most
complicated case among all design decisions.

Table 4.4 shows the advantages of choosing NMOS or PMOS to be sleep
transistors corresponding to power gating and reverse body bias. Since both
techniques deal with leakage reduction, they have to compromise to complement each
other for some design constraints. For example, if the triple-well technology is not
supported by the foundry, inevitably we can’t use NMOS sleep transistors for small
area overhead as we wish. Therefore, sometimes we need to “bottom-up” to change or
reconsider previous design decisions.

Table 4.4 Comparison of different:sleep transistor types concerning
about both power gating-and reverse body bias.

Decision ! )
) NMOS sleep transistor PMOS sleep transistor
Technique
Small area overhead Flexibility of sleep transistor sizing
Power Gating : : -
Less power consumption Less virtual supply noise
Reverse Large leakage suppression Low RBB for leakage convergence
Body Bias Small loading for charge-pump circuits | No need of triple-well technology

Besides, the type of technology process has great impact for architecture
decisions. Modern nano-scale CMOS technology platforms typically provide up to six
different types of logic core devices with different oxide thickness and threshold
voltages for high performance, low leakage power, and low operating power
requirements [paper and TSMC]. The effect of body bias is just restricted by oxide
thickness and threshold voltages. Although not useful in our simulations based on
TSMC 100nm CMOS technology, FBB is more powerful for devices with thicker
oxides and larger threshold voltages [31]. On the contrary, RBB is useful for devices
with thicker oxides and low threshold voltages. Namely, FBB is applicable for low
power technologies while RBB is suitable for high speed technologies.
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Therefore, for simplicity we give up FBB in our CTAPM system based on used
technology. However, if the target technology changes and FBB enables enough
performance gain through the same analysis flow, then it is still a solution to ensure
performance coherence or compensate process variation in other power management
designs. RBB also has the possibility to not be adopted for low leakage technology
since threshold voltages are larger to reduce its effect. The full version of CTAPM
system has been proposed in Chapter 3, Figure 4.19 now shows an example of
simplified version of CTAPM system, which only uses DVS to adjudge performance
in the active mode and power gating to suppress leakage power in the standby mode,
but skip body bias for simplicity. The analysis flow is still the same for different
technologies, while the selection of low-power techniques will be case by case.

Comprehensive Thermal-Aware Power Management Unit
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]
:
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Figure 4.19 Simplified version of the CTAPM unit architecture. DVS,
clock gating and power gating still remain to maintain the functionality,
whereas charge-pump circuits for body bias are removed.
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4.6 Summary

Utilizing power gating technique will reduce leakage power from 2.3uW to
12.66nW for our test vehicle, and combining power gating with 0.3V reverse body
bias can further reduce leakage power to 7.2nW at room temperature. More than 90%
leakage saving can be achieved applying these techniques. However, because the lack
of BSIM4 model, we can not obtain the optimized RBB values at different
temperatures for the used technology.

Beside power control mechanism, we utilize DVS on the temperature axis to
meet performance requirements. The experimental results show that the proposed
CTAPM architecture has potential to reduce more than 70% of dynamic power
dissipation in regular CMOS systems and ensure performance coherence at the same
time. Nevertheless, forward body bias is not powerful as we expected based on used
technology. Performance gain it provided is hard to compensate frequency loss when
the temperature gets higher, especially at high supply voltage level.

Finally, design trade-offs between. different. techniques and technologies are
discussed in this chapter. The type of sleep transistors has the influence on both power
gating and reverse body bias. Besides, FBB may be useful in low power technologies
while RBB is powerful in high speedrtechnologies. The proposed full-version
CTAPM architecture can be modified or simplified while maintaining the same
functionality.
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Chapter 5

Conclusion

5.1 Conclusion

Power dissipation in modern VVLSI designs has become the most critical issue in
System-on-Chip (SoC) era. Modern SoC integrations and mobile systems have
emphasized low power techniques due to shortage of battery life. Besides, thermal
impact is another reason to address the importance of power management because of
high costs of packaging and cooling requirements for reliability.

In this thesis, a block-level optimization of comprehensive thermal-aware
power management (CTAPM) is presented. The proposed CTAPM system adopts
several circuit-level low power techniques:to take care of both dynamic power and
leakage power consumption in power phase,.and.deal with performance coherence
between functional blocks in thermal phase ‘as well.-Dynamic voltage scaling (DVS)
is utilized on both performance and temperature axis to reduce dynamic power and
ensure all voltages islands are synchronousrinithe active mode. Clock gating is applied
to reduce unnecessary clock switching power in‘the standby mode. Power gating and
reverse body bias is aimed at leakage power suppression. However, forward body bias
is not powerful to use.

Basic concepts including architecture design, control state machine, and
look-up table design are also introduced after the overview of power source categories
and these low power techniques. Through proposed analysis flow and test vehicle, the
experimental results show that the proposed CTAPM architecture has potential to
reduce more than 70% of dynamic and 90% of static power dissipation in regular
CMOS systems. It also brings a significant improvement in system stability. The
results are based on TSMC 100nm technology. Last but not least, the analysis flow is
the same for different technologies, while the selection of low-power techniques can
be case by case.
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5.2 Future Works

Although transient analysis is not covered in this thesis, it is important for
hardware or software scheduling to place the CTAPM into a real SoC system.
Transition time and power need to be studied for each adopted low power technology.
For example, if using power gating saves 10uW of leakage power in the standby
mode, but it consumes extra 20uW transition power to close sleep transistors, then the
system should keep sleep transistors OFF for at least two seconds to gain net power
reduction. For another example, if it needs 10ms to change the supply voltage to
different level, then the system has to be stopped for the same interval during the
transition. Such transient information can be known by simulations of peripheral
circuits or direct physical measurements. As it should be, peripheral circuits, such as
DC-DC converters for DVS, charge-pump circuits for body bias, and thermal sensors
for software feedback, are also future works to realize the CTAPM system. Moreover,
since the analysis flow is compatible, a standardized test key for individual
optimization of chips can be developed in the future.

Noise margin considerationis another important issue for future researchers.
The ideally optimized Vpp look-up tables may: hot suitable for some noise-sensitive
circuits, since the supply voltage may be scaled down a lot to destroy noise margins.
Besides, sleep transistors acting as minari-power-rail resistance contribute virtual
supply noise in normal operation.”These drawbacks should be examined to maintain
system stability.

Finally, the cell-based design flow may have to be modified to implement these
low power techniques. However, it is not an issue for full-custom design. Since the
hardware-language coding can’t generate sleep transistors for power gating, it should
be done by either CAD tool support during the place-and-route (P&R) stage or
post-layout custom modification. Besides, substrate/well contacts of original standard
cells must be removed and re-create properly to isolate the body of transistors for
body bias technique [32]. Woltage separation also needs to be done to apply DVS
individually for voltage islands [33]. These back-end design processes have to be
rearranged into the conventional cell-based design flow.
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