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Abstract—In this study, we explore the design of a subthreshold
processor for use in ultra-low-energy sensor systems. We describe
an 8-bit subthreshold processor that has been designed with en-
ergy efficiency as the primary constraint. The processor, which
is functional below V3q = 200 mV, consumes only 3.5 pJ/inst at
Vaa = 350 mV and, under a reverse body bias, draws only 11
nW at V34 = 160 mV. Process and temperature variations in sub-
threshold circuits can cause dramatic fluctuations in performance
and energy consumption and can lead to robustness problems. We
investigate the use of body biasing to adapt to process and tem-
perature variations. Test-chip measurements show that body bi-
asing is particularly effective in subthreshold circuits and can elim-
inate performance variations with minimal energy penalties. Re-
duced performance is also problematic at low voltages, so we in-
vestigate global and local techniques for improving performance
while maintaining energy efficiency.

Index Terms—Low voltage, process variation, sensor network
processing, subthreshold.

I. INTRODUCTION

S RESEARCH in ultra-low-power circuit design ad-

vances, a vision of highly integrated mobile computing
systems with lifetimes of the order of years is emerging. Such
computing systems are attractive for biomedical implants,
supply chain management, and environmental monitoring [1].
The energy consumption of these systems ultimately limits
form factor, battery life, and complexity. It is therefore critical
to develop circuits capable of performing complex tasks under
stringent energy constraints. A number of low-power digital
design techniques have been explored over the past several
decades, but supply voltage scaling is generally shown to be
the most effective technique due to the quadratic dependence
of dynamic energy on the supply voltage (Vaq).

Recent research has shown that minimum energy is typically
achieved when Vg4 enters the subthreshold region (Via < Vin)
[2], [3]. Subthreshold circuits have been shown to be functional
below 200 mV [4] and with energy consumption of the order of
picojoules per instruction [5]. Recent work has also explored the
challenges of ultra-low-voltage memory design [6]-[10]. How-
ever, a number of daunting challenges remain for subthreshold
circuits. The most important concern is variability. Exponential
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sensitivities to Vyq, Vin, and temperature make even small vari-
ations problematic. Performance is also considerably degraded
at low voltage since nodes are charged and discharged by weak
inversion currents. The speeds of subthreshold digital circuits
have typically been reported in the kHz and low-MHz ranges
[4], [5]. To guarantee widespread adoption of subthreshold de-
sign, it will be necessary to address both of these issues.

In this study, we explore the subthreshold design space
and address the variability and performance problems of
low-voltage operation. We begin in Section II by describing
an 8-bit processor that has been fabricated in a 0.13 um
technology [13]. The architecture is described in detail with
emphasis placed on accommodations made for energy effi-
ciency. Measurements show that the processor is functional
below 200 mV and that the total energy consumption is only
3.5 pJ/instruction at Vgq = 350 mV. With the application of
a reverse body bias, the power consumption goes as low as
11 nW.

In Section III, we propose a body biasing strategy that takes
advantage of the unique sensitivities of subthreshold operation.
We contrast the body bias sensitivities of subthreshold circuits
with those of super-threshold circuits (Vg > Vip). Measure-
ments of the subthreshold processor show that robustness at low
voltages can be improved dramatically with the application of a
body bias and that performance fluctuations induced by process
and temperature variability can be eliminated with minimal en-
ergy penalties.

In Section IV, we explore techniques for improving perfor-
mance in the subthreshold processor. We first compare body bi-
asing and voltage scaling for improving performance globally.
We then discuss sizing techniques for improving performance
locally. Atlow voltages, gate-length sizing can give an exponen-
tial increase in drain current due to reverse short-channel effects
(RSCE). Test-chip measurements show that gate-length sizing is
superior to gate-width sizing for improving performance along
timing critical paths.

II. TEST-CHIP OVERVIEW

A. Architecture

While our energy efficiency improvements are primarily de-
rived from aggressive voltage scaling, architectural decisions
can have a dramatic impact on the energy efficiency of a system.
We have accordingly adopted a simple-processor architecture
but have made a number of additions to enhance energy ef-
ficiency. A system-level diagram of the processor and CPU,
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Fig. 1. (a) System-level diagram of the 8-bit subthreshold processor. (b) CPU implementation details.

which addresses a 1.5 kb instruction memory and a 1 kb data
memory, is shown in Fig. 1(a), [12], [13].

To minimize both decoding complexity and memory foot-
print, we choose a RISC-style architecture with an instruction
width of only 12 bits. As we will see in subsequent sections,
the memory energy demands can dominate the total energy con-
sumption of the system, so these decisions are extremely impor-
tant. To further reduce the energy consumption of the memories,
we divide both data and instruction memories into pages of 16
words each. A special instruction pre-decodes the upper bits of
the memory address (iPage and dPage in Fig. 1(a)) and allows
single cycle access to the contents of the specified page. Signif-
icant energy is saved when accessing multiple words within a
page.

The CPU, shown in Fig. 1(b), is a three-stage pipeline with
8-bit data width. A highly pipelined design ensures that the ma-
jority of the logic is active throughout the clock cycle, thus
minimizing time spent idly leaking. However, pipelining also
requires additional sequential elements, which can be energy
hungry. A three-stage pipeline is attractive since it balances
these competing trends [12]. We choose an 8-bit data width
since the upper bits in a 16-bit or 32-bit processor would be
idle for much of the computation in simple sensor applications,
leading to an unnecessary leakage overhead. Simple “taken”
branch speculation has been implemented to reduce branch-re-
lated stalling in the CPU. A small four-entry prefetch buffer
helps facilitate this branch prediction.

B. Implementation

The 8-bit processor was implemented using a conventional
digital synthesis and place-and-route design flow. All circuits
were designed with the goal of maximizing robustness at low
voltage. For example, the synthesis library included a limited
subset of CMOS gates with a maximum fan-in of two. Gates
with large fan-ins have been shown in previous work to have
reduced noise margins at low voltage [4], [14], [15]. The in-
struction memory, data memory, and register file were imple-
mented using a robust latch-based memory with a mux-based
read-out structure [4]. While this memory structure is large and
energy inefficient, it helps us to reliably explore the low-voltage
domain. Recently, several authors have proposed more com-
pact low-voltage memories that are promising for future sub-
threshold development [6]-[10].
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Fig.2. Effective NFET resistance as a function of 34. The resistances of wires
of several alternative materials are included for reference (with 100 z#m length
and widths from inset).

The topic of physical design in low-voltage circuits has been
overlooked in previous work. However, it is important to ob-
serve that interconnect RC delay (~ 0.38 - Ryire - Ciyire) 18 only
a function of materials and circuit geometry and does not scale
with Vgq. Subthreshold current, on the other hand, is exponen-
tially related to V4. Consequently, wire resistance (and wire RC
delay) becomes insignificant compared with device resistance at
low voltage. Fig. 2 shows the effective resistance of an NFET
device as a function of V4. The resistances of 100 pm min-
imum width wires of various materials have been included for
reference. At Vgq = 300 mV, the device resistance is >10 000
times greater than that of a 100 ;sm wire in the first metal layer.

The reduced importance of RC delay has several important
implications. Minimum-width wires can be used for any inter-
connect with no penalty. We have leveraged this in our design by
using minimum-width metal for clock and power routing. This
opens considerable routing area and reduces energy consump-
tion in our clock distribution network. Interestingly, Fig. 2 sug-
gests that density could be further improved by shifting some of
the routing to the poly and diffusion layers. In addition to thinner
wire routes, the reduced importance of RC delay permits the use
of a greatly simplified clock distribution network. The large ca-
pacitance of the clock network can be treated as a grid driven by
a single level of clock drivers. This reduces design complexity
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Fig. 3. 8-bit subthreshold processor was fabricated in a 0.13 p«m technology.

and minimizes skew induced by process, voltage and tempera-
ture variations (PVT), which can be severe in subthreshold cir-
cuits. In our design, we used a single clock buffer for all pipeline
registers.

We have fabricated the proposed processor in a 0.13 pm
technology with Vi, ~ 400 mV at Vg3 = 50 mV. The die
photograph is shown in Fig. 3. The full processor has a foot-
print of 253 um x 715 ;1 m, while the core has an area of only
253 pm x 98 pm.

C. Energy and Frequency Measurements

Energy and maximum operating frequency measurements for
the processor are shown for a typical die in Fig. 4. Both were
measured for a simple arithmetic program that tests a wide range
of instructions. The average current demand for the core and
memories was measured over many program iterations using
a high-precision electrometer. As predicted by [2], [3], energy
reaches a minimum due to increased leakage energy at low V4.
The processor achieves a minimum of 3.5 plJ/inst at Vgq =
350 mV with a frequency of 354 kHz. The core (without mem-
ories, register file, or prefetch buffer) reaches a minimum of
515 fl/inst at Vgqg = 290 mV. The data memory, instruction
memory, prefetch buffer, and register file consume >70% of the
total energy, which is not surprising given that they are the most
area-intensive circuits. The processor remains functional down
to ~210 mV without a body bias but can function below 200 mV
with the proper body bias (to be discussed in the next section).

In power-limited applications, such as those that scavenge
ambient energy [1], a reverse body bias may be applied to min-
imize power consumption (as opposed to energy consumption).
Under a reverse bias of 300 mV, the processor draws 11 nW at
Vaa = 160 mV with a maximum frequency of 710 Hz. The core
alone draws only 735 pW. We focus on energy minimization
for the remainder of this paper since it is more relevant for bat-
tery-powered applications.

III. BODY BIASING FOR VARIABILITY CONTROL

Process variability has the potential to be a crippling
problem in subthreshold circuits. Variation is typically classi-
fied as random within-die, correlated within-die, or die-to-die.
Random within-die variations in V;}, and gate length are be-
coming particularly problematic in scaled devices [16]. For
example, random V;p, variations induced by random dopant
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Fig. 4. Frequency and energy measurements for a typical die as functions of
Vrdd.

fluctuations (RDFs) have an inverse dependence on the gate
area, giving 30V}, variations as high as 58 mV at the 65 nm
technology node [14]. Given an inverse subthreshold slope
of 85 mV/dec, such large V4, variation can yield 3o/ucurrent
deviations as high as 4.8 x the nominal. Correlated variations
are also a significant problem at low voltage. In this work,
we group correlated within-die and die-to-die variations to-
gether under the name global variation due to the small size
of our subthreshold processor. Global variations can be either
static process variations (e.g., Vi1, gate length, or gate oxide
thickness) or temporal variations (e.g., temperature or Vyq)
[16]. Subthreshold operation is dominated by an exponential
dependence on Viy, so global variations in V;y, due to doping
fluctuations or those induced by gate length, gate oxide thick-
ness, and temperature variations are especially concerning.
Variations in subthreshold circuits can lead to two types of
failure: functional failure and parametric failure. Functional
failure primarily occurs in SRAM arrays as a result of random
variations. Due to the extensive use of minimum sized devices,
SRAM arrays are particularly susceptible to RDF-induced V;y,
variations. Large strength mismatch can lead to widespread
read upsets. Alternative SRAM bitcell architectures [6]-[10]
will be necessary to guarantee sufficient read margins in scaled
subthreshold processors. Parametric failure (i.e., violated delay
constraints) can result from both random and global variations.
Without special attention to minimizing delay variability, sub-
threshold design at 65 nm and beyond will require large timing
margins. For example, it was shown in [26] that a chain of ten
inverters in a 65 nm technology at Vgq = 300 mV requires
a clock period that is 3.3x slower than the nominal delay of
the chain to avoid late-mode timing errors. Such large delay
variations result in nonnegligible energy variations (another
possible parametric failure) in subthreshold circuits as well
[26]. Delay fluctuations (and, consequently, energy variations)
due to RDF can be minimized by increasing gate area and
using deeper logic between pipeline registers [17]. However,
global variations do not benefit from these solutions and require
chip-level solutions. In the remainder of this section, we explore
the use of body biasing to address delay and energy fluctua-
tions due to global process and temperature variations. While
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Fig. 5. (a) Simulated ratio of NFET on-current (/. on_NFET) to PFET on-current ([, 0,,_pFET) at two voltages. (b) Simulated high static noise margins (SNM) at

two voltages for an inverter with Wpprr = 2 - Wyrpr.

variability is greatest in aggressively scaled technologies, the
0.13 pm processor presented in this work shows sufficiently
large variability to illustrate the basic body bias sensitivities of
subthreshold circuits.

A. Body Biasing in Subthreshold Circuits

Body biasing, which effectively skews V;y, has been pro-
posed for global V;;, compensation in the past. The authors
of [18] designed a multiply-accumulate unit that used adap-
tive supply voltage and body bias to minimize power in
super-threshold circuits. Body biasing is a particularly effective
technique in the subthreshold regime due to the exponential
dependence of subthreshold current on body bias. The use of
body biasing in subthreshold circuits was briefly explored in
[19], but little attention was given to how the body bias should
be selected and only limited measurements were presented. The
authors of [20] showed that correct operation can be achieved
with Vyq as low as 100 mV by tuning body biases to match
PFET and NFET leakages. In this study, we extend these early
studies to develop a comprehensive body-biasing strategy that
accounts for the unique sensitivities of subthreshold circuits.
We also present detailed measurements of 20 measured dies to
confirm the observed trends.

Throughout this section, we refer to two terms relevant to
body biasing: offset and differential. The differential (Vaig) is
the relative difference between the PFET and NFET body bi-
ases (i.e., Vdiff = (Vdd — ‘/b,PFET) — %,NFET)a which may be
tuned to skew the relative strengths of PFET and NFET devices,
as shown in Fig. 5(a) for two different supply voltages. We have
chosen V34 = 300 mV as a representative subthreshold voltage
since it lies close to the minimum energy V4 for our processor.
As expected, the sensitivity to Vy;g is particularly high at Viq =
300 mV due to the exponential dependence of current on body
bias. Balanced static noise margins (SNM) depend on matching
between PFET and NFET strengths, so we can use Vg;g to com-
pensate for global V;;, skew between PFET and NFET devices
and maximize noise margins. Fig. 5(b) shows the high static
noise margins in a CMOS inverter with Wppgr = 2 - WxrrT
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at Vgg =300 mV and Vgq = 1.2 V. At Vgq = 300 mV, the high
and low noise margins are balanced at Vgig = 70 mV.

The offset (Vog) is the shift in both the PFET and NFET
biases relative to the ground voltage (ie., Vog = Vi NFET).
A positive offset indicates a forward body bias (which reduces
Vin) while a negative offset indicates a reverse body bias (which
increases Vip). As shown in Fig. 6 for an NFET, V;; changes
with Vog at a rate of 170 mV/V. Fig. 6 also shows how NFET
on-current (I,,,) changes with Vg at two different supply volt-
ages. The increase in I, with V g is far more dramatic at sub-
threshold voltages (300 mV) than at super-threshold voltages
(1.2 V).

It was shown in [2] and [3] that energy is independent of
Vin as long as the circuit remains in the subthreshold regime.
However, these derivations represent PFET and NFET devices
with a single composite current expression, so they do not cap-
ture the energy dependence on V;}, mismatch between NFET
and PFET devices. Dynamic energy (C - V2) is independent
of PFET/NFET matching, but leakage energy can be separated
into PFET-dependent and NFET-dependent components. Con-
sider the leakage energy for a chain of identical inverters, where
I, total 1S the total leakage current, tio¢a1 is the delay of the
inverter chain, Iog n and I.g p are the cumulative leakages
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through NFET and PFET stacks, 7, 5 and ?,, p are the cumu-
lative delays through NFET and PFET stacks, and k accounts
for delay degradation due to input slew as
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If we make the simplification that the NFET and PFET sub-
threshold slope factors are identical (i.e., m, = m, = m),
then we can rearrange the leakage expression to highlight the
dependence on NFET/PFET matching and take the derivative
with respect to g, n /Lo, p as

aEvleak 2 —
m:(l—( >)-k~C-ded-e

Toge,p

2
0 (1 <Ioff,N> ) '

Equation (2) shows that NFET and PFET off-currents should
be equal for minimum energy, which is the same condition that
gives us balanced noise margins. For confirmation, we simulate
a chain of 30 inverters switching with an activity rate of 0.2 at
Vaa = 300 mV. Inverter chains have been used extensively in
previous work to explore the basic sensitivities of subthreshold
circuits [2], [3] and have proven to be good indicators of the
trends observed in more complex circuits. Fig. 7(a) shows that
the energy consumed per cycle (the time it takes to propagate a
single switching operation) for the inverter chain is minimized
at Vg;¢ = 150 mV, which matches well with the Vy;g value that
balances high and low noise margins (70 mV).

To explore the sensitivity of energy to V,g, we again simu-
late a chain of 30 inverters with a switching activity of 0.2 at
Vaa = 300 mV over a range of Vg values. Fig. 7(b) shows the
energy/cycle and the delay of the inverter chain. With a nega-
tive Vog (a reverse body bias), energy actually decreases. This

seems to contradict the conclusion in [2] and [3] that energy does
not depend on V;y, in the subthreshold regime, but we make the
added observation that inverse subthreshold slope, Sg, and the
switched capacitance depend on the body bias. When a reverse
body bias is applied, the depletion capacitance C, reduces and
yields improved Sg as follows:

Leakage energy, which is exponentially dependent on Sg
through m, reduces with improved Ss. Note also that junction
capacitance reduces under a reverse body bias, giving a reduc-
tion in switching energy (which was assumed to be constant in
the previous discussion).

For positive Vg (a forward body bias), the delay of the in-
verter chain decreases quickly, but the performance improve-
ment comes with a large energy penalty. The observed increase
in energy is partially a result of degraded Ss and increased junc-
tion capacitance at forward body biases. Additionally, V), re-
duces with a forward body bias and pushes the inverter chain
into the near-threshold and super-threshold regimes. Outside of
the subthreshold regime, the insensitivity of energy to Vi, no
longer holds [2], [3].

Given the observed sensitivity of subthreshold circuits to Vi
and Vg, an effective body biasing strategy is clear. Vy;g should
first be tuned to achieve maximum noise margins and minimum
energy. Vg can then be used to target a desired performance
with only minimal energy consequences.

Cq
OO X

55.22.3-UT-m:2.3-vT-<1+ 3)

B. Body Bias Measurements

The processor described in Section IT has been tested to verify
our proposed body-biasing strategy. Body biases were routed as
normal signal nets using minimum-width wires. External Vyq,
body bias, and clock generation were used (Fig. 1) to enable a
fine-grained exploration of the energy-delay space. The reported
energy numbers only include current drawn from the V44 gener-
ator since simulations show that body current is several orders of
magnitude smaller than subthreshold current for the body bias
range studied. We also quantify the energy and delay benefits
of body biasing without considering the costs of Vg4 and body
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reduces from 221 mV to 168 mV, a 24% improvement.

bias regulation. Past work has explored the efficient generation
and regulation of both Vg4 [25] and body bias [19], [20].

We first verify the observation that Vgg can be used to
match PFET and NFET devices to maximize noise margins.
Since noise margins are not readily measured for a processor,
we use the minimum functional voltage Viq 1imit as a measure
of robustness. The value of Vgyq1imit is extremely sensitive
to PFET/NFET matching and is therefore a useful robustness
metric [21]. Fig. 8(a) shows that Vg 1imit can be minimized
(and noise margins can be maximized) by tuning Vgig. The
energy consumption for the core (without memories, register
file, or prefetch buffer) at Vgq = 300 mV is shown for the same
processor in Fig. 8(a). Energy consumption and Vg limit are
minimized at nearly the same value of Vg, thus confirming
our simulation-based observations. By selecting the optimal
value of Vy;g for each of 20 measured dies (mean of 140 mV
across 20 dies), we find that the mean value of Vg, 1imit reduces
by 24% as compared with the case with zero body bias, as
shown in Fig. 8(b).

Fig. 9 confirms for a typical die at Vgq = 300 mV that the
tuning of Vg may be used to achieve an excellent energy-delay
tradeoff. Between Vg values of —400 mV and — 100 mV, delay
improves by 3.6x while energy varies by only 1%. Fig. 9 also
shows that the energy—delay tradeoff begins to degrade with a
forward body bias (V¢ > 0), which is consistent with simula-
tion-based observations in the previous subsection.

With proper selection of Vi and Vg, we can align all dies to
a desired performance with limited energy penalties and near-
maximum noise margins. While we cannot make statistically
significant claims about the ability of body biasing to reduce
performance variability in subthreshold circuits, it is informa-
tive to look at the sensitivities of the 20 measured dies to body
bias. To explore this, we measure the processor under four dif-
ferent scenarios. In Case 1, body biases are tied to the appro-
priate Vyq and Vg rails (zero body bias). In Cases 2—4, the
energy-optimal value of Vy;g is applied, and Vg is chosen with
5 mV resolution to meet frequency constraints of 66 kHz (worst
case frequency in Case 1), 100 kHz, and 160 kHz. The energy
and frequency spreads for each of these cases are shown for 20
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Fig. 10. Energy and frequency distributions for 20 dies measured at Vaq =
300 mV.

dies measured at Vqq = 300 mV in Fig. 10. Table I summa-
rizes the data from Cases 1-4 when all dies run exactly at the
target frequency (66, 100, or 160 kHz). A comparison of Cases
1 and 2 in Table I shows that mean energy is reduced by ~10%
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TABLE 1
ENERGY STATISTICS FOR 20 DIES AT Vaq = 300 mV WHEN FREQUENCY AND BODY BIAS ARE FIXED AT THE LISTED VALUES

Frequency Mean Mean Menergy Oenergy
(kHz) Vagr Vogr ) )
(mV) (mV)

Case 1: Zero body bias 66 - -- 588 22

Case 2: Variable body bias 66 140 -190 528 14

Case 3: Variable body bias 100 140 -81 538 17

Case 4: Variable body bias 160 140 41 559 20

1000 [ emmm Frequency, zero body bias A. Improving Global Performance
9 00_' o= Frequency, optimal body bias At the block level, body biasing and voltage scaling can both
= N be used to achieve exponential improvements in performance.
:\:’ 800 4 100 E We are interested in determining which technique gives the
@ NG better energy—delay tradeoff for subthreshold circuits. To do
S, 700+ o so, it is necessary to understand the energy implications of
o2 o body biasing and voltage scaling. Consider a simple chain of
L 600 g inverters operating at a subthreshold voltage Vaq,init With zero
w o0 ] '% o body bias. A wide range of target frequencies can be achieved
e=me= Energy, zero body bias 10 either by changing Vg ini¢ (voltage scaling) or by changing Vg
wol -:.—E‘nergy: optirr:al boc'iy biasl : (body biasing). The energy consumption of the inverter chain
0 20 40 60 80 may be modeled as the sum of dynamic energy and leakage
Temperature (C) energy, where « is the switching activity, ¢ is the maximum
delay, and all other quantities are as defined previously as
Fig. 11. Temperature sensitivity of energy and frequency for a typical die at

Vaa = 300 mV.

with frequency fixed at 66 kHz. A comparison of Cases 1 and 4
shows that a 2.4 x increase in frequency can be achieved while
also achieving a 5% mean energy improvement. This excellent
energy—delay tradeoff makes body biasing extremely attractive
for adaptive subthreshold systems.

The favorable energy—delay tradeoff achieved using body bi-
asing can be extended to compensate for temperature variations.
Temperature compensation has been demonstrated in the past
for subthreshold circuits using simple temperature sensitive bias
generation [19]; we explore the benefits of compensation more
thoroughly in Fig. 11, which shows the temperature dependence
of energy and performance for a typical die at Vg4 = 300 mV.
Without body biasing, the frequency of the chip increases by
~10x between T' = 0°C and T' = 80 °C. For a fixed value
of Vaier, V of can be tuned to maintain a constant frequency
as shown in Fig. 11. For this particular die, Vg changes by
620 mV between 7" = 0°C and 7" = 80 °C to maintain con-
stant performance.

IV. IMPROVING PERFORMANCE

On-currents in the subthreshold regime can be >5 orders of
magnitude lower than super-threshold on-currents, so reduced
performance is inevitable. Performance is only a secondary
concern in sensor network processing, but improved perfor-
mance is necessary to make subthreshold operation viable in
the embedded and high-performance application spaces. Here,
we begin by comparing voltage scaling and body biasing for
improving performance globally. We also look at the use of
gate-length sizing to achieve local performance improvements.

Etotal = Edyn + Eleak =C- Vd2d o+ Ioff X Vdd- (4)

The relative energy efficiencies of Vg4 scaling and body biasing
are strong functions of «. To illustrate this, we consider limiting
behavior. In the case of very high switching activity, dynamic
energy is dominant (Eqyy, >> Eleax ), Which is shown as

Etotal ~ Edyn =C- ded s Q. (5)

In this limit, energy has a quadratic dependence on V44 and is,
to first order, independent of V,g. For low target frequencies,
we should reduce Vgyq or apply a reverse body bias (Vog < 0).
A reduction in V4 will yield quadratic energy reductions, while
the application of a reverse bias will have no effect on energy.
Voltage scaling is therefore more energy efficient for low target
performance. Conversely, energy increases quadratically with
Vad, so body biasing is more energy efficient when the target
frequency is high.

In the case of very low switching activity, leakage energy is
dominant (Eieax >> FEdyn), shown as

C - Vaa C - Vaq
Etotal ~ Elcak = IOH ' Vaa | Vaad " (6)
Ig-emer emer

For V44 > m-vr in the subthreshold and near-threshold regions,
leakage energy per cycle increases as Vyq decreases [2], [3].
Energy therefore increases when Vyq is reduced to meet low-
frequency targets but reduces when Vg4 is increased to meet
high target frequencies. Due to the m dependence of leakage
energy, energy reduces with the application of a reverse body
bias and increases with the application of a forward body bias.
In this case, Vyq scaling is more energy efficient for high target
frequencies while body biasing is more energy efficient for low
target frequencies. Note that our observations are only valid for
subthreshold circuits. Outside of the subthreshold region, delay
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Fig. 12. Simulated energy and frequency for an inverter chain subjected to voltage scaling and body biasing. Data is plotted for switching activities of

1, 0.2, and 0.05.

is no longer exponentially dependent on Vyq and Vi, and the
energy—performance tradeoffs change dramatically.

Neither of the two limits considered reflects actual circuit be-
havior since dynamic energy and leakage energy are compa-
rable in a typical subthreshold circuit [2]. For a more realistic
comparison of voltage scaling and body biasing, we simulate
a chain of 30 inverters with switching activities of 0.05, 0.2,
and 1. We select a nominal Vg4 of 300 mV. For voltage scaling
data, we sweep Vyq from 200 to 500 mV. For body biasing data,
we sweep Vog from —500 to 500 mV. The data in Fig. 12 for
switching activities of 1 and 0.05 confirm our previous obser-
vations about the high-activity and low-activity limits, respec-
tively. Fig. 12(b) shows the energy characteristic for a more re-
alistic switching activity of 0.2. In this scenario, body biasing
and voltage scaling give similar energy-performance tradeoffs
for much of the performance range, suggesting that either body
biasing or voltage scaling could be used for minimum energy in
a typical circuit.

B. Global Performance Measurements

To verify the trends observed in the previous subsection, we
measure the energy and performance of the core (without mem-
ories, register file, or prefetch buffer) over a range of supply
voltages and body biases. To evaluate voltage scaling, we fix
the body biases at zero and sweep Vyq from 260 to 380 mV.
To evaluate body biasing, we fix Vg at the energy-optimal
value and sweep Vog from —400 to 150 mV to tune perfor-
mance. In both cases, fine-grained regulation and bias gener-
ation would be required. The energy penalties for these regu-
lators have not been included, though we note that the body
node draws very little current, so the body bias is generally
simpler to regulate than Vyq is. Fig. 13 shows the resulting
energy consumption over a frequency range of 30-300 kHz.
The characteristic is similar to that of Fig. 12(b), but we find
that body biasing is more energy efficient over the entire fre-
quency range. The observed energy improvement is due to the
PFET/NFET matching achieved through tuning of Vyig. The
ability to achieve PFET/NFET matching as well as a favorable
energy—performance tradeoff makes body biasing an attractive
alternative to voltage scaling in subthreshold circuits with tight
performance requirements.

C. Subthreshold Sizing Strategies

Techniques for improving performance along timing-crit-
ical paths are also important for subthreshold circuits. Gate

«=e==Optimal V,, Vei2380 MV
V=300 mV, variable offset
700 4| e=me=Zero body bias, variable V "
—~
g 650 —
‘e
2]
[
= 600 -
S V=260 mV
° offset=150 mV
LICJ 550 - [—
1 offset=-400 mV
500 ——— T

100 '
Frequency (kHz)

Fig. 13. Comparison of energy and frequency measurements for variable body
bias and variable V44 systems.

width sizing is typically used to speed up critical paths in
super-threshold circuits, but recent work has shown that gate
length sizing can be used to improve drive strength in sub-
threshold circuits due to reverse short channel effects (RSCE)
[22], [13]. Halo doping increases the effective doping at short
channel lengths to help combat drain-induced barrier lowering
(DIBL)[23]. However, since DIBL is much reduced at low Vg4,
the halo doping overcompensates and increases the Viy,. Drain
current can therefore be increased significantly with a small
increase in gate length. The simulated on-current of an NFET
device at Vg = 250 mV and V3, = 250 mV is shown as a
function of total device capacitance (gate capacitance plus drain
capacitance) for both increased gate width and increased gate
length in Fig. 14. The current—capacitance tradeoff is far more
attractive when increasing gate length than when increasing
gate width. This discrepancy is largely due to RSCE, but ca-
pacitance also increases more slowly with gate length than with
gate width. Gate-oxide capacitance depends identically on gate
width and gate length, but overlap and junction capacitance are
independent of gate length. The effectiveness of gate-length
sizing eventually saturates, suggesting that gate-width sizing
should be used after the benefits of gate-length sizing have
been exhausted. Note that the results shown are highly tech-
nology-dependent, so performance gains will vary from process
to process and from generation to generation. Also note that
variable-channel-length devices may violate channel-length
uniformity rules in advanced technologies.
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Fig. 15. Energy and frequency for three sizing strategies for Via =
280-400 mV.

D. Subthreshold Sizing Measurements

To explore gate sizing further, we designed three variants
of the processor described in Section II. The first variant
(Proc A) uses minimum gate sizes in the core. The second
variant achieves reduced delay along critical paths using a
conventional standard cell library with increased gate widths
(Proc B). The third variant achieves reduced delay along critical
paths using a custom standard cell library with both increased
gate length and increased gate width (Proc C).

Both standard cell libraries were limited to a small set of in-
verters, two-input NAND gates, two-input NOR gates, and flip-
flops. The drive strengths in the custom standard cell library
used in Proc C were tuned to match those of the conventional
standard cell library used in Proc B (i.e., X1, X2, and X4 cell
strengths drive the same current in both libraries). Each library
cell was characterized over a range of low voltages using SPICE.

The core gates sizes were optimized separately for Proc B and
Proc C with energy as the objective according to the technique
proposed in [24]. It was shown in [24] that the energy of a sub-
threshold circuit can be reduced by increasing gate sizes along
critical paths due to the timing dependence of leakage energy.
Proc B and Proc C were therefore designed with different fre-
quency and energy targets that were determined by the charac-
teristics of the standard cell library available during gate sizing.
After sizing, Proc B and Proc C had total transistor gate areas
that were 98% and 24% larger than the gate area in Proc A, re-
spectively.

Fig. 15 compares the energy—delay tradeoff for the three dif-
ferent sizing strategies for Vgq =280 mV to V3q =400 mV. We
find that energy does not improve in Proc B and Proc C relative
to Proc A, which is contrary to the conclusions in [24]. How-
ever, in [24], it was shown that the cost of reducing energy rises
quickly after the gates along the first few critical paths have been
sized up. Further sizing after initial energy gains leads to a con-
siderable area penalty and potentially an energy penalty if stan-
dard cell energy characterization models do not match post-sil-
icon performance. It is likely that the unexpectedly high energy
consumption in Proc B and Proc C was caused by this effect.

Though the comparison between Procs B/C and Proc A re-
vealed that the larger gate sizes increase energy consumption,
we can still draw valuable conclusions about the effectiveness
of gate-length sizing by comparing the energy and performance
of Proc C to that of Proc B. At Vgq = 300 mV, Proc B and
Proc C are 22% and 85% faster than is Proc A, respectively. In
addition to being faster than Proc B, Proc C is also more en-
ergy efficient over the Vyq range shown, confirming the supe-
riority of gate-length sizing over gate-width sizing. For target
frequencies above 200 kHz, the energy consumption of Proc A
is comparable to that of Proc B, suggesting that the performance
gained from gate-length sizing could be alternatively achieved
by increasing V4 by 20-30 mV.

V. CONCLUSION

Subthreshold design is promising for ultra-low-energy ap-
plications. With this work, we have successfully demonstrated
ultra-low-energy subthreshold operation and have studied vari-
ability and performance, which are two of the primary chal-
lenges at low voltage. We first described an 8-bit processor fab-
ricated in a 0.13 pm technology that consumes only 3.5 pJ/in-
struction at Vgq = 350 mV. We explored the use of body bi-
asing in subthreshold circuits to minimize process- and tem-
perature-induced variations. The exponential sensitivity of sub-
threshold current to body bias enabled us to eliminate perfor-
mance variations while maintaining energy efficiency. We also
investigated techniques for improving global and local perfor-
mance. Measurements of the test chip showed that body biasing
is amore energy-efficient global technique than Vg4 scaling over
the frequency range considered. Our study of local sizing tech-
niques showed that gate-length sizing should be used in place
of gate-width sizing when improving critical path performance.
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