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P E R V A S I V E  C O M P U T I N G  R E V I S I T E D

T he pervasive computing vision is 
one of computational capabili-
ties distributed throughout the 
physical world, offering vary-
ing levels of sensing, actuation, 

and communication. A major assumption 
behind this vision is the availability of power 
for these devices. Some of the challenges for 
pervasive and mobile computing described 
by Mahadev Satyanarayanan (Satya) in 2001 
seem less pressing today,1 thanks to Moore’s 
law and other engineering advancements. For 

example, wireless connectivity 
is becoming increasingly reli-
able, making the problem of 
supporting intermittent con-
nectivity less important. For 
over half a century, we have 
seen astonishing increases in 

the computational, storage, and communica-
tions capabilities of embedded and mobile com-
puting systems as anticipated by Moore’s law. 
This has enabled an explosion in new mobile 
device capabilities.

By contrast, the challenges of energy and 
energy management for mobile and pervasive 
computing systems are more important than 
ever. The energy efficiency of electronics has 
been improving exponentially even longer than 
Moore’s law, but at the same time, expectations 
for computing devices have also risen exponen-
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tially, leaving net power requirements roughly 
constant over time. The fact that substantial 
computing and communications capabilities 
are small enough to fit in a pocket means that 
most people now carry battery-powered mobile 
computers everywhere, yet battery density per-
formance has not enjoyed the dramatic improve-
ments that microelectronics have experienced 
(see Figure 1).2

Oftentimes, mobile devices and battery- 
powered devices are limited not by their com-
putational throughput but rather by their en-
ergy efficiency. Battery performance can be 
evaluated in many different ways, but it has 
taken more than a decade to double perfor-
mance, regardless of how you look at it. As 
Satya anticipated, innovations in power man-
agement are needed to enable truly long-
lived mobile systems, especially now that the 
broader computing research community and 
computer industry are embracing pervasive 
computing. Many disciplines, such as network-
ing, IC design, analog design, and systems, 
have embraced the need for power optimiza-
tion. Consequently, we’re now entering a new 
paradigm of computing systems that could re-
sult in long-lived mobile systems that don’t di-
rectly rely on advancements in energy storage. 
Here, we discuss these new trends in powering 
pervasive computing systems, reviewing what 
we’ve learned in the last 15 years.
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Overcoming  
Battery Limitations
Although research to improve the en-
ergy density of batteries continues to 
be a priority, developers of mobile de-
vices and wireless sensors have begun 
to employ other approaches to extend 
battery life. The two key techniques 
are power management and power 
harvesting. Many solutions for provid-
ing higher-level management of batter-
ies have been explored. One example is 
exposing the limitations of the battery 
to developers, so they can adapt the ap-
plication to the underlying battery type 
and chemical.3 However, there have 
also been significant advancements in 
power harvesting and wireless power 
systems.

In 2005, Joseph Paradiso and Thad 
Starner enumerated a set of possibili-
ties in power-harvesting approaches 
stemming from future improvements in 
low-voltage digital systems, hybrid an-
alog-digital designs, and clever wake-
up procedures that keep the electron-
ics mostly inactive.4 With the increased 
proliferation of mobile devices and sen-

sor systems, coupled with low-power 
electronics, this field has encountered 
renewed interest.

Power Harvesting  
and Perpetual Sensing
Power harvesting offers a promising 
alternative energy source for perpet-
ual sensing applications (see Figure 2). 
With power harvesting, self-powered 
devices can convert ambient energy (for 
example, in the form of solar, thermal, 
or kinetic energy or radio waves) into 
electrical energy. Although exploiting 
renewable energy resources in the de-
vice’s environment has many appealing 
properties, some of the problems that 
arise are

• designing a system capable of har-
vesting enough energy to power 
a sensor and transmit the sensor 
values;

• designing systems, computing ar-
chitectures, and programming lan-
guages to support reliable compu-
tation despite intermittent power;  
and

Figure 1. The energy efficiency of computing has improved by 12 orders of 
magnitude since 1945. In the same time period, battery energy density has improved 
by less than 1 order of magnitude. The most dramatic improvements in battery 
density have been in the last 20 years with Li-ion batteries.2
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• porting power-harvesting solutions 
from one scenario or environment 
to another (each power-harvesting 
technique relies on a particular physi-
cal phenomenon—such as available 
light, temperature differentials, me-
chanical vibrations, or dense RF  
signals—which might not be avail-
able at every time and place).

Despite these challenges, there has 
been substantial progress in several ap-
proaches to power harvesting.

Mechanical Harvesting
Researchers have been interested in 
harvesting mechanical vibrations for 
some time. One important category 
of mechanical harvesting is harvesting 
from the motion of the human body. 
We’ve long had self-winding watches 
that harvest power from the wearer’s 
motion, and, more recently, shoes have 
been explored as a site for harvesting 
power from human motion.5 Such on-
body harvesting schemes would be 
particularly attractive for wearable 
or perhaps hand-held electronics. The 
challenges of harvesting power from 
the human body include the fact that 
the body moves relatively slowly (that 
is, at low frequencies), and human body 
motion patterns are not perfectly peri-
odic, which makes resonant amplitude 
gain hard to achieve.

Another important source for me-
chanical harvesting is vibratory mo-
tion, such as excess vibration from 
motors, railcars, and other industrial 
equipment. Sensors to monitor the 
condition of such equipment could 
easily be retrofitted, with no wiring of 
any kind required. Vibratory applica-
tions can use narrowband mechanical 
harvesters that benefit from resonant 
amplitude gain (https://perpetuum.
com).

Airflow is another mechanical phe-
nomenon where microgenerators have 
been explored.6 For mechanical har-
vesting applications, microelectrome-
chanical systems (MEMS) generators 
have received substantial attention  
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because of the potential to produce in-
tegrated and very small perpetual sens-
ing systems.7 At the small length scales 
of MEMS, the ratio of inertial forces 
(such as the motion of a proof mass) 
to surface forces (friction) is very low. 
One consequence of this is that electro-
static generation tends to be more ef-
ficient and feasible than the electomag-
netic generation that is more common 
at larger scales. Another consequence 
is that even the best electrostatic gen-
erator designs produce relatively small 
amounts of power.

Finally, biochemical energy harvest-
ers could potentially eliminate batteries 
from low-power implants such as pace-
makers and certain neural implants. 
One early example proposes an im-
plantable fuel cell that extracts power 
from oxidation of glucose.8 If success-
ful, such devices could offer secondary 
benefits as weight-loss therapies!

RF Power Transfer
One attractive property shared by all 
forms of RF power transfer is that such 
power transfers require only conven-
tional electronics and electronic materi-
als. Most other harvesting methods re-
quire custom mechanical components 
(for example, mechanical generators 
of some form), special materials (such 
as photovoltaic materials, piezoelectric 
materials, or thermoelectric materials), 
or both. RF power transfer is unique 
in that it relies solely on antennas and 
conventional electronics, making it es-
pecially easy to build and integrate with 
existing electronic systems. In addition, 
RF power is available at night and does 
not require a line of sight, unlike solar 
and other optical power.

As Table 1 shows, RF power transfer 
can be divided along two axes: near-
field versus far-field power transfer, and 
ambient (or “wild”) versus deliberately 

Figure 2. A vision of power harvesting and perpetual sensing, where mobile devices are 
powered through planted and ambient energy sources in an environment.

transmitted (or “planted”) power trans-
fer. Far-field systems use propagating 
radio waves and tend to operate at lon-
ger distances, higher frequencies, and 
(often) lower power levels than with 
near-field systems. Near-field systems 
rely on an oscillating magnetic field, or 
oscillating electric fields (rather than 
propagating electromagnetic waves), 
and operate at shorter distances.

All four quadrants of this space 
have been explored to some extent. 
The phrase “RF power harvesting” 
most commonly refers to the “wild far-
field” quadrant, and “wireless power 
transfer” most often means “near-field 
planted.” However, “far-field planted” 
has also been extensively investigated. 
“Near-field wild” is the least common, 
given that this use case might not al-
ways be justifiable when a direct power 
connection could be easier (such as 60 
Hz harvesting). All quadrants of the 
space could potentially affect future 
pervasive computing systems.

Far-field approaches. One of the key 
metrics for most far-field power trans-
fer systems is sensitivity, which is the 
power of the smallest signal that can 
operate the harvester. More specific 
metrics include cold-start sensitiv-
ity (the minimum power level from 
which a device can start up, assuming 
no stored energy or secondary energy 
source) and steady-state sensitivity (the 
smallest power level at which the device 
can harvest power, once it has started 
up). The sensitivity determines range. 
Another metric is efficiency, which is 
the ratio of output DC power to input 
RF power.

Very early examples of deliberately 
transmitted far-field RF signals include 
the work of William Brown, who trans-
ferred large amounts of power long 
distances using microwaves, and even 
powered a small helicopter, which suc-
cessfully received enough microwave 
power to operate motors enabling it 
to hover.9 Space-based solar power, 
in which power is transferred from 
space to earth using microwave beams, 

TABLE 1
Near- and far-field approaches.

Approach
Planted/ 
deliberately transmitted Wild/ambient

Near field Wireless power transfer Capturing 60 Hz leakage

Far field uWave power transfer
Space-based solar power

RF power harvesting
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was originally suggested in 1941 by 
Isaac Asimov in his story “Reason”  
(Astounding Science Fiction, Street & 
Smith), and it appeared in the scientific 
literature in 1968.10

The Wireless Identification and Sens-
ing Platform (WISP)11 is another ex-
ample of planted far-field RF power. 
WISP transfers much smaller amounts 
of power than the early systems de-
scribed, but is safe for humans to be 
around. It relies on 915 MHz ultra-
high-frequency (UHF) RFID readers 
that emit 1 W, and it provide hundreds 
of microwatts at a range of several me-
ters from the reader.

UHF broadcast-TV towers emit up 
to 1 MW and provide hundreds of mi-
crowatts to endpoint devices at ranges 
of up to 20 km.12 The early WISP and 
ambient RF harvesting systems all had 
cold-start sensitivities on the order of 
–12 dBm to –10 dBm, meaning that 50 
microwatts to 100 microwatts of input 
RF power was required for them to 
power up from a fully depleted initial 
state. Cell phone towers emit hundreds 
of watts and have been harvested at 
hundreds of meters using a new har-
vester design with a sensitivity of –18 
dBm. Multiband harvesting allows 
power to be collected from multiple 
frequencies simultaneously, increas-
ing the total power available and the 
likelihood that sufficient power will 
be available in any new radio environ-
ment, with an unpredictable mix of fre-
quencies. Designing adaptive harvest-
ers that can provide good efficiency at 
both small and relatively large signal 
levels is still an open problem. Energy-
efficient agile harvesting, in which a 
receiver automatically tunes itself to 
the frequency with the largest amount 
of available power, is another open re-
search problem.

Researchers are also starting to le-
verage multiple input, multiple output 
(MIMO) techniques to control the tem-
poral and spatial distribution of power 
to mobile devices in the environment 
as the number of clients begin to in-
crease.13 Start-up companies such as 

Ossia (www.ossia.com) are attempt-
ing to use MIMO and far-field wireless 
power transfer (WPT) to charge mobile 
phones at ranges of several meters.

Practical Wi-Fi power transfer is 
likely to fall in between wild and planted 
RF power transfer. Kenneth Gudan and 
his colleagues describe a harvester that 
charges batteries from a continuous 
wave 2.4 GHz signal with steady-state 
sensitivity of –25 dBm.14 However, the 
system needs someone to press a me-
chanical push button to start the boot 
process. Furthermore, although 2.4 
GHz is the frequency used by 802.11b 
Wi-Fi, the continuous wave signal Gu-
dan uses has different temporal charac-
teristics (in particular, a higher power 
average) than typical bursty Wi-Fi traf-
fic. Wi-Fi access points only transmit 
power when they are sending informa-
tion, so ordinary ambient Wi-Fi signals 
don’t generally provide enough power 
to use as an ambient source. However, 
using just application-layer software 
to generate additional traffic, ordinary 
unmodified Wi-Fi router hardware can 
be used as an RF power source, while 
still maintaining good communication 
performance.15

Near-field approaches. Near-field 
WPT systems typically transfer larger 
amounts of power over shorter dis-
tances than far-field systems. Con-
sumer mobile devices are starting to 
incorporate near-field WPT to enable 
cord-free charging, but these are lim-
ited in range. Although WPT has the 
potential to offer tremendous benefits 
in terms of the convenience of pow-
ering mobile devices, the practicality 
of such systems depends on the abil-
ity to extend the WPT range, provide 
robustness to changing orientations 
of the harvesting device, and control 
the distribution of power to many  
clients.

Adaptation techniques can improve 
the performance of near-field WPT 
systems. Work in adaptive impedance 
matching addresses many of these is-
sues with respect to orientation and 

range, while maintaining single- 
frequency operation.16 Passive repeat-
ers can also increase the WPT range.

Challenges in Power-Harvesting 
System Design
Intermittent power remains a chal-
lenge, but opportunities to adapt com-
puting architectures and programming 
languages have started to emerge.17 
For example, recent work has explored 
ways to address the issue of memory 
consistency, which can pose problems 
for applications that might enter a failed 
state.18 More work is needed to explore 
how systems can gracefully enter a safe 
state in intermittent and brownout situ-
ations. Devices might also go through 
frequent cold starts, so there needs to 
be more emphasis on making the ini-
tializing process efficient. Asynchro-
nous processor designs are another in-
triguing architecture for intermittently 
powered systems.19

Instead of directly addressing the 
power limitations, one thought is to 
essentially embrace it and develop the 
sensing systems in a way that leverages 
this variability in available power as the 
signal source. In this model, a sensor’s 
activation rate can be used to provide 
the desirable signal for a particular 
physical phenomenon. For example, 
researchers have explored using energy 
generated by a water hammer to indi-
cate water activity in a home.20 Simi-
larly, researchers have also explored a 
range of solutions for sensing activity in 
a building.21 For example, the bright-
ness of a lightbulb is proportional to 
the power harvested from a solar cell 
placed next to it, and the power con-
sumption of an appliance is propor-
tional to the harvesting power from an 
inductive coil placed around a power 
cord. For applications that might not 
directly exhibit this property, there 
are ways to use it for indirect signal-
ing of events. If higher fidelity sensing is 
needed, these harvesting or nearly zero-
power approaches can wake up more 
power-hungry operations that require 
a battery.22
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Improving Energy Efficiency
Power harvesting aims to increase the 
amount of power available to systems; 
reducing the power that systems need 
is another crucial approach to closing 
the power gap for perpetual comput-
ing systems. It’s becoming clear that 

redesigning the entire system to reduce 
the energy requirements at the mobile, 
energy-constrained endpoints could 
provide new solutions to the energy 
equation.

Asymmetric Architectures and 
Backscatter Communication
Pervasive and mobile systems emerg-
ing today can be divided into three 
tiers. At the bottom are large numbers 
of energy-constrained wireless end-
point devices, such as mobile phones 
or distributed sensors. These connect 
to the middle tier, a smaller number 
of wired infrastructure nodes, such as 
Wi-Fi access points or mobile phone 
base stations, which are generally not 
energy or bandwidth constrained be-
cause they are wired into the power 
and high-speed communication infra-
structure. Finally, all the connections 
feed in to small numbers of cloud ser-
vices, which are large, remote com-
puting warehouses for whom energy 
efficiency, waste heat, and the ab-
solute quantity of accessible power 
are key economic and practical  
issues.

Although this architecture is be-
coming well established, it has not 
been optimized at the system level to 
reduce the power requirements of the 
mobile endpoint devices. In backscat-
ter communication, the power-hungry 
RF portions of the endpoint’s radio 
transmitter are shifted into the wired 
infrastructure; only low-frequency 

(and thus low-power) functions remain 
on the energy-constrained endpoint. In 
particular, the mobile endpoint device 
no longer needs to have the ability to 
synthesize and amplify signals at radio 
frequencies. Instead, the nonpower-
constrained wired infrastructure gener-

ates a relatively high-power RF signal, 
and the endpoints send data by reflect-
ing this RF signal.

Researchers are also working on 
turning backscatter from a niche used 
mainly for RFID to a mainstream com-
munication technology suitable for gen-
eral-purpose communication applica-
tions. The ongoing work includes efforts 
to increase the throughput23 and allow 
backscatter systems to interoperate  
with conventional radios.24,25 Backscat-
ter communication can be many orders 
of magnitude more energy efficient for 
endpoint transmissions than the con-
ventional radio communication used 
by mobile devices today.

Shifting computation and storage 
from the mobile device to the cloud is 
another important approach to reduc-
ing the energy consumed at the mo-
bile endpoint. Utilizing coprocessors 
to offload computation from the main 
processor offers additional gains when 
continued sensing is needed.

Energy-Efficiency Scaling
Although classical Moore’s law is slow-
ing down, there is reason to believe that 
energy efficiency can continue scaling. 
From the early days of electronic com-
puting in 1945 to the present (2017), 
energy efficiency has improved by a 
factor of around one trillion (1012).26 
It’s interesting that this exponential en-
ergy-efficiency scaling trend pre-dates 
Moore’s law, since it began with the 
earliest vacuum-tube-based computers, 

before transistors and before the inte-
grated circuits, whose scaling Moore’s 
law describes. Even with the tremen-
dous improvements in energy effi-
ciency to date, there is still “plenty of 
room at the bottom” of energy con-
sumption. The brain is estimated to 
be around 106 times more energy ef-
ficient than today’s microelectronics.27 
And the fundamental physical limits 
for the energy cost of information pro-
cessing are likely an additional 5 to 8 
orders of magnitude below that of the 
brain.28,29 Thus, even with Moore’s 
law slowing, there are biological  
existence proofs that show that the 
energy efficiency of computing can be 
improved by another factor of a mil-
lion or so, and there are physical argu-
ments that many orders of magnitude 
of improvement beyond that might be 
possible. More parallel computing ar-
chitectures, such as GPUs and FPGAs, 
might help deliver on the promise of 
these existence proofs, which suggest 
that energy-efficient performance can 
be achieved by performing in paral-
lel numerous slow but energy-efficient 
computations.

Emerging Application Areas
One application area that’s becom-
ing increasingly common is implanted 
computing. Pacemakers, implanted 
defibrillators, deep-brain stimulators, 
and cochlear implants are already in 
widespread clinical use. Other im-
plants such as Left Ventricular As-
sist Devices (LVADs) are less widely 
used, in part because of the difficulty 
of powering these high-powered im-
planted pumps. Pacemakers, which 
consume very small amounts of power, 
are typically powered by nonrecharge-
able batteries and require surgery ev-
ery 10 years or so for battery replace-
ment. Inductive battery recharging is 
used in higher power implants, such 
as LVADs, which still lack a practi-
cal, fully implanted solution: LVADs 
today are powered by a transcuta-
neous driveline—a cord protruding 
from the patient’s skin—that is prone 

Although classical Moore’s law is slowing  

down, there is reason to believe that energy 

efficiency can continue scaling.
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to infection. Extreme options, such as 
plutonium-powered nuclear batter-
ies, have been considered,30 but WPT 
might offer a more practical way to 
eliminate the transcutaneous driveline 
for such high-power implants.31

For low-power implants, a success-
ful power-harvesting (rather than 
WPT) solution—whether electro-
magnetic, mechanical, biochemical, 
or other—might allow some implants 
to operate indefinitely and not require 
the user to take any deliberate charg-
ing actions.

Another emerging application area 
relates to the smart home. However, 
such applications will be contingent 
on practical and long-lived sensing 
solutions. Cost and size are becom-
ing less of an issue compared to the 
maintenance and deployment barriers 
if hundreds of pervasive sensors are in-
troduced into the environment. If you 
consider that one quarter of smoke de-
tector failures in the US are a result of 
not replacing the battery,32 the likeli-
hood for a homeowner to replace the 
batteries in a non-life-saving device 
is going to be low. Power harvesting, 
WPT, and asymmetric architectures 
provide new opportunities to scale 
sensing solutions in the home.

We are already seeing self-powered 
wireless wall switches from manu-
facturers like Leviton that ease both 
the retrofit and battery issue. Other 
research approaches and products 
have been developed that leverage the 
home’s electrical wiring as a wireless 
antenna to reduce the transmit power 
needed for a sensor to communicate 
with a home’s base station, thus ef-
fectively increasing the battery life 
of the deployed sensors (see www.
wallyhome.com).33 Using low-power 
transmitters, backscatter, and power  
harvesting opens up new opportuni-
ties to develop sensors for the home 
that are sealed and embedded in rigid 
objects, with no requirement for wired 
connections. Such sensors could be in-
stalled behind walls or in hard-to-reach 
areas, such as crawl spaces and attics, 

or even placed inside the wall cavi-
ties of piping and ductwork to check 
for leaks. Much of the sensor data 
analysis can be offloaded to the cloud 
or to nearby line-powered devices in  
the home.

The convenience of cord-free charg-
ing for mobile devices and consumer 
electronics using near-field WPT has 
emerged as a compelling use case. Al-
though there is always a desire to move 
toward longer-range mobile devices, 
emerging areas of WPT for charging 
electric vehicles and drones pose new 
opportunities for improving efficiency 
in short-range scenarios.

A lthough the promise of 
power harvesting is excit-
ing, there are still major 
risks that limit the eventual 

adoption of these techniques. One is the 
simple fact that batteries have become 
so low-cost and commoditized that 
just using a battery might be the easier,  
lowest-cost, and fastest entry point into 
a market, especially when you consider 
the exponential increase in the energy 
efficiency of computing systems over 
time. If a battery can last 10 years, 
but the device it is part of only needs 

to last nine years, then perpetual sens-
ing has effectively been achieved using 
conventional batteries. (Nevertheless, 
power-harvesting systems might still 
be preferred because of environmental 
benefits of not needing to dispose of a 
battery.)

Another risk is the reliability of pas-
sive approaches, where the required in-
frastructure might not be sufficiently 
available or predictable. For example, 
a cell tower power-harvesting approach 
might work well in a dense urban area 
but have major limitations outside 
of the city. When designing a system 
around these constraints, a developer 
might make the obvious choice of using 
a conventional power source. Clearly, 
the need for power harvesting or bat-
tery-free operation remains in specific 
areas, such as for implantable health 
devices—and these highly special areas 
are where many of the breakthroughs 
will emerge in the short term. In the 
long term, we might see the emergence 
of hybrid power systems that rely on 
smaller batteries or supercapacitors, in 
combination with power harvesting.

Despite the unknowns, power- 
harvesting systems will displace batter-
ies in some applications. Exactly how 
widespread power harvesting becomes 
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will depend on difficult-to-predict eco-
nomic, social, and technological fac-
tors, such as how pervasive RF signals 
become, the future pace of energy- 
efficiency scaling, and how costly it will 
be in the future to produce and dispose 
of batteries. 
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