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ABSTRACT
Extending the range of RF energy harvesting can revolutionize
battery-free/low-power sensing and networking. This paper ex-
plores the design space for RF infrastructure to charge battery-free
devices (e.g. RFID) or devices with coin-cell batteries (e.g. water and
security sensors) over much longer range than the state-of-the-art.
Rather than rely completely on ambient RF (e.g. TV towers) or
dedicated infrastructure (e.g. RFID readers), we explore a middle
path – combine RF energy from (nearly) all available major wireless
frequency bands and then supplement this with low-cost specially
designed RF charging infrastructure to fill in any gaps.

We propose SCALED, an architecture that extends the energy-
harvesting range of ultra-low-power platforms. We explore two
design questions: (1) The design of the energy harvester, includ-
ing which ambient frequency bands to combine as well as overall
modalities to combine energy rather than focus on one band; (2) The
design of radio infrastructure to fill-in the coverage gaps of ambient
energy, with minimal interference to communication sources. We
implement and study SCALED through a multi-pronged evaluation
including building-scale proof-of-concept deployments.

CCS CONCEPTS
•Human-centered computing→Ubiquitous andmobile com-
puting systems and tools; • Networks→ Network range.
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1 INTRODUCTION
In this paper, we ask – "Can we scale the ubiquity of ultra-low
power wireless energy harvesting IoT devices without increasing
the density of their RF energy sources?". Achieving such a goal
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require extending the current range of energy-harvesting to wire-
lessly power such IoT devices. Indeed, long-range wireless power
could enable, say, backscatter or energy-harvesting-based sensing
platforms to operate reliably – outdoors or indoors. This could
enable applications ranging from inventory monitoring, package
tracking, basement water sensing, animal health sensing, etc. These
applications require sensing and communication platforms that are
inexpensive, mobile and capable of running on harvested energy.
Uniquely, unlike say solar or other power sources, wireless energy
could enable power harvesting indoors and outdoors all times of the
day and within enclosed spaces (e.g., tracking location or sensing
tamper of packages through the mail system).

There has been much prior work on ultra-low-power platforms,
with billions of passive RFIDs (Radio Frequency Identifiers) forming
the biggest chunk. Current passive RFID platforms have a limited
range of tens of meters, requiring readers in close proximity. For
example, although RFID technology is widely deployed in today’s
warehouses and airports, inventory scan requires either deploying
a reader every 15 m, or an employee walks around while carry-
ing an RFID reader. This range can be extended to tens of meters
using drones working as RF relays [32], altering tag hardware de-
sign [25], using directional antennas [17], or designing blind beam-
forming using distributed and synchronized readers [52]. More
recently, ambient energy-harvesting proposes not relying on ded-
icated readers whatsoever, and instead to harvest energy from
ambient sources such as TV towers, LoRA base stations or Wi-Fi ac-
cess points [13, 26, 27, 30, 38, 50]. A third body of work on wireless
power transfer [14, 23] seeks dedicated high-power infrastructure
for energizing wireless nodes rather than including and co-existing
with available ambient energy from radio towers. These diverse
approaches beg the question – Is an additional energy-harvesting in-
frastructure even necessary, if existing RF communication sources, e.g.,
TV towers, already exist? And even if such infrastructure is needed,
what would be the minimal additional RF sources needed to blanket
a desired space with sufficient RF energy for ultra-low-power IoT
to provide ubiquitous and (near-)reliable access to power?

This paper presents SCALED1, an architecture that explores
the key design decisions to deliver sufficient RF energy for ultra-
low-power devices (e.g. RFID and coin-cell powered sensors) over
longer range than the state-of-the-art. Our contributions are two-
fold: (1) A design space exploration for the RF energy harvester
that spans multiple, wide RF frequency bands; (2) The design of
minimal supplementary radio infrastructure that fills-in-the gaps
in wireless energy coverage without posing significant interference
to RF communication incumbents. Across the board, we implement
and evaluate designs of SCALED.

1Supplementary Charging Architecture for Low Energy Devices
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Energy Harvester System Design: SCALED’s core design prin-
ciple is to leverage as much pre-existing ambient energy as pos-
sible and supplement this with additional wireless infrastructure
to achieve desired levels of coverage, only as a last resort. This
leads us to a natural implication for the design of our energy har-
vester – rather than harvesting at any one dedicated frequency
band, why not combine RF energy across bands? In other words,
SCALED seeks to harvest the combined total energy of ambient as
well as dedicated RF energy sources across several frequency bands.
As harvesting RF energy is frequency agnostic, and in principle
transmitted energy over multiple frequencies should add up with-
out the need for aligning phases in standard beamforming [52].
While, there are existing circuit designs in the research community
for multi-band RF energy harvesting [34, 37, 39], their evaluation is
primarily through simulation and bench-top tests. Thus, there is a
lack of system design exploration and experimentation to evaluate
multi-band harvesting in thewild. To this end, we explore the design
space of the energy harvester – that straddles the TV frequencies,
cellular andWiFi, including precise modalities of combining energy
and the overall choice of frequency bands.
Radio Infrastructure SystemDesign: Further, we address design-
ing SCALED’s energy source platform to best complement ambient
energy over long range. Specifically, we consider two key questions.
First, we orchestrate our energy sources to effectively power tags
over long range and avoid interference with other devices. To this
end, and in the absence of ambient communication, each source
politely accesses the medium by adding extra delay before transmit-
ting an excitation signal with periodic gaps. These extra delays and
gaps prevent existing band incumbents such as WiFi device from
endlessly backing off and allow frequent windows to gain access
to the medium. However, in the presence of pre-existing ambient
RF, each source behaves like a repeater rather than an interferer,
thereby in fact having the virtuous side-effect of improving signal
throughput or coverage of the communication radio. Second, we
address the crucial design parameter of transmit frequency that
determines how much energy the low-power device harvests, and
thus is key to minimizing the total infrastructure needed to cover a
space. Our experiments show that owing to signal multipath, at any
given location of a SCALED’s energy source and the harvesting
device, the choice of frequency can play a pivotal role in how much
energy the device harvests – often making a difference between
the harvester operation and power failure. To tackle this, we de-
sign a solution that probes an extremely small set of frequencies to
model radio waves propagation approximately and predict the most
rewarding frequencies that maximize the total harvested energy.

We implement and evaluate SCALED on software defined radios
(USRPs) and commodity WiFi radios, while supplying RF energy at
three bands: TV whitespaces (vacant radio spectrum in TV broad-
cast bands) at 470-698 MHz, 902-928 MHz, and 2.4-2.5 GHz ISM
band. We develop a custom battery-less energy harvesting platform
in collaboration with an energy harvesting collaborator (Power-
cast [6]) to harvest energy from multiple bands. Our results show:

• Harvesting 29.5 ‘W RF energy at a range of 130 m indoor,
and 10.9 ‘W at a range of 419.1 m outdoors.

• A net power harvested improvement of 28.5 ‘W vs. harvest-
ing from multiband ambient harvesting (with 1.2 ‘W).

• A 52% improvement in harvested energy over randomly
selecting an excitation frequency.

• Insignificant impact on traditional WiFi communication in
terms of throughput, and packet loss.

Contributions: We explore wireless energy harvesting infras-
tructure that can supplement ambient energy, extend its range and
coexist with ambient communication for battery-free IoT devices
along two axes: (1) A multi-band RF energy-harvester (see Sec. 3);
(2) Radio infrastructure that supplements ambient wireless power to
fill in the gaps and extend the energy coverage in a non-interfering
manner (see Sec. 4). The system is implemented (see Sec. 5) and
evaluated through a detailed multi-pronged study (see Sec. 6).

2 OVERVIEW OF SCALED
This section provides a brief overview of SCALED. SCALED primar-
ily targets extending the range of energy coverage for ultra-low-
power IoT devices. Therefore, the design of SCALED is primarily
motivated by two important objective functions: 1) maximizing the
coverage of energy harvesting by extending its range and 2) ensur-
ing minimal disruption to existing communication infrastructure.

Fig. 1 illustrates the coverage improvement of SCALED over
existing RF energy harvesting systems. SCALED contains two com-
ponents as shown in Fig. 1(b): RF Energy Infrastructure and a Multi-
band Energy Harvester. The energy source operates in the absence
of ambient radios to maximize RF energy harvested at the device.
Should an ambient communication transmitter begin to transmit,
the energy source backs-off and the repeater amplifies this trans-
mission to ensure that a distant energy-harvesting device receives
sufficient and reliable energy, without disrupting communication.

The rest of this paper describes the two key components of
SCALED’s design: 1) How we design a multiband yet efficient en-
ergy harvester? 2) How we design this RF energy infrastructure
that can extend the range of energy harvesting while coexisting
with ambient communication signals?
Multiband Energy Harvester: We design a multiband RF energy
harvester that can add up energy from six frequency bands that
we choose carefully to maximize ambient harvested energy while
regulations permit our infrastructure to supplement such ambient
energy. Further, we co-design the energy harvester and the radio
infrastructure to keep each of the six bands always energized.
Radio Energy Infrastructure: Feeding RF energy to distant IoT
devices, requires careful control of energy transmission to maxi-
mize harvested energy while avoiding interference with ongoing
wireless communication. The co-existence module in our energy
source starts by sensing a given frequency using carrier sensing. If
the channel is vacant, our energy source avoids collisions by using
a more “polite” version of carrier sense vs. standard WiFi – i.e.,
waiting for an extra random delay over the standard interframe
spacing. It then begins to transmit an excitation signal on the fre-
quency selected previously. Even if the channel is busy, SCALED
uses its repeater to amplify the received signals and transmit them
back to ensure continued and long-range energy harvesting. This
is important since ambient wireless signals are often too feeble
to sufficiently power RF tags (see Sec. 4.1 for more details). An-
other component of SCALED answers the question "What are the
most rewarding frequencies in terms of harvested energy?". Given
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