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Abstract— Ubiquitous computing has a number of compelling
applications ranging from biomedical sensing to environmental
monitoring. These computing systems require low cost sensor
nodes with volumes <Imm® and lifetimes on the order of months
or years. We advocate the use of aggressively scaled supply
voltages in such applications to maximize energy efficiency. This
paper reviews our recent progress in mapping out the low
energy design space. We explore the design and test of three low
voltage systems targeting ubiquitous computing. We conclude
with a survey of open research directions in the ultra-low energy
design space.

1. INTRODUCTION

Ubiquitous sensing systems, with a single node or
thousands of nodes, are quickly becoming a viable
technology option with the advancement of circuit and sensor
design. In such a system, the most basic building block is an
inexpensive sensor node with data processing and storage,
off-chip communication, sensing elements, and a power
source all linked within a robust package with a volume on
the order of Imm®. The sensor node must have a lifetime on
the order of months or years. Due to the limitations of power
sources, the most pressing implication of this lifetime
requirement is that the power consumption of all components
must be minimized.

In this work, we describe our recent progress in developing
highly integrated ultra-low energy sensor nodes. In
particular, we discuss the use of low voltage circuits to meet
stringent energy budgets. We begin by demonstrating the
energy benefits of low voltage operation using measurements
of an 8-bit processor that is operational below 200mV. We
also use this processor to explore the mitigation of process
variability at low voltage. We then discuss the design of
robust SRAM for low voltage systems, which is the most
important problem facing low voltage designers when
coupled with variability. We include measurements of a 2kb
memory that remains functional below 200mV. In addition
to our studies of processor and memory design, we have
recently made important first steps toward viable ubiquitous
sensing systems by integrating a low voltage processor with a
DC-DC converter and a compact battery. We discuss these
results and then conclude with a discussion of remaining
challenges and open research directions.
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II.  Low VOLTAGE LOGIC DESIGN

Due to the quadratic dependence of switching energy on
supply voltage (V,), dramatic energy reductions can be
achieved in digital logic by reducing V. It has long been
known that CMOS circuits continue to function with V,,; well
below the threshold voltage (V,,), so aggressive voltage
scaling into the subthreshold regime (V,;,<V,;) is possible with
careful design. To explore low voltage operation, we
fabricated an 8-bit processor with 1.5kb instruction memory
and 1kb data memory in a 0.13um process [1]. The processor
targets mobile sensor applications where energy consumption
is the primary metric and performance is a secondary
concern. Logic blocks were synthesized using a limited set of
low fan-in CMOS standard cells, and the memories were
implemented using a robust latch-based memory [2].
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Figure 1. Energy and frequency for an 8-bit subthreshold
processor [1]

Figure 1 shows energy and frequency measurements of the
processor as functions of V. At V,=350mV, energy
consumption reaches a minimum of 3.52pJ/instruction at a
frequency of 354kHz. At this voltage, energy consumption is
improved by an estimated 8X as compared to normal
superthreshold operation.  The presence of an energy
minimum [3,4] is an important concept for low voltage
designers. Despite a reduction in switching energy with Vy,,
delay increases exponentially at low V,; causing leakage
energy (Vailiaitaay) to increase and eventually create an

2558



energy minimum. Energy has been plotted in Figure 1 for the
total system as well as the core logic (not including
memories). At V;~=350mV, ~80% of the total energy is
consumed by memories, suggesting that memory design will
play a critical role in the energy efficiency of low V,,
systems. We discuss one such memory in the next section.

While energy is dramatically reduced at low V,,
subthreshold operation suffers from an exponential sensitivity
to process- and temperature-induced V7, variations. Previous
work has shown that random ¥}, variability caused by random
dopant fluctuations (RDF) can be addressed by increasing
gate sizes [5,6] and by increasing the number of logic gates
between sequential elements [S]. Systematic V7, variation is
also problematic but can be addressed more directly by
applying body biases to compensate for systematic
PFET/NFET mismatch. We demonstrate this compensation
within the 8-bit processor described previously. Figure 2
shows energy and frequency distributions for 20 measured
dies under four different body bias configurations. In the first
configuration, no body bias is applied. In the remaining three
configurations, body bias is applied uniquely to each die to
target frequencies of 66kHz (the worst case frequency when
no body bias is applied), 100kHz, and 160kHz. Frequency
variations are eliminated with the application of a body bias
while energy variations are reduced significantly. Also note
that the frequency can be tuned from 66kHz to 160kHz with
minimal energy penalties.
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Figure 2. Energy and frequency distributions for 20 dies
with and without body bias [1]

III. ROBUST LOW VOLTAGE MEMORY DESIGN

As shown in the last section, memory design has
important energy implications for low voltage system design.
Even more importantly, the 6T SRAM is particularly
susceptible to ¥V, mismatch induced by RDF. A number of
alternative SRAM cells have been proposed recently to
enable robust low voltage operation in the face of variability
[7-11]. We investigate one such cell in this section. A 2kb
SRAM array was fabricated in a 0.13pm process using the
modified 6T SRAM cell shown in Figure 3 [7]. The single-
ended design is inherently more robust to read upsets since
noise is isolated to the single bitline. Additionally, the
transmission gate can drive the bitline from rail-to-rail,
eliminating the need for area-intensive sense-amplifiers. To

decouple read and write operations and regain lost write
margins, the power supply of the feedback inverter is gated
during write operations. Transistor sizes are also increased to
combat RDF. Measurements of the SRAM show that it
remains functional below 200mV. Figure 3 shows that the
proposed cell is far more energy efficient than a latch-based
memory similar to the one used in the processor described in
Section II.
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Figure 3. Energy measurements for a modified 6T SRAM
[7] and a latch-based memory are compared. Inset shows
the proposed 6T SRAM cell.

Iv.

With low voltage digital design rapidly maturing, the next
important step toward ubiquitous computing is to integrate
the power source with the computational elements. In this
section, we describe the integration of a solid state battery
and a digital processor which are part of an implantable
system for biomedical applications. Since the battery does
not produce the voltage required by the digital processor, a
DC-DC converter is also used to down-convert voltage.

Ubiquitous computing systems pose a substantial
challenge to traditional energy storage technologies.
Integrated circuits are fabricated in planar architectures,
which are of much smaller profile than the layered battery
electrodes required for high capacity and power/energy
density. At present, there are no power sources available
commercially which meet key design requirements as well as
the established energy target of 30 mWh/cm?® [24]. Thin film
lithium (Li) and nickel/zinc (Ni/Zn) batteries have been
proposed to power ubiquitous computing systems but have
energy densities (100-500 pWh/cm?) which fall substantially
short of this goal [25,26]. A generic assembly consists of
direct fabrication onto a semiconductor chip, the chip
package or the chip carrier using solid-state materials.
However, most battery fabrication processes are not
compatible with integrated circuits due to high processing
temperatures (up to 800°C), which can be harmful both
circuits and packages. Furthermore, the use of a clean room
environment necessitates expensive separate manufacturing
steps and packaging.

We have developed a technology to manufacture 3-D
microbatteries on silicon substrates that is both simple and
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cost effective [27]. Using our optimization algorithm
POWER [28,29] we identified a zinc/silver oxide
electrochemistry (Zn/AgO) as the optimum power source for
the present application. We designed and fabricated a
monolithic power supply, with planar architecture, suitable
for the proposed device architecture [30]. The chosen
electrochemistry generates a nominal voltage of 1.55V and,
with a footprint of ~lcm®, has a capacity of ~0.1mAh and
specific capacity of ~100pAh/cm?®. A battery area of 5.25mm”
was used in this study to match the form factor of the
processing element.

Since the battery nominally generates 1.55V, a DC-DC
converter is used to down-convert to the energy-optimal
voltage of 0.3-0.4V. Switching power supply designs, like
the Buck converter, can achieve power efficiency >90% [21],
but the size of the inductor must be prohibitively large to
maintain such high efficiency at load currents on the order of
100nA. Linear voltage regulators are extremely simple and
area efficient but achieve poor power efficiency for large
down-conversions. Switched capacitor-based converters are
an attractive alternative to these two architectures. They have
been shown to achieve power efficiencies as high as 85%
[22] and require simple, compact design.
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Figure 4. (a) 3-stage gwitched capacitor DC-DC converter
(b) Current starved pulse generator

The DC-DC converter, shown in Figure 4(a), was
fabricated in a 0.13um process. A 3-stage conversion was
used with NFET gate oxide capacitors. Power losses in the
switched capacitor DC-DC converter are largely a result of
pulse generation, so it was important to minimize the current
consumption of the pulse generation circuitry. A simple
current starved 15-stage ring oscillator, shown in Figure 4(b),
was fed to a similarly starved pulse generator. Measurements
show that the DC-DC converter reaches a maximum power
efficiency of 44% when converting from 1.2V to 0.29V with
an 87nA load current.

The 8-bit processor, which was fabricated in a 0.18um
process, uses the same architecture as the processor described
in Section II. A simple on-chip oscillator was used for clock
generation to ensure that the clock frequency scales with
battery output voltage.

The battery, DC-DC converter, and processor were
integrated at the board level. To measure the energy
efficiency of the system, we run a simple arithmetic routine
once every ~1 minute until the battery can no longer sustain

the required voltage and current. Between runs, the processor
idles in a light sleep state. The processor and DC-DC
converter draw an average active current of ~113nA and an
average idle current of ~100nA. After 11 hours, the battery
output voltage drops dramatically below 1.55V. Since the
DC-DC converter divides the voltage by a fixed ratio, this
voltage drop causes the processor to fail.

The lifetime of the processor under test is ultimately
limited because it does not include power gating or any other
form of power management. Using the measured capacity of
the battery and the current demand of the processor, we can
estimate the leakage savings needed for a more useful one
year lifetime. Measurements of our integrated system give a
capacity of ~1.1pAh (given an average measured current of
~100nA over the 11 hour lifetime). Measurements show that
the processor draws an average active current of 113nA. For
an application where computation (i.e., a sensor measurement
followed by data processing) is carried out for 100ms periods
once every 10 minutes, we find that the average sleep current
must be 107pA to achieve a one year lifetime. This clearly
underscores the need for research efforts in sleep power
management, which will be covered briefly in the next
section.

V. FUTURE DIRECTIONS

The work described in the previous sections highlights
the fantastic progress made recently in ubiquitous computing.
However, several challenges remain before the Imm’ is
commercially viable. In this section, we suggest several
avenues for future exploration in ubiquitous computing.

Variability due to all sources, including process,
voltage, and temperature (PVT) are all magnified in
subthreshold, as discussed earlier. There is a great need for a
range of effective techniques to combat this variability. In
particular, temperature-insensitive design approaches become
an interesting topic of study; this may employ adaptive body
bias [12]. Logic families other than CMOS may also offer
greater resiliency to certain variation sources such as voltage
or process. Architectural approaches to variability are also
vital — these may include a proliferation of traditional
schemes such as error correction and redundancy, although
the power costs of added hardware need to be weighed
carefully against the improvements in robustness achieved.

Very low-power wireless communication schemes are
needed; else the low energy budget of the digital processing
component of a system will simply be swamped out by the
communication requirements. This is highly application-
specific; there may be cases where proximity communication
schemes [13,14] are suitable and others where more
traditional radios are used but with new architectures to
address strict power budgets [15]. Ultra-wideband radio
design is also becoming increasingly attractive since low
energy consumption can be achieved at low data rates [23].

In a widespread ubiquitous  system, tight
synchronization between physically adjacent nodes enables
multi-hop long distance communication. Watchdog timers
are therefore critical components in ubiquitous computing;
however, accurate timing is extremely challenging given
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stringent energy budgets and volatile environmental
conditions. Recent work in ultra-low power timing has
reported power consumption below 1pW [16], but further
work will be necessary to minimize jitter and temperature
sensitivity at such low power levels.

Extremely low duty cycle applications, for instance
environmental monitoring or the monitoring of cracks along
oil pipelines, require a sensor to be read and data to be
processed on a relatively infrequent basis (on the order of
minutes). For such systems, standby mode power will be the
dominant source of power consumption. Current techniques
to reduce standby mode leakage, such as power gating, are
insufficient to provide required battery lifetimes. In these
cases transistors should be employed as frugally as possible
since added devices will inherently leak during standby.
Novel architectures and low-power modes will need to be
invented to enable sleep mode current levels below 1nA.

Subthreshold circuits can greatly benefit from a
rethinking of device [17,18] and interconnect architectures.
Since it may not be feasible to have a process variant
dedicated to subthreshold, work is needed to find ways to
tailor device and interconnect behavior to the unique needs of
subthreshold design.  Interconnect is interesting since
parameters such as wire resistance become inconsequential
compared to channel resistances. This may lead to a
complete re-thinking of how things such as clock and power
routing are done, as well as how back-end stacks are
manufactured (e.g., thick/wide wires are counterproductive
since capacitance is the only important parasitic) [19].

Finally, further research in CMOS-compatible power
sources is necessary. The microbattery described in this work
is a cost efficient solution, but other options such as solar
power, ambient vibration, or other scavenging techniques
[20] must be considered.
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