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Insomniac Dynamic Voltage Scaling
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Abstract—Dynamic voltage scaling (DVS) is a popular approach
for energy reduction of integrated circuits. Current processors
that use DVS typically have an operating voltage range from full
to half of the maximum V_44. However, there is no fundamental
reason why designs cannot operate over a much larger voltage
range: from full V34 to subthreshold voltages. This possibility
raises the question of whether a larger voltage range improves
the energy efficiency of DVS. First, from a theoretical point of
view, we show that, for subthreshold supply voltages, leakage
energy becomes dominant, making ‘“just-in-time computation”
energy-inefficient at extremely low voltages. Hence, we introduce
the existence of a so-called “energy-optimal voltage” which is
the voltage at which the application is executed with the highest
possible energy efficiency and below which voltage scaling reduces
energy efficiency. We derive an analytical model for the energy-op-
timal voltage and study its trends with technology scaling and
different application loads. Second, we compare several different
low-power approaches including MTCMOS, standard DVS, and
the proposed Insomniac (extended DVS into subthreshold opera-
tion). A study of real applications on commercial processors shows
that Insomniac provides the best energy efficiency. From these
results, we conclude that extending the voltage range below Vaq /2
will improve the energy efficiency for many processor designs.

Index Terms—Dynamic voltage scaling, energy efficiency, insom-
niac, low power, subthreshold design.

1. INTRODUCTION

UE TO technology scaling, microprocessor performance

has increased tremendously, albeit at the cost of higher
power consumption. Energy-efficient operation has therefore
become a very pressing issue, particularly in mobile appli-
cations which are battery operated. Dynamic voltage scaling
(DVS) was proposed as an effective approach to reduce energy
use and is now used in a number of commercial low-power
processor designs [1]-[3].

Most applications do not always require the peak perfor-
mance from the processor. Hence, in a system with a fixed
performance level, certain tasks complete ahead of their dead-
line and the processor enters a low-leakage sleep mode [4]
for the remainder of the time. This operation is illustrated in
Fig. 1(a). In DVS systems, however, the performance level is
instead reduced during periods of low utilization such that the
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Fig. 1. Illustration of optimal task scheduling.

processor finishes each task “just in time,” stretching each task
to its deadline, as shown in Fig. 1(b). As the processor fre-
quency is reduced, the supply voltage can also be reduced. As
shown by the equations below,! the reduction in frequency [5]
combined with a quadratic reduction from the supply voltage
results in an approximately cubic reduction of power consump-
tion. However, with reduced frequency, the time to complete a
task increases, leading to an overall quadratic reduction in the
energy required to complete a task

1 C.Vaq Vad

g o

[ lasat (Vaa — Vin)t3
Power o< fV; Energy o V.

Delay =

DVS is therefore an effective method to reduce the energy con-
sumption of a processor, especially under wide variations in
workload that are increasingly common in mobile applications.
Hence, extensive work has been performed on how to determine
voltage schedules that maximize the energy savings obtained
from DVS [4], [9].

In most current DVS processor designs, the voltage range
is limited from full V44 to approximately half Vgq at most. In
Table I, the available range of operating voltages and associated
performance levels are shown for three commercial designs. The
lower limit of voltage scaling is typically dictated by noise-sen-
sitive circuits, such as pass-gate structures, phase-locked loops
(PLLs), sense amps, and results from applying DVS to a pro-
cessor “as is” with minimum redesign. However, significant de-
sign effort is required to accommodate operation over a wide
range of voltage levels [6]. It is well known that CMOS circuits

IThe 1.3-pm power [5] scaling of current is only valid for high supply volt-
ages when carrier velocity saturates. Subthreshold scaling of the supply voltage
with performance for low-voltage operation will be extensively discussed in
Section III.
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TABLE 1
COMMERCIAL PROCESSOR DESIGNS AND RANGE OF VOLTAGE SCALING
Voltage Range Frequency Range
IBZI)SI?];NE;;)C 1.0V-1.8V 153MHz-333MHz
iﬁ?ﬁﬁ;ﬁ?ﬁ 0.8V-13V 300MHz-1GHz
lrgglzé(os[cza]le 0.95V-1.55V 333MHz-733MHz

can operate from nominal voltage down to less than 200 mV. In
such “subthreshold” operating regimes, the supply voltage lies
below the device threshold voltage and the circuit operates using
leakage currents. Work has been reported on designs that op-
erate at subthreshold voltages [7], [8], and it was reported that
the minimum allowable supply voltage of an ideal functional
CMOS inverter is 36 mV [10], [11]. A number of commercial
products have also used subthreshold operation for extremely
low power applications [12].

With some additional design effort, it is conceivable to
significantly extend the operating voltage range of processors.
Hence, one issue that needs to be addressed is the determina-
tion of a lower limit of the voltage range for optimal energy
efficiency. The optimal voltage limit depends on two factors:
the power/delay tradeoffs at low operating voltages and the
workload characteristics of the specific processor. In this paper,
we address both of these issues.

First, we show that the quadratic relationship between energy
and Vg4 deviates as Vyq is scaled down into the subthreshold re-
gion of MOSFETs. In subthreshold operation, the “on-current”
takes the form of subthreshold current, which is exponential
with Vg4, causing the delay to increase exponentially with
voltage scaling. Since leakage energy is linear with the circuit
delay, the fraction of leakage energy increases with supply
voltage reduction in the subthreshold regime. Although dy-
namic energy reduces quadratically, at very low voltages where
dynamic and leakage energy become comparable, the total
energy can increase with voltage scaling due to the increased
circuit delay. In this paper, we derive an analytical model
for the voltage that minimizes energy, and we show that this
so-called energy optimal voltage lies well above the previously
reported [10] minimal functional operating voltage of 36 mV.
We verify our model using SPICE and study its trends as a
function of different design and process parameters. As one
of the results, our work shows that operation at voltages well
below the threshold voltage is never energy-efficient.

A second issue that determines whether to apply such ag-
gressive, or extended, DVS (which we refer to as Insomniac) is
based on the workload characteristics of the processor. Clearly,
it is not necessary to extend the voltage range below that which
is needed based on the expected workload of the processor. We
show this workload impact with real applications on two com-
mercial processors. Further, we analyze the energy efficiency
of different low-power schemes, including multiple-threshold
CMOS (MTCMOS), standard DVS, and Insomniac for a
number of workload traces obtained from a processor running
a wide range of applications. Our results show that most appli-
cations benefit significantly from Insomniac whereas only very
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low-activity applications with long idle times benefit greatly
from pure MTCMOS.

The remainder of this paper is organized as follows.
Section II provides an overview of the voltage limit for func-
tionally correct CMOS logic. Section III presents our analysis
of the minimum voltage scaling limit for optimal energy effi-
ciency. Section IV presents our energy modeling for different
low-power approaches. Finally, Section V concludes the paper.

II. CIrRCcUIT BEHAVIOR AT ULTRALOW VOLTAGES

Before we derive the energy optimal operating voltage in
Section III, we first briefly review the minimum operating
voltage that is required for functional correctness of CMOS
logic. The minimum operating voltage was first derived by
Swanson and Meindl in [10] and [11] and is given as follows:

kT Cfs Cd
I/v( imi:2'—' 1 — -1 2
1dlimit P [ +COX+CJ n( ~|—COX>
~oVp I (24 24 (1)
L Yo

where CY is the fast surface state capacitance per unit area
[10], Cox is the gate—oxide capacitance per unit area, Cy is the
channel depletion region capacitance per unit area, and Vr is the
thermal voltage £T'/q. For bulk CMOS technology, we know
that subthreshold swing (the amount of gate voltage reduction
for the drain current to drop by 10 x) can be expressed as fol-

lows:
Cq
. 2
Cox> 2)

Ss=1In10-Vp - (1—|—
From this, we can rewrite (1) as follows:

Ss
Vadlimit = 2Vpr - In (1 4+ —2—
ddlimit T n( +ln10-VT>

S
~59mV-In (14 —2
60 mV

) at 300 K.

(€)

For 0.18-pm bulk CMOS technologies, S, is typically in the
range of 90 mV/decade and therefore

Vad limit = 48 mV. 4)

Hence, it is theoretically possible to operate circuits deep into
the subthreshold regime given that typical threshold voltages are
much larger than 48 mV. In fact, SPICE simulation (with BSIM
models) confirms that it is possible to construct an inverter chain
that works properly at 48 mV, although at this point the internal
signal swing is reduced to less than 30 mV. Note that BSIM3
models may be less accurate than other models, such as EKV
models [17]. However, BSIM3 models are present industry stan-
dard and we will use it for SPICE simulation in the remainder of
this paper. In Fig. 2, we also show that it is possible to operate
a wide range of standard library gates at similar operating volt-
ages and that their delay tracks are relatively consistently with
that of the inverter. It is, however, clear that there are practical
reasons why operating circuits at the minimum voltage is not de-
sirable, such as susceptibility to noise, soft errors, and process
variations [18]. More importantly, we show in the next section
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Fig. 2. Delay of typical library gates over a wide voltage range, normalized to
inverter delay.

that, from an energy efficiency point of view, the minimum oper-
ating voltage for functionally correct operation does not provide
the best results.

III. MINIMUM ENERGY ANALYSIS
A. Minimum Energy Point Modeling

We first illustrate the energy dependence on supply voltage
using a simple inverter chain consisting of 50 inverters and then
extend the analysis for more general circuits. A single transition
is used as a stimulus and energy is measured over the time period
necessary to propagate the transition through the chain. (Note
that simultaneous switching noise is also an important issue in
DVS energy efficiency, and we will not address it in this paper
for simplicity.) The energy—Vyq relation is plotted in Fig. 3. The
dynamic energy component F,tive reduces quadratically while
the leakage energy Fe,x increases with voltage scaling. The
reason for the increase in leakage energy in the subthreshold op-
erating regime is that as the voltage is scaled below the threshold
voltage, the on-current (and hence the circuit delay) decreases
exponentially with voltage scaling, while the off-current is re-
duced less strongly. Hence, the leakage energy Eje,x will rise
and supersede the dynamic energy E,qtive at about 180 mV. This
effect creates a minimum energy point (referred to as Viy;y) in
the inverter circuit that lies at 200 mV, as shown in Fig. 3.

In the previous example, we are implicitly assuming that there
is always one input transition per clock cycle. However, the
switching activity varies in different circuits and therefore we
include the input activity factor «, which is the average number
of times the node makes a power consuming transition in one
clock period. We now derive an analytical expression for the
energy of an inverter chain as a function of the supply voltage.
Suppose we have an n-stage inverter chain with activity factor
of . The standard expression for subthreshold current is given
by?

%74 Vgs —Vih _ Vas
Isub = /l/effcoxL_(m — 1)Vf126 g""V'l'l (1 —e V('i‘ ) (5)
eff

2BSIM3. [Online]. Available: http://www-device.eecs.berkeley.edu/~bsim3/
get.html
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where V;y, is the threshold voltage of the MOSFET, pieg is the
effective mobility, W is the transistor width, L. is the effective
channel length, Vs and Vy, are the gate to source and drain to
source voltages, respectively, and

S0
T M10-V, T In10x 26

1.51. (©6)

In (6), we again assume that S is 90 mV/decade, which is a
typical value. We now express the total energy E per clock cycle
as the sum of dynamic and leakage energy

E= Eactive + Eleak

=a-n- Eswitch,inv + Pieak - tq

1
—an- <§-Os~vfd>+(n-Vdd-Ileak)-<n-tp>

)
where
@ activity factor;
n number of stages;

Egwiteh, inv SWitching energy of a single inverter;

Pleax total leakage power of the entire inverter chain;
ta delay of the entire inverter chain;

Cs total switched capacitance of a single inverter;
Tieak leakage current of a single inverter;

t, delay of a single inverter.

Note that we assume that short-circuit power is negligible and
can be ignored. This assumption is known to hold for well-
designed circuits in normal (super-threshold) operation [14].
Using the method in [15], we measured the short-circuit cur-
rent for an inverter chain over a wide range of V34 and have
found that the short-circuit energy percentage is less than 9% at
Vimin and even lower as Vyq is reduced further, which is smaller
than that at superthreshold, as shown in Fig. 4. Thus, we ig-
nore the short-circuit component in energy modeling. Although
rise and fall time increases almost exponentially with the re-
duced Vyq in subthreshold operation, the average short-circuit
current also scales down almost exponentially with V4. There-
fore, short-circuit energy does not increase in subthreshold and,
in fact, diminishes because of the leakage energy increase.

First, we focus on finding an accurate estimate of 7.
Let %, stcp denote the ideal inverter delay with a step input
and 7, .ctual denote the actual inverter delay with an input
rising time of 7,. We can compute %, ., based on a simple
charge-based expression

1
2 Cs . ‘/dd

I ®)

tp,stop =
where [, is the average on-current of an inverter. /,, can be
estimated with alpha-power law [5] in superthreshold and takes
the form of (5) (with Vi and Vy, substituted by Vyq) in the sub-
threshold regime. Furthermore, for normal operating voltages,
the step delay can be extended to the actual delay as follows

[21]:
¢ 2
tpHL,actual = tgHL,step + (é) . (9)
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Itis shown in [14] that, if £,, > #, 1, actual (Which is satisfied
when an inverter drives another one of the same size, as in our
modeling), then

tpHL,actual =0.84- t'r- (10)
Substituting (10) into (9) gives
tpHL,actual = 1.2445 - tpHL,step- (1 1)

Similar results hold for ¢,z [14]. We then can estimate the
average tp actual aS

tp,actual = 1.2445 - tp,step
(12)

=1n- tp,step~

However, we need to test if this linear model is valid for sub-
threshold operation. To justify the linear modeling of ¢, .ctual
with ¢, step at such a wide supply voltage range, we plot the
calculated 7 as a function of V44, based on SPICE simulation in
Fig. 5.

From Fig. 5, it is clear that the coefficient 7 increases as the
supply voltage is reduced to the subthreshold regime. Other fac-
tors affecting the accuracy are that (5) does not perfectly model
I;yp in subthreshold operation?® and that voltage swing degrades

3We find that, over the entire subthreshold region, (0 < Via < Vin), Toun
deviates from the simple exponential (5) by up to 20% if we treat mobility g as
constant.

at ultralow supply voltages. Taking these factors into account,
we found for this technology an effective 7 2.1 for sub-
threshold operation.

As the supply voltage reduces, the total energy consumption
reaches a minimum at some supply voltage since the delay of
the circuit increases dramatically and the circuit now leaks over
a larger amount of time. Substituting the equation for circuit
delay (12) into (7), we obtain the following expression for total
energy:

1 CsV.
E:_'a'n'CS'ded‘i'n'vdd'-[leak'n'7757(1(1
2 21,
1 Ica
= 5ncsvjd. (a+7]-n~%>. (13)

Note that I, here is subthreshold “on” current because we are

focusing on the subthreshold region where Vi,;,, occurs. By sub-

stituting (5) into (13) (Jicax 18 obtained by substituting Vs and

Vs in (5) with 0 and Vg, respectively), we now arrive at our

final expression for the total energy as a function of supply
voltage for subthreshold operation

1 9 _ Vaa

E= 5”CSVdd : (a +n-n-e ”‘V'l‘) . (14)

Based on this simple expression of total energy, we can

find the optimal minimum energy voltage Vi, by setting
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OFE/0Vgq = 0. Letting u = 7 - n/a and t = Vgq/mVrp, we
obtain
t

U
e =—-1—u.

5 15)

Graphically, the solutions of (15) are the interactions of an ex-
ponential curve and a straight line, where u is positive. When
u = 2¢3, there is only one solution t = 3 and Viyj = 3 mVp;
when u > 2¢3, there are two solutions ¢; and to, with the
larger one (¢; > 3) corresponding to Vi,i, and the smaller one
(to < 3) being local optimum; when u < 2¢3, there is no solu-
tion. Therefore, 3m Vi is indeed the lowest possible Vi, We
will show in the next section that complex gates have a higher
Vimin @f it exists) than inverters.

Since (15) is a nonlinear equation, it is impossible to solve
it analytically. Hence, we use curve-fitting to arrive at the fol-
lowing closed-form expression:

t=1.587Inu — 2.355. (16)
Substituting the original variables gives the following final ex-
pression for the energy optimal voltage:

Vi = [1.5871n (n- g) _ 2.355] mVp.  (17)
This closed-form formula is fitted for n and a values 20 <
(n/a) < 200 and provides reasonable accuracy (<4.2% Vinin
relative error compared to the numerical approach) over the data
range.

Note that, in the presented model, the only parameters that
are technology-dependent are 7 and m. As we switch from one
technology to another, it is only required to determine these two
parameters which can be easily accomplished. Interestingly, the
total energy in (14) and the energy optimal voltage Vi, does not
depend on the threshold voltage V;y, as verified using SPICE.
This independence is caused by the fact that, in subthreshold
operation, both leakage and delay have similar dependencies on
Vin, and hence the effect of V;y, on the total energy cancels out.
Also, we find that the energy optimal voltage is strongly depen-
dent on the number of stages in the inverter chain. Active energy
is linear with n whereas leakage energy is quadratic with n be-
cause, in a longer inverter chain, more gates are leaking, and
these gates have more time to leak due to larger total propaga-
tion delay. Hence, Vi, occurs at a higher voltage in a longer
chain. Finally, we point out that V},;,, is strongly related to the
activity factor «. In a circuit with lower o, Vin;, occurs at a
larger voltage than in circuits with higher «, since lower activity
gives the circuit more time to leak and effectively increases the
stage number, as shown in Fig. 6. We therefore introduce the
notation of effective stage number as n.g = (n/a) to be used
in the following analysis.

B. Model Verification and Extension to Circuit Blocks

In order to verify the accuracy of the proposed model, we
compared the results from (14) with SPICE simulations for in-
verter chains of different lengths. In Fig. 7, we compare the
energy—Vyq relationship predicted by the proposed analytical
model in the subthreshold region with SPICE simulation re-
sults for an industrial 0.18-pm process. The plot shows a range
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Fig. 7. Inverter chain energy—V4q4 (analytical model versus SPICE).

of effective inverter chain lengths (nes). As shown in Fig. 7,
the analytical model matches SPICE well, except at voltages
less than 100 mV. In this region, the model tends to underes-
timate the rise in energy consumption due to the dramatic in-
crease of 77 from Fig. 5, resulting in a delay that is greater than
expected. However, this is not a severe problem since the im-
portant region of modeling around Vi,,;,, shows good accuracy.
When fanout-of-four (FO4) loading is added to each inverter,
Vnin 1s almost identical because this changes the term Cs in
(13), which impacts only the absolute amount of energy con-
sumed but not the minimum energy point (V).

In Fig. 8, we compare the predicted minimum energy voltage
Vnin based on our model with that measured by SPICE simula-
tion. In the plot, the results using the fitted closed-form expres-
sion of (17) are shown, as well as the numerical solution of the
nonlinear equation in (15). As can be seen, both match SPICE
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with a high degree of accuracy for a wide range of effective in-
verter chain lengths nqg.

We now consider the energy optimal voltage for more com-
plex gates, such as NAND and NOR, as well as larger circuit
blocks. Fig. 9 shows results of SPICE simulations for a NAND2.
Similar to the inverter chain case in Section III-A, a single transi-
tion is used as a stimulus and energy is measured over the signal
propagation through the chain. As can be seen, the minimum
voltage Vi, shifts right compared to the inverter chain, indi-
cating that the energy optimal voltage occurs at a higher voltage.
This is caused by the fact that, for a chain of NAND2 gates, the
number of leaking PMOS transistors is doubled in every other
gate and NMOS transistors are twice the size to achieve com-
parable performance. The capacitance increase does not affect
Viin because the delay and switching energy are proportional
to the loading Cs. This is evident in (13) (if we write out a
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similar energy consumption expression for NAND2 case). How-
ever, in the NAND2 V,;, is different because the term I}, i
larger. Therefore, we can model the Vi, of a NAND2 chain by
lumping the I}, difference into n, as shown in (13). We intro-
duce nlg ;.. as the equivalent stage number of an inverter chain
that giveé the same Vi, as a NAND2 chain with e nanaz. It
follows that n/g . for NAND2 should be 27t nand2 due to the
doubled leakagé current. However, with SPICE measurement
we found that the n/g . is somewhat smaller than 27 nand2
due to the stack effect in the NMOS transistors. At the same
time, the driving capability of the pull-down NMOS when sized
two times is slightly larger than that of the inverter. We therefore

empirically compute n/ value for the NAND2 chain

effinv
Neff inv _ Ileak,nandZ Ion,inv
Theff nand2 TNeak,inv Ion,nand2
=191 1
o 1.1
=~ 1.74 (18)

where the average leakage current ratio and on-current ratio are
from SPICE simulation.

Using this nlg ;... we obtain an accurate match between the
modeled V,,;,, and SPICE simulation, as shown in Fig. 10. Other
complex gates can be modeled in a similar way by computing
an appropriate n.g . . value.

This approach can be extended to larger circuit blocks as well.
In Fig. 11, we show the total energy as a function of supply
voltage obtained using SPICE for a 16 x 16 multiplier with ac-
tivity factor a = 0.5, where « is the average switching activity
over all of the nodes in the circuits. The multiplier was obtained
by synthesizing the ISCA85 benchmark circuit 6288 [22] with
an industrial 0.18-pm process using a wireload model for par-
asitics. We estimate the total power consumption for large cir-
cuit blocks such as this by extending the expression in (14) as
follows:

Etotal = Ea(‘,tive + Eleak
2
Eactivo = CwO : Wtotal : Vdd

(19)
(20)
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where Wigta1 1s the total width of all of the transistors in the
circuit and Cl,( is the switched capacitance of a unit width tran-
sistor. We compute the total leakage energy as follows:

Eicax = Teak total * Vad - ta
= (Meak - Wiotal - Lieako) - Vdd - (Rdepth - tp,r04)
2D

where ek 1S the leaking factor used to model the leakage stack
effect and input pattern dependency, Ijc,xo is the leakage cur-
rent of a unit width transistor, and ngeptn s the logic depth in
terms of fanout-of-four (FO4) inverter delay ¢, ro4, Which is
expressed as follows:

% ‘ (4I/Vinv ‘ CwO) ‘ Vdd
Winv : IonO

trro4 = (22)

where 1,0 is the on-current of a unit width inverter. Note that
« may change with supply voltage as glitches are sensitive to
circuit delay, although, for simplicity, we treat o as a constant.
Substituting (20) and (21) into (19), we can derive the following
expression for total energy of a circuit block as a function of
supply voltage in a manner similar to (14):

_ Vad
Etotal = CwOWtotaIV(?d (Ol + 2710akndopthe mVT) . (23)

For the test circuit in Fig. 11, the following parame-
ters for the model were found using SPICE simulation:
Meak = 0.5, ndepth = 65. The total energy predicted by (23)
with the above parameters is shown in Fig. 11 for the 16 x 16
multiplier block together with SPICE simulation results. In
order to evaluate the V,,;,, for various circuit blocks, logic depth
Ndepth, Average activity factor «, and leakage factor 7yjcax are
required. ngepth and o can be estimated with a static timing
analysis tool and 7}k requires dc simulation at the transistor
level, which is significantly faster than transient analysis.
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Performance distribution for different applications and idle state
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Fig. 12. Recorded performance distribution of different applications.

It is important to note that, for a generic circuit block, ng is
defined as neg block = (Tdepth)/ (). Therefore, when the ac-
tivity factor « is very low, based on either the circuit structure
or the input data stream, the neg block 1S much larger than the
real logic depth ngepen. In a real processor, the activity factor
varies across the chip since not all circuit blocks are working
intensively at all times. Therefore, in order to achieve energy
efficiency, designers must take into account the « difference be-
fore estimating the average Vi,i,. In other words, for the pur-
poses of optimizing DVS, low activity and large logic depths
are interchangeable as they both lead more quickly to leakage
dominated designs.

C. Energy Optimality for Different Workloads With DVS

As discussed earlier, the energy optimal voltage depends on
both circuit and technology characteristics. At the same time,
the best choice for the minimum allowed voltage for a processor
depends on its workload distribution. If the workload of a pro-
cessor is such that low-performance levels are never or rarely
required, the minimum operating voltage for energy-efficient
operating will be larger than the energy optimal voltage Vi,
computed in Section III-A. Hence, we studied a number of dif-
ferent real applications running on Linux using ARM926 and
Transmeta Crusoe TM5600 processors with DVS and recorded
traces of the minimum necessary performance levels for each
application using real-time monitoring. These real applications
are selected based on typical activities of laptop computers and
comprise both multimedia and interactive applications:

* emacs is atrace of user activity using the editor performing
light text-editing tasks;

* konqueror and netscape are traces of web browsing ses-
sions using the two browsers;

* fs contains a record of filesystem-intensive operations;

* mpeg is a trace using MPEG?2 video playback;

* idle traces the activity when the system has no dominant
workloads and, as a result, contains little activity except
for operating system housekeeping tasks.
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Fig. 13. Histogram of different workloads converted from real traces.

The dynamic performance management policy is based on
Vertigo [9] and ARM’s Intelligent Energy Manager.* The distri-
bution of the four available performance levels (with a highest
frequency of 600 MHz) among the executed tasks is shown
in Fig. 12 for each application. This workload distribution is
recorded from a real DVS processor running applications. As
the bar graph shows, the processor spends significant time in
sleep mode, meaning that the processor completes many tasks
well ahead of schedule. Most importantly, we observed that,
during the execution of all tasks, a run-then-idle pattern was
seen 50% of the time. This implies that many tasks could run
at a frequency less than the minimum (50%) available on the
processor if it was able to do so. Therefore, we convert these
traces to ideal continuous distributed performance levels and ob-
tain the histogram shown in Fig. 13. The histograms show that
emacs, fs, and netscape spend most of their execution time in
the low-performance end.

By extending the lower limit of voltage scaling, the amount of
idle time can be reduced, leading to more energy-efficient op-
eration. Based on the previous analysis, energy efficiency can
increase until it reaches the energy optimal voltage Viyiy. In ad-
dition, by eliminating the need to enter a sleep state, any en-
ergy overhead due to switching to and from sleep mode is also
avoided, further increasing the energy efficiency.

We therefore study the total energy consumption of the pro-
cessor as a function of the lower limit of the performance that the
processor provides, denoted by fi;mit. Assuming that we have an
ideal performance scheduler that is able to set the performance

4[Online]. Available: http://www.arm.com/products/CPUs/cpu-arch-IEM.
html

exactly sufficient to just complete every task, we can compute
the optimal energy consumption with different fy;,;¢ values.
The total energy is based on the proposed energy model of
Section III-A for subthreshold voltage operation, combined with
a simple fitted model for energy and delay at super-threshold op-
erating voltages. Note that we do not consider the sleep—wakeup
energy overhead now since a more detailed energy model for
this will be presented in Section IV. We show the energy/ fiimit
tradeoff for the first five applications in Fig. 14. As can be seen,
the energy efficiency improves as the fj;,;¢ is reduced and levels
off for most applications below 10%, which corresponds to a
Vaa/Vaao of 30.7% (553 mV for a Vyqo of 1.8 V). We also
analyze the energy/ flimit tradeoff for the idle-mode trace, in
which the processor is mostly in sleep mode and wakes up only
to do regular “housekeeping” chores for the operating system.
Note that this state can be quite common on a processor. The
results are show that the energy continues to reduce down to a
performance level of 0.02%, corresponding to a Vgq/Vaqo of
13% (234 mV for a Vyqo of 1.8 V). In such low-activity situa-
tions, the practical Vi, value approaches the theoretical Vi,
levels of Section III-A. The energy savings of a more voltage
scalable processor over the traditional one are summarized in
Table II, demonstrating that substantial energy savings can be
obtained by extending the voltage range appropriately.

IV. ENERGY EFFICIENCY EVALUATION OF DIFFERENT
Low-POWER APPROACHES

A. Detailed Energy Modeling

In this section, we compare the energy efficiency of different
low power design approach. In the analysis we include the over-
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Fig. 14. Energy fiimi¢ for different applications.

TABLE 1II
ENERGY CONSUMPTION COMPARISON BETWEEN INSOMNIAC AND
TRADITIONAL DVS APPROACHES

Application Normalized Energy Ene'rgy
Insomniac Traditional DVS | Savings
emacs 0.235 0.359 34.5%
fs 0.376 0.467 19.5%
konqueror 0.292 0.358 18.4%
netscape 0.361 0.380 5%
mpeg 0.496 0.542 8.49%
idle state 0.0458 0.3324 86.2%

note: In Insomniac, ¥,/V 4, is 30.7% for general applications, 13% for idle
state; in traditional DVS, V,/V 449 is assumed as 50%.

head that each specific low power technique incurs, as well as
the efficiency of the dc—dc voltage converter. First, we define
five different systems:

* Shasic» @ basic system with clock gating but without
power-gating or DVS;

* Smtemos, @ System that employs power-gating during idle
mode (clock gating is implied) but no DVS; power-gating
has been an effective approach in leakage power reduction
(25];

* Sdvspg, apartial DVS system with power-gating capability
where the minimum scalable voltage is Vj;mit, set to be
Vaa/2;

* Sdvsonly, @ system similar to Sgvspg but without power-
gating;

* Sinsom, an Insomniac system with aggressive voltage
scaling capability, down to the energy optimal voltage;
note that in this system power grating is not necessary,
since processor always runs in “just in time” completion
mode.

For Spasic, the energy consumption during idle mode is
leakage and we can model the total energy Ey.si for a given
workload as

Ebasic = Pact,vdd ‘ ton + Ploak * (ton + toff) (24)

where ., is the time the processor stays busy and ¢ is the idle
time.
For Siutemos, the energy consumption is modeled as

Emtcmos = Pact,vdd “lon + Ploak “Ton + Eovcrhoad

1 1
5 - Cpowerrail . VdZd + 5 -

Vi + Cateep - Vi

Eoverhead = Cinternal

(25)

where FEoverhead 1S the overhead energy when gating the
power supply, Chowerrail 1S the virtual supply rail capacitance,
Cinternal 18 the total internal node capacitance of the circuit,
and Cgeep i the gate capacitance of the sleep transistors.
FEoverhead arises from three sources: the power rail charge loss,
the circuit internal node charge loss, and sleep transistor gate
charge needed to conduct power gating. Depending on whether
a header or footer transistor is used in S,,temos, the processor
will lose the voltage level on virtual Vg4 or virtual ground,
respectively, shortly after it enters sleep mode [28]. Without
loss of generality, we use the average between virtual ground
and virtual V44 capacitance in our calculations. To consider the
internal node capacitances, we assume that half of the internal
nodes are at each logic state 1/0.

According to recent research [28], [29], the virtual power rail
can be restored in several cycles if the circuit is carefully de-
signed. Thus, the wakeup process can be treated as instanta-
neous compared to the thousands/millions of cycles of useful
operation.

In order to model Sqvspg and Sqvsonty, We must know how a
DVS system implements the voltage scaling process. There are
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Fig. 16. Inverter leakage current versus Vigq.

several ways to design a DVS system [26], [27]. In this paper,
we assume a method similar to the IBM405LP [27], which is
illustrated in Fig. 15. First, we define some system constants as
follows:

¢ =1 ps, the constant time it takes to scale the frequency;

k, =2mV/us,the speed of the regulator to scale the voltage;

Joff =2.64e-3 siemens, the equivalent transistor off-state

conductance due to DIBL.

The gos parameter is introduced to characterized the leakage
current dependency on supply voltage, which comes from Vi,
roll-off due to the DIBL effect

Vih = Vino — (7 - VBs) — (np1BL - Vbs)-

According to (5) [33], the “off” state current of an NMOS tran-
sistor can be expressed as

(26)

—Vih

—Vin DIBL-Vdd
Tieax X €e™VT X €

-V
Pt 4 MoIBL Vdd

mVT

If np1pL is small, this linear relationship holds as a good approx-
imation until Vyq drops to several mVy, when the exponential
term with Vg in (5) comes into play, as shown in Fig. 16. Based
on this notion, we define gog as

27)

_ Aleax  mpIBL

o = —oleak 28
Joft N Vi (28)
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We find that, for the 0.18-um process, we are considering the
average goir for NMOS and PMOS is around 2.64e-3 siemens,
which is found by SPICE simulation.

If we suppose that the system scales from state (V1, f1) to
(V2, £2), then there are two possible cases.

1) Scaling voltage down—V> < V; For Sgysonly, the energy
consumption for a certain application is

Edvsonly,sd
= (Pact,V1 + Pleak,Vl) “Tf
+ Evscale,fZ,Vl—»VQ + (Pact,Vz + Pleak.,Vg) . trest

+ Pleak, v, - tidle (29)

For Savspg.the energy consumption is

Edvspg,sd :(Pact,Vl + Pleak,Vl) “Tf + Evscale,fQ,Vl—>V2
+ (Pact,Vg + Pleak,Vg) : trest

1
+ 0 - <§ . Cinternal - V22 + Csleep . ‘/'22

1

+-- Cpowerrail ) V22> . (30)

2

0 is a discrete parameter reflecting whether or not the re-
quested Viq value (Va2 request ) can be achieved, which im-
pacts whether power gating is used. Therefore

if (VZ,requestZ ‘/limit) :
if (VZ,roquost < Vvlimit) :

‘/2 = VZ,request; tidle = 07 6=0

Va2 =VWiimit, tiale > 0,6 = 1.

2) Scaling voltage up—V> > Vi, for both Sgysony and
despg

Edvs,su = (Pact,VQ + Pleak,Vg) ~Tf + Evscale,fl,Vl—>V2

+ (Pact,V2 + Pleak,Vg) . trest
1

+ 5 . C(powerrail . (V22 - V12)
1
+ 5 - Cinternal . (‘/'22 - ‘/12) - (31)

For an optimal voltage up-scaling process, t;qic is always
zero implying that Sgysonly and Sgvspg have the same ex-
pression for energy consumption.

A key difference between scaling up and scaling down
voltages is that scaling up involves extra energy consump-
tion caused by voltage level change as it draws current
from the power supply to charge up this level difference.

In order to make a practical comparison, we extract detailed
physical parameters of an existing Alpha processor from its
layout as the basis for the following discussion (shown in
Table III).

In leading-edge processors, leakage power is much more sub-
stantial than that shown in the baseline 0.18-ym Alpha pro-
cessor. Therefore, we intentionally reduce the V;y, in this process
to set the leakage power to ~10% of active power, which is rea-
sonable for modern processors.

B. Regulator Efficiency Modeling

DVS involves a wide range of operation, and therefore the
efficiency of the voltage regulator must also be taken in account.
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Fig. 17. Verification of the simple regulator efficiency model.

TABLE 1II
PHYSICAL PARAMETERS FROM AN ALPHA PROCESSOR IN A 0.18-um
TECHNOLOGY (WITHOUT CACHES CONSIDERED)

nominal supply voltage 1.8 volts
total # of transistors 554,052
total # of gates 39,703
power rail capacitance
(V44 & ground) 447.3 pF
internal node capacitance
. . 3,520 pF
(interconnect included) 520p
total gate capacitance 948 pF
sleep transistor gate cap. 95 oF
(assumed to be 10% gate cap) p

The power converting efficiency 1),z of an off-chip dc—dc con-
verters is defined as

Pload
Pload + Ploss

where Pj,.q is the loading power and P, is the total loss inside
the converter. Pj,ss can be further expressed as [30]

Treg = (32)

Ploss = Pcond(Iload) + Pswitch + Pﬂxed

Eswitch : fswitch (33)

Pswitch

where Pconq is the converter conduction loss, directly depen-
dent on load current and Ejgyitch 1S the energy loss during the
transistor switch-on and switch-off transitions, dependent on the
switching frequency fswitch, and Pryeq 1S the fixed loss, depen-
dent on neither load current nor switching frequency.

With a more efficient regulator [30]-[32], such as a vari-
able-frequency regulator, Pyyitcn can be made to scale with load
current [j,,q. Given the fact that regulator efficiency is nearly
constant over a wide loading range [30], we can assume that the
conduction loss Peonq and the switching loss Pyyitcn Scale in
the same way as Pjy,q. That is,

Pcond + Pswitch = clossPload (34)

SIn the context of DVS, we usually need a buck dc—dc converter to realize
down-converting, therefore all the modeling in this section is based on an off-
chip buck dc—dc converter.
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where the )55 is defined as the converting loss coefficient for
a specific regulator. Since the Pfyeq is small for nominal con-
verting region, we can get the nominal converting efficiency as

" — Pload
resnom Pload + Pcond + Pswitch
1
= — 35
1+ Closs ( )
Then, a simple regulator efficiency model is developed as
Pload Pload

Theg = 7 = . . . (36)

Pload + Ploss (1 + closs)Pload + Pﬁxed

To verify this modeling approach, we compare it with
the more detailed model in [30], as shown in Fig. 17
(Closs = 0.0625, Prxeqa = 420 W are used in the plots).

With the simple power converting model of (36), we can
readily take into account the regulator degradation by

tiotal
Pioaa(t
Etotal = / 1 d_( )dt

. Theg

0

tiotal

= / [(1 + closs)Pload + Pﬂxcd] dt

0

(1 + Closs)Eload + Pﬁxed . ttotal- (37)

In the following section, we include the regulator loss factor into
our computation by means of (37).

C. Energy Efficiency Evaluation Results

With energy models derived for the various low-power
schemes, we can now evaluate their energy efficiency under
different applications. We studied the same applications as
in Section III, i.e., emacs, konqueror, netscape, fs, and mpeg.
To make a fair comparison, we convert these traces to match
the Alpha processor that we are using in the analysis. By
applying four different low-power schemes to these workloads,
we computed the energy savings relative to Sp,sic based on
the models in Section IV-A. The results are shown in Fig. 18.
As the bar graph shows, if the voltage cannot scale as low
as the applications request (Sqvsonly), it is helpful to utilize
power-gating (Savspg) to save leakage energy. However, the
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largest savings for all five applications is seen with the In-
somniac system (Siysom ). For instance, the energy savings of
Sinsom OVET Sdyspg 18 27% for emacs, and 25% for konqueror.

To obtain a more general evaluation for these approaches,
we analyze the energy savings under an artificial workload. We
characterize a workload by two parameters: IV, activity, where
the N is the total number of cycles that the processor will run
before the deadline at normal operation mode, and activity is
the ratio of the number of working cycles to N, as shown in
Fig. 19. Both of these two factors influence the design choice of
low-power systems.

The energy savings for Sitemos With general workloads are
shown in Fig. 20. Siytemos 18 useful when activity is very low
and the number of cycles is large, which gives savings close to
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100% and even better savings than Sqyspe. This is because en-
ergy is almost completely due to leakage in the Sp,sic system.
The reason that we find negative savings for Sptemos in SOMe
cases is that the extra power gating energy outweighs the poten-
tial leakage energy in Spasic.

Figs. 21 and 22 contain the results for Sqvsonly and Sgvspg,
respectively. A system without power gating is independent of
the total number of cycles, which can be easily derived from
the models in Section IV-A. When activity is high and the ap-
plication never requests a voltage less than half V4, there will
be no idle period if an optimal scheduler is used. Therefore no
difference exists between Sqvsonly and Savspg in this activity
range. As activity drops and leads to requested voltages lower
than Viimic, Sdvspg becomes better than Sqysonly because of the
leakage savings when power gating is applied. This confirms
again that for modern state-of-the-art partial-DVS systems, it is
helpful that the system includes power-gating to avoid unwanted
leakage at run-time.

For Sinsom, the energy savings are again independent of NV
since power gating is not used, but for consistency we still plot
the savings in three dimensions as shown in Fig. 23. It is clearly
shown that Siysom can easily provide energy gains for a very
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wide range of activity, and gives significant savings over Sqvspg
or Stemos- Only when activity is very low does the energy sav-
ings become saturated, which occurs since the leakage domi-
nates the overall system energy consumption. The system has
scaled below Vi, at this point, as described in Section III.

V. CONCLUSION

In this paper, we developed analytical models for the most
energy efficient supply voltage (Vi,in) for CMOS circuits. A
number of interesting conclusions are drawn: 1) energy shows
a clear minimum in the subthreshold region since the time over
which a circuit is leaking (delay) grows exponentially in this re-
gion while leakage current itself does not drop as rapidly with
reduced Vyiq; 2) Vinin does not depend on Viy, if Vi3, is smaller
than V;y; 3) the circuit logic depth and switching factor impact
Vin since they relate to the relative contributions of leakage
energy and active energy; and 4) the only technology param-
eters relevant to V,,;, are subthreshold swing and the depen-
dency of delay on input transition time. The proposed analytical
models are shown to match very well with SPICE simulations.
We then compare the energy savings of different low-power
schemes, namely, pure MTCMOS, partial-DVS, partial-DVS
with MTCMOS, and Insomniac. The comparison for five ap-
plications traces recorded on two commercial processors shows
that Insomniac provides the best efficiency. For instance, it can
provide 27% energy savings for emacs over the traditional DVS-
with-MTCMOS design. A comparison for arbitrary workloads
shows that for the majority of different application activity ratios
Insomniac continues to yield the largest energy improvements.
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