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Supply and Threshold Voltage
Scaling for Low Power CMOS

Ricardo Gonzalez, Benjamin M. Gordon, and Mark A. Horowitz

Abstract—This paper investigates the effect of lowering the threshold voltage of 120 mV. The importance of operating near
supply and threshold voltages on the energy efficiency of CMOS the minimum is set by how steep the curve, or surface, is near
circuits. Using a first-order model of the energy and delay of a he minimum point. As the curve becomes steeper the benefits

CMOS circuit, we show that lowering the supply and threshold f bei h imal boint | Th ¢
voltage is generally advantageous, especially when the transistors®' P€INY near the optimal point increase. The performance cost

are velocity saturated and the nodes have a high activity factor. Of operating at this point is the ratio of the gate speed at this
In fact, for modern submicron technologies, this simple analysis point to the original gate speed. We numerically solved the

suggests optimal energy efficiency at supply voltages under 0.5 V.model described in Section Il as a function of bétrand V;y,
Other process and circuit parameters have almost no effect on to determine the shape of the energy, delay, and EDP surfaces.

this optimal operating point. If there is some uncertainty in the . .
value of the threshold or supply voltage, however, the power We show that when transistors are velocity saturated, the EDP

advantage of this very low voltage operation diminishes. There- surface is pretty steep, and thus one wants to operate near the
fore, unless active feedback is used to control the uncertainty, minima, but gates at this point are significantly slower than
in the future the supply and threshold voltage will not decrease current operating conditions.
drastically, but rather will continue to scale down to maintain Finally, in the last section we extend the model to take into
constant electric fields. ' L

~account the uncertainty in the value of the supply and threshold

Index Terms—Energy-delay product, low power CMOS cir-  yoltage. The effect of this variability is quite pronounced. It
cuits, threshold scaling. moves the optimal EDP to a higher operating voltage and
threshold voltage and makes the EDP surface flatter.
|. INTRODUCTION

EDUCING power dissipation has become an important Il. ENERGY AND DELAY IN CMOS QRCuITS

objective in the design of digital circuits. One common The two main sources of power dissipation in CMOS

technique for reducing power is to reduce the supply voltaggrcuits are static current, which results from resistive paths
For CMOS circuits the cost of lower supply voltage is lowebetween power supply and ground, and dynamic power, which
performance. Scaling the threshold voltage can limit thigsults from switching capacitive loads between different volt-
performance loss somewhat but results in increased sta@e levels. There is a third source of power dissipation in
power dissipation. Buret al. [1], [2] have shown that if CMOS circuits, short-circuit current, which results from both
one optimizes for minimum energy, then operating in thigansistors in a CMOS inverter being on at the same time
subthreshold region is advantageous. Since minimum enexglyile the input switches. The short-circuit component is small
solutions are generally low performance solutions, we lodR], [13], therefore we ignore it throughout this paper. Static
instead at both energy and delay during optimization and usewer is due to current sources and to leakage current when
the energy-delay product as a measure of the efficiency afransistor is nominally off.
the circuit. In this paper we examine the effects of lowering For a CMOS gate, the dynamic power is
the supply and threshold voltages on the energy efficiency of
CMOS circuits. ° ¥ ’ P =aCV?f (1)

The next section presents a first-order model of the energyhere « is the activity factor of the output nod€; is the
delay product (EDP) of CMOS circuits. Using this model, ongtal capacitance of the output nodé,is the supply voltage,

can find the optimal operating point, that is the value of suppshd f is the operating frequency. If the circuit performs one
and threshold voltage for which the EDP is minimum, as WQHperation per cycle, then the energy per operation is

as how this optimal point will change as circuit and process )
parameters change. For a modern 0Q.2%-technology the E=aCV=. ()

optimal operating point is a supply voltage of 250 mV and & gqr 5 complex chip, the total dynamic power is simply the
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whereWV is the effective transistor widthof the cell, I, is the . I-Cache (9%) IV. Post-Charge Logic (7%)
zero-threshold leakage currenty, is the threshold voltage, 1L Carry Chain (9%) v
andV, is the subthreshold slope. We ignore the dependence
of I; on drain voltage, and also the leakage current in the
reverse biased diodes. The leakage current for a complete chip ~ (15%) VIL Nand Gate (9%)
is simply the sum of the leakage currents of all the gates.

The total energy per operation of a chip thus can be written
as

Stacked Inverter (13%)

1. Regenerative Carry Chain VI Nor Gate (9%)

4
jeosl
<
T
N

Normalized Delay
=
T

E=)"aCGV?+) Wil,e"»/VVT, 4)
: P F—t . I

where 7, is the cycle time and is an index that runs over - L g‘\; TS
all gates in the circuit. The circuit dissipates static current v
throughout the cycle, but each gate dissipates dynamic energy
for a short period of time while it switches. 1.0 oies o ot v

Notice that this equation is very similar to the energy et } M

. . . “ " | ! I | | | T Vi

consumed by a simple inverter (with the “correct” average

. . : . 10 15 20 25 30 35 40 45 50
activity ¢ and loadC' and assumindg¥ is the total transistor S

. .. . upply Voltage
width of the gate), so optimizing the energy of this average
inverter will yield an optimal operating point for the chip.Fig- 1. Normalized delay of CMOS circuits.
In fact, the optimal point remains unchanged if we further
normalize this equation by the width of this average inverter, To determine how the delay of an inverter varies with
yielding the average energy consumed per micron of transisiiferating conditions we use a simpigpower model for MOS
width current [10]

E = Ceﬂv2 + ISC(V“’/VO)VTC (5) T = K V 6

_ o == Tay ©
where_Ceﬂ is the average capam_tance SW'tCh?d every Cyc\ﬁwereK is a proportionality constant specific to a given tech-
per micron of transistor width. This parameter is different fo ology. Thea power accounts for the fact that the transistors

every design, depending on the types of circuits used. ﬁ%y be velocity saturated. It can be anywhere between one,

the StrongArm—llO. processor from DEG‘?".H = 0.2 1F [4]. complete velocity saturation, and two, no velocity saturation.
Since caches—which have very low activity factors—occup‘yOr a 0.25um technologya is likely to be 1.3-1.5

. : ) :
about 50% of the area of this chip, we expect other de_s'gnSCombining (5) with (6), the energy-delay product can be
to have larger values af.z. Later on we show the location written as

of the optimal point is highly insensitive to the value @fg.

Leakage power is more important when the effective switched EDP = K?L,LgV? < 5 + e/ Vo) ) )
capacitance is small. Thus, we use a value of 1 fF, which (V = Vin)> (V= Vin)®
is relafuvely high. This will make lower voltages seem MOrRhere K> is a constant for the given technology and is given
attractive. by

We use a similar technique to model the minimum operating
cycle time, or critical path, of the chip. The critical path K, = Cet . (8)
normally goes through a variety of gates, each with a different 1K Lq

delay. Luckily, changes in supply voltage, temperature, andTo find the optimal supply and threshold voltage we differ-
threshold voltage affect all gates in the same way so delagtiate (7) with respect t&” andV;;, and set the equations to
of any gate remains roughly proportional to the delay dfero. Solving forV and V;;,, one gets
an inverter, as is shown in Fig. 1. This figure shows the 3V 30
delay of different circuit elements normalized to the delay of V= 3o
. S . —a 33—«
an inverter. Solid lines show the delay at high temperature
(125°C), dashed and doted lines show the delay at low@Pd
temperatures (2% and —25°C, respectively). Thus, we can
normalize the critical path by dividing the cycle-time by the
delay of the average invert¢fl;;) described above. We call
this quantity the logic depthly, since it represents how
many inverters are in a ring oscillator which has the same
frequency as the maximum operating frequency of the chip. — —y In <
For modern microprocessors the logic depth is usually around
30 equivalent inverters. The cycle time is then jlgt},.

Vo 9)

2t 3)%)} B-a)

et = (n+2a —3) (10)

(0%
ka5

(n+ 3)Vo> =In(K>) + ln(n + 2 — 3)
(11)

2This ignores subthreshold current and assumes transistors are always in
1Transistor width that contributes to the leakage current. the current saturation mode.
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TABLE | ~ 20
PrOCESS ANDCIRCUIT PARAMETERS FOR0.254tm TECHNOLOGY Z 18
5 1
=18}
Variable Value é; 1.6
C 1.0fF 7 14
eff - =
g 12
K 155E-6 2
1.0
I 1nA 0.8
o 13 0.6
Ly 30 0.4
v, "1.3KT/q 0.2
0.0
00 01 02 03 04 05 06
where Threshold Voltage (V)
Vin Fig. 2. EDP contours without velocity saturation.
n= . (12)
Vo
Although it is not possible to find a closed-form solution for & 290
n, we can numerically solve (9) and (11). For the parameters 3 18
given in Table I, the optimal operating voltage and threshold £ 1.6
voltage are quite low}y = 254 mV andV;;, = 119 mV, and Z 14
only weakly depend on most of the technology parameters. The B 12
strongest dependence is on the velocity saturation parameter, © 10
«, since the optimaly, is proportional to it. As transistors 0.8
become more velocity saturated;;, at the optimal point 0.6
decreases, and the optimal operating voltages decreases as 4
well. The threshold depends logarithmically on the other 02
technology parameter®”.«, L4) present in thef{, constant. 0.0
For every order of magnitude change in the effective switched 00 01 02 03 04 05 06
capacitance, due to a change in activity or capacitance, the Threshold Voltage (V)

optimal Vi, changes by about 70 mV. The logic depth i%ig. 3. Contours of constant energy delay product.

not likely to change by more than an order of magnitude

so its influence on the optimal;;, is small. Since order-of-

magnitude changes in the other technology parameters arelifgs are much closer together, indicating the surface is much

likely, their effect on the threshold voltage is likely to be smalteeper. At the same operating point as befdfe= 1 V and
This simple analysis indicated that for advanced technollsn = 300 mV, the EDP of the circuit is four times that of

gies, there might be a potential energy saving by reduciH@e optimal. Thus, the model as described so far predicts that

both V and V;,, to relatively small values. To determine thevery low supply and threshold voltages would be beneficial

magnitude of the savings, we plot contours of constant ED@ reducing power.

versusV andVy, by finding numerical solutions for the EDP Most circuits must meet specific performance targets, so

equation. The equations solved are more complete versiondtos important to look at the actual performance in addi-

(5) and (6) which include subthreshold currents and are givéiin to the energy-delay product. The dashed lines in Fig. 2
in the Appendix. show contours of constant performance. Performance was

If the transistors are not velocity saturatéd = 2), the normalized to that of the performance contour that runs
EDP surface is relatively flat, as is shown in Fig. 2. This figur@pproximately through the optimal point. If the circuit must
shows contours of the inverse of the relative EDP. The relatiggerate somewhere along the topmost performance contour,
EDP can be found by normalizing to the value of the EDP &ten the designer could reduce power by more than a factor of
the optimal point. Thus, any point on the curve labeled 0.5 htee without changing performance by moving from using a
an EDP value twice that of the minimum. The optimal poir2-V supply and 0.5-W;, to using a 0.8-V supply and 0.1-V
isatV =533 mV andV;, = 127 mV. ButatV =1V and Vi, But this point is still not at the optimal energy-delay
Vin = 300 mV, the EDP of the circuit has increased by onlyproduct. To further improve the energy efficiency requires
a factor of 1.5. Thus, the benefit of operating at the optimateducing the supply with constant threshold voltage, which
point is small. The small “kinks” in the curves near the bordewill make the gates slower. The gates at the optimal point are
of the subthreshold region are artifacts of the model and can®&x slower than the highest performance curve. If the logic
ignored. The current is slightly nonmonotonic as the transistargn be changed to reduce the levels of logic in the design,
switch from the subthreshold to the active region. there is about another factor of three reduction in power that

When transistors are velocity saturated, however, the E¥Ppossible.
surface is much steeper. Fig. 3 shows contours similar towhile the reduced gate performance is one factor that
those of Fig. 2 but withe = 1.3. In this case the contouris keeping supply voltages from dropping too quickly, this
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—~ 20 variations. In this section we derive new energy-delay curves
% 18 which take into account the effect of these variations. We first
2 16 look at how to define the energy-delay product when variations
S 14 are present and then derive energy-delay curves for the same
e 12 technology used in the previous section. We also look at the
ZN results from a real 0.2bm technology by using HSPICE to

0.8 generate the power and delay numbers for the average inverter.

06 We have so far assumed that the supply and threshold

0"4 voltages can be controlled perfectly. For real circuits there

is always uncertainty in the value &f and V;,. There are

021 1 . : . 1 l two main sources of uncertainty. The first is that circuits must
00 o1 oz 03 o1 o5 o work over a range of operating conditions. The supply voltage

Threshold Voltage (V) is normally specified to be withint10% of the nominal
value. The operating temperature can be anywhere between
25°C and 100C. Since the threshold voltage changes by
—0.8 mVFC, the variation in7 introduces approximately

simple analysis indicates that submicron technologies with Id8@ mV of uncertainty in;;,. The second source of uncertainty

threshold voltages should be very attractive for low poweés the variability in Vi, due to the manufacturing process.
applications. By simply moving to a low}, process, a The threshold voltage of transistors within a chip, or a single

designer could reduce the supply voltage and power withdunsistor across chips, varies randomly. We mddgl as a

requiring a major change of the design, since the gate speaddom variable with Gaussian probability density function

would remain constant. If the design could be changed to UsDF) and a standard deviation of 35 mV. This gives a 3

slower basic gates, further power savings would be possibdé.about+100 mV.

Unfortunately, the next two sections show that much of this Introducing uncertainty intd” and V;;, causes the delay

advantage is illusory; when sleep modes and variation amd energy to be spread out over a range. The solid line in

voltages are taken into account, the advantage of operatiig. 5 shows how the energy and delay varyasvaries over

Fig. 4. Ratio of leakage to total power.

at these very low voltages is greatly diminished. a range. In this example supply voltage and temperature are
fixed. Every design is specified to have a maximum energy
IIl. SLEEP MODE and delay. That is, the design is guaranteed not to dissipat

drnaore energy than the maximum and guaranteed to meet or

There are some applications where the circuit must be i . .
) X . o exceed the minimum performance. These limits correspond
for extended periods of time. During this time it is not alwayf%? the vertical and horizontal lines in Fig. 5. The design is

pos.S|bI.e to shut-off the power supply since the circuit MUBlLaranteed to lie somewhere below and to the left of these
maintain state. One can reduce the dynamic power by sim 1y

. ; : o lines. If V4, is a fixed quantity, then setting the design
reducing or completely stopping the clock signal. However, ~ .. . : :
. . ) ) Specifications is easy. All parts will have the same energy and
during this period leakage power remains constant. In recent ; . :
. i : e same delay. In Fig. 5 the star represents this point for some
processor implementations [5], [7] the idle power has been . T
o . value of Viy,. If V;y, varies over a range, then the specifications
limited by the leakage current of the transistors. One can : .
. ) . . L need to be relaxed, or else few parts will meet the targets. This
estimate the ratio of active to idle power by finding the ratio . . N
of leakage to total power in the circuit. Fig. 4 shows the rati%orresponds to shifting the target lines up and right in Fig. 5,
9 b - 9. as shown by the dotted lines. Reducing the area below and to

of leakage power to total power. When the ratio of activi . :
) e left of the target or cutoff lines improves the energy and
to idle power must be a factor of 1000, then the thresho e
elay specifications, but reduces the number of parts that meet

voltage will be limited to be at least 300 mV or so. Thus, thfﬁe specifications. Where to draw the cutoff lines is somewhat

minimum EDP of the circuit will be limited. In order to get_ . . .
. : - . arbitrary. The important point is that even though the parts
around this constraint, the circuit would need a mechanism - . .
: : . will fall somewhere along the solid line, they will be sold as if
to change the effectivd}, of its transistors. It would use . .
. . . they operated at the intersection of the energy and delay cutoff
the lower value during normal operation and use the higher . . .
) ines, marked with a filled triangle. Thus, we use the product
values during sleep modes. Some papers have proposed us

high threshold power switch devices for this function [8] Whilé)%nlgf]]e cutoff numbers as the EDP of the circuit, even though

others have proposed direct control 6, [11]. While this no part can have both the worst-case power and worst-case

. . . . . delay simultaneously.
adaptive threshold control requires overhead in design time, .. .
P 9 g Since we model;;, as a normal random variable, both

area, and energy, it might be needed to deal with the M%8d D will follow some kind of distribution. One possible

et e 206 ope12i9 Pl ine is t the mean of the energy and the mean of
delay. However, at this point a relatively small number of

chips would meet both spec limits. We use instead the mean
plus one standard deviation. In addition to the uncertainty due
The previous analysis assumed that the supply and threshtold/;;, variations, we must also account for the variations due

voltages were fixed, although in reality, both have smaib V' and7. We therefore solve the equations at four process

IV. PROCESS ANDOPERATING POINT VARIATION
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Fig. 6. EDP contours with uncertainty. Fig. 8. EDP contours using HSPICE models.

corners (lowV" low 7', high V" low 7', high V" high T', low  of four at the previously found optimal point] = 250 mV,

V highT). At each corner we find the mean and the standayd, — 120 mv. This high cost at low operating voltages is
deviation of £ and D. The EDP then is the product of theynat flattens out the curves.

worst case energy at any of the four corners times the worstsg far we have used simple models to approximate the

case delay at any of the four corners. energy and delay of a CMOS gate. Using this model allows us
Fig. 6 shows contours of the inverse of the relative EDR ynderstand how the EDP depends on the different circuit and
when there is uncertainty i, Vi, and 7. In this case the process parameters, but the model’s simplicity raises questions
EDP surface is again relatively flat even though transistoggout its accuracy. In order to ensure that our models are
are velocity saturatedor = 1.3). The optimal operating correct, we compared our model with the results from running
point has moved to approximately = 0.5 V and Vi, = HSPICE. Using HSPICE we simulated a chain of inverters
200 mV. The surface becomes flat because at lower suppiiid computed the delay and energy per of gate width, as
and threshold voltages the delay and the energy become mgeeswept the supply and threshold voltage. We used the level
sensitive to variations iV’ andV;;,. Thus, operating at higher 37 models of a next generation 0.2 process from Texas
voltages is beneficial. The largest changd/g is due to the |nstruments [9] for our simulations. The nominal threshold
temperature variation, which introduces approximately 60 mybltage isV;, = 0.4 V. We adjustedV;, by modifying the
of uncertainty inViy,. VT0 parameter of the HSPICE models. The results of the
The effect of uncertainty then is to reduce the overadimulations are shown in Fig. 8. The figure shows contours
efficiency of the circuit. Although on average the circuit willbf the inverse of the relative EDP. The simulations consider
operate at much higher efficiency, it can only be guaranteedriations inV and 7.
to work for the worst-case conditions. The penalty for this The contour lines are strikingly similar to previous figures.
worst-case operation becomes very severe for low-voltagthe EDP surface is steeper, but this is not surprising since
low-threshold operating conditions. This is shown in Fig. Hur simulations do not consider uncertaintyli,. We should
which gives the ratio of the EDP without uncertainty to theote, however, that absolute valuesigf are hard to compare
EDP with uncertainty. At operating voltages above 1 V, anacross processes, because there is no common definition of
Vin above 0.2 V, the effect of the variations is modest, less théreshold voltage. We also simulated a chain of inverters using
40% reduction. But the cost of the variations is around a factBSIM2 models of the HP CMOS14B process. This is a fn6-
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process with nominal;, = 0.9 V. We setV;;, by adjusting recoup the lost gate speed. The main difficulty with these low
the flat-band voltage parametéf FB. The most striking voltage operating points is dealing with the variations caused
difference with the curves shown in Fig. 7 is that the optimdly changes in operating conditions and threshold voltages.

operating point occurs at a much higher threshold voltageWhile low operating voltages looked very attractive for low

(0.5 V versus 0.2 V). Most of this difference is a result opower operation, they are very sensitive to both manufacturing
HSPICE using a different definition &f;,, which accounts for variations and operating point changes. If you need to provide
about 250 mV of the shift. The remaining difference is becauseargins in your circuit to ensure it will meet certain speed and
of drain-induced barrier lowering (DIBL) [12] which lowerspower requirements, the advantage of using technologies with
the effective threshold voltage at higher supply voltages. Thugry low threshold voltages disappears. When variations are
for high supply voltages the effectivig,, is lower than shown considered, the optimal point moves to higher voltages, and
in the figure. the whole energy-delay surface becomes flatter. In order to

The dashed lines in Fig. 8 show contours of constaathieve the large potential gains of operating at low voltages,
performance. Thus, if a circuit is operating at the nomin#he circuit needs to use some kind of adaptive control on both
point for this processW = 2.0 V, Vi, = 0.4 V) the range the threshold voltage and the supply, to reduce the effective
of EDP one can reach is limited. In order to approach thariation that the circuit sees. Until energy efficient techniques
minimum, one must be willing to give up a factor ok2in are developed to accomplish this, the supply and threshold
gate performance, but this gives a factor of:d./éduction in scaling is likely to be more modest, probably at a rate that
the energy of the operation. maintains constant electric fields within the devices.

One way to reduce the effect of uncertainty is to use adaptive
techniques to regulate the supply and threshold voltage. That
is, dynamically adjust the supply and/or threshold voltage i ) ) _
such that the circuit meets the required specifications [6],!" Order to find a mathematical solution for the optinal
[11], [14], [15]. In Fig. 5 this corresponds to being able t@nthh, _the equations used in Section Il are relatively simple.
guarantee that all chips will be in a small rectangle near tﬁgcountlng for second-order effects or different modes Of,
point marked with a star. As was stated eatrlier, using adapti%erat'on, makes the equations hard to manage. When numeri-
techniques, it is also possible to adjust the threshold voltaf@Y solving for the delay and energy, however, it is possible
when the circuit is idle in order to reduce the leakage pow: account for second-order_ eﬁects_. Thus, the equations solved
[11]. These techniques seem most promising when appli@E? not the ones present.ed in Secuqn 1, but rgtherthose s.hown
to circuits attempting to operate at very low voltages, Whe;galow. Qne of the mqst important differences is that transyst_or
the cost of variations is very high. The area overhead of tﬁH”e,m IS npt zero in the subthreshold region. 'Thu's, It I1s
regulating circuits is usually negligible [6], [11]. The cost ofossible to find both the energy and the delay of circuits even
these adaptive techniques is hard to determine, since it depedgN ¥ < Viu
on how well the feedback controls the desired parameters, I = IeMos=Va)/AVe (1 _ e—(Vds/on))
the overhead of the feedback control, and how frequently § )
the circuit switches between active and idle motidhese FV>Vy
techniques look promising, but more research is needed to fully '
understand what dominates the cost and when using them is I=K(V —Vy)® _,_18(1 _ 6—(V45/W0)) (14)
advantageous.

APPENDIX

(13)

else
V. CONCLUSIONS I=1 (15)

We found the supply and threshold voltages for optimal EDP cv
using a first-order model of energy and delay in CMOS circuit?g -7 (16)
that take into account leakage current. The location of this, _ 2 —(Van/vVe ( o —(Vas/ Ve )
point and the shape of the EDP surface near the minimum afg aCV? + Lem (/) (1 — o=/ Vialy. (7)

a strong function of how velocity-saturated the transistors are.
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