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ABSTRACT Limitations in battery capacity has held back the active development of novel applications
for the Internet of Things (IoT) or have caused embedded systems researchers to design a number of ‘‘go-
around’’ schemes, which sacrifice various system performance metrics for energy efficiency. However, with
the concept of simultaneous wireless information and power transfer (SWIPT), many researchers accept it as
a potential technology that can be the basis of designing various next-generation low-power embedded com-
puting systems. This work presents an experimental validation on RF-based SWIPT techniques. Specifically,
using the Powercast P2110 Powerharvester Receiver, we evaluate its potential of being applied to various
low-power embedded applications. We analyze the performance of these commercially available energy
harvesting RF receivers in packet-based networks to show that energy harvesting in such cases are only
possible with packets of long lengths in practical environments. Furthermore, we experimentally show that
despite carrying energy, external noise factors on the wireless channel can deteriorate the RF-based energy
harvesting performance due to high voltage amplitude fluctuations. Based on such observations, we present
a set of system-level suggestions for future SWIPT-based system development.

INDEX TERMS Wireless power transfer, SWIFT, packet-based wireless networks.

I. INTRODUCTION
In designing low-power embedded systems for various appli-
cations in different environments, minimizing the energy
usage on the resource-limited computing platforms has been
a long-time challenge for system designers. As a result,
the low-power embedded systems research community has
introduced a number of schemes for conserving the energy
on resource-limited wireless platforms [1], [2]. Given that
the radio module is the dominant power consumer in most
low-power platforms [3], minimizing the radio’s idle listening
durations has been a major research issue to resolve [2].
In addition to these ‘‘energy-saving’’ approaches, another
direction of research was in designing systems that ‘‘harvest’’
energy from external sources (e.g., sunlight, wind, etc.). For
outdoor deployments, utilizing the available external energy
sources is considered to be a typical system design approach.

In addition to natural resource-based energy harvest-
ing, researchers in the wireless communications community
have introduced an interesting topic of transferring power
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resources ‘‘over-the-air’’ using the radio frequency (RF) sig-
nals that are used to transmit data packets. The concept
of Simultaneous Wireless Information and Power Trans-
fer (SWIPT) and RF-based energy harvesting utilizes the fact
that RF signals themselves are a form of energy in the air.
Compared to harvesting energy from other external sources,
such as solar, thermal or wind, RF is more ubiquitously acces-
sible in a wireless network environment and is less impacted
by uncontrollable environmental factors such as weather and
geographical conditions; thus, can provide the system with a
more consistent form of energy source.

In SWIPT-based networks, a subset of nodes exchange
data using the RF signals, while other nodes, which overhear
these signals, collect RF signal-based energy using a capac-
itor and a charging circuit. Of course, ideally with resource
division mechanisms, such as a power splitter [4] or a time
switch [5], a single node can use a subset of the input signal
for energy harvesting and the rest for information decoding.
With an acceptable level of energy transfer efficiency, low-
power wireless embedded systems can utilize this additional
power-resource to worry less about their limited power bud-
gets. A majority of previous research in the SWIPT domain
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present theoretical foundations on how SWIPT can benefit
wireless systems and how resource division should occur for
achieving efficient network performance. Systems designed
based on SWIPT can be highly suitable for enabling the
Industry 4.0 concept [6], by attaching multiple sensors for
monitoring the status of various manufacturing equipment
attached wirelessly to a data collection gateway [7]. In such
deployments, SWIPT can allow the sensors to be (potentially)
batteryless by gathering energy collected from the RF signals
from the gateway.

With increasing interest in SWIPT and its attractiveness,
commercial chip vendors, such as Powercast, released a num-
ber of hardware module implementations for experimentally
validating SWIPT technologies [8]. In this work, we take
an experimental approach in validating the effectiveness of
SWIPT-based system designs using such Commercial-Off-
The-Shelf (COTS) devices. Specifically, this work targets
to validate one of the major assumptions that many theo-
retical SWIPT-related work take as granted: the assumption
of continuous transmissions on the wireless medium. Most
theoretical work and practical implementations in SWIPT
research until now make the assumption that the transmitter
node, which transmits the RF-based energy, continuously
transmits signals for the receiver to capture energy from.

However, most current day wireless systems operate based
on packet-based data transmissions rather than continuous
signal-encoded data transmissions. Performing packet-based
transmissions indicate that there are idle times in between
multiple packet transmissions. On an energy harvesting per-
spective, these idle durations force the energy harvesting
module’s capacitor to deplete its stored energy. In a typical
packet-based wireless network, system-level factors such as
the packet transmission duration and the inter-packet inter-
val can impact the RF-based energy transfer performance.
Furthermore, the strength of the incoming packet signals can
also be a critical factor that determines the energy harvesting
efficiency of the system. Nevertheless, still, the question of
how much these varying factors can potentially impact the
energy harvesting performance, still remains open.

Using a COTS RF energy harvesting module (e.g., Pow-
ercast P2110 Powerharvester Receiver [8]), we empirically
measure the impact of packet-based networks on its SWIPT
and RF energy harvesting performance. Given that the
Powercast P2110 module collects energy for sub-GHz RF
signals, we use the Texas Instruments CC1200 sub-GHz
transceiver as the packet transmission device (c.f., Fig. 1).
Using such an experiment configuration, we confirm the
effectiveness of RF-based energy transfer under various net-
working configurations as a way to provide guidelines for
future system development and also to validate the prac-
tical feasibility of applying SWIPT technology in wireless
systems. Our results quantify the impact of the data rate,
packet size, packet transmission interval, and received signal
strength on the RF energy harvesting efficiency. Especially,
we show that the packet transmission interval, when dense
enough, achieves a super-linear energy harvesting efficiency

FIGURE 1. Our experimental setting with a Powercast P2110
Powerharvester Receiver for RF-based energy gathering and a Texas
Instruments CC1200 Sub-GHz Transceiver as the packet transmission
node. We vary the packet transmission and link characteristics to
examine the efficiency of RF-based energy harvesting under various
packet-based networking scenarios.

improvement performance. Furthermore, we also show that
external interference or noise factors, although being a form
of RF energy itself, affect the energy harvesting performance
negatively due to the disrupted signal inputs to the RF-to-
DC harvesting module. Based on these results, we organize
a set of suggestions for future deployments that target to
exploit RF-based energy harvesting for low-power embedded
network system design.

We summarize the contributions of this work in threefold.

• We identify a major assumption made by most SWIPT
or RF-based energy harvesting-related previous work
and discuss the importance of considering the packet-
based networking paradigm in evaluating RF energy
harvesting performance.

• Using a set of experiments, we provide empirical results
on the impact of various network system-level parame-
ters on RF-based energy harvesting efficiency.

• We provide practical suggestions on the consideration
points for system designers that plan to apply SWIPT
technologies to their low-power embedded platforms.

The remainder of this paper is structured as follows. Using
Section II, we introduce the SWIPT concept and discuss the
need for considering packet-based networks. We examine the
impact of packet-based networks and how various networking
parameters impact the RF energy harvesting efficiency in
Section III and provide suggestions for future system design-
ers in Section IV. We summarize some related previous work
in the SWIPT and RF-based energy harvesting domain in
Section V and Section VI provides an overall summary of
our work.

II. SIMULTANEOUS WIRELESS INFORMATION AND
POWER TRANSFER AND THEIR RESEARCH LIMITATIONS
SWIPT, Simultaneous Wireless Information and Power
Transfer, is a technology for enabling energy harvesting
and information transmission using the same RF signal in
the wireless medium. Considering typical scenarios, SWIPT
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FIGURE 2. Conceptual diagram of SWIPT (top) and an illustration of
SWIPT operations at the receiver (bottom).

holds the potential to benefit various low-power applications,
in which many power budget-limited nodes operate with a
high-power transmitting base-station node. As we illustrate in
Figure 2(a), data is typically transmitted to a single node in the
network. Therefore, all other nodes that overhear this omni-
directional RF transmission can capture the energy of the RF
signals and store the energy in a local power storage unit (e.g.,
capacitor, re-chargeable battery). The data decoding device,
or the destination node, can also determine what amount of
the incoming RF signals will be spent for data decoding so
that it can split the remaining proportion for harvesting and
storing.

On a hardware perspective, supporting SWIPT requires an
additional hardware module to typical platforms which com-
bine a microcontroller (MCU) with a low-power radio [3].
Specifically, for supporting energy harvesting, an additional
module for splitting (or dividing) incoming RF signals and a
hardware unit for RF-to-DC conversion is required. We pro-
vide an illustration of this add-on hardware architecture
in Figure 2(b). As we can see here, in an ideal configuration
for SWIPT, RF signals are divided into two streams at the
receiver: one for information decoding and the other for
energy harvesting. We present details on the roles of each
hardware module below.
• RF transceiver module for exchanging RF signals.
• Low-power MCU for processing information and appli-
cation software management.

• Information detector for decoding raw RF signals into
useful data.

In additional to these traditional mote-level components,
SWIPT-based systems introduce additional modules for
energy harvesting as the following.
• RF energy harvester for harvesting energy from RF
signals, consisting of an impedance matching circuit,
a RF-to-DC converter, and a DC-to-DC converter. Here,
the impedance matching circuit maximizes the trans-
ferred power at the antenna, the RF-to-DC converter
transforms the AC RF signals into DC voltage, and the
DC-to-DC converter amplifies theDC voltage level from
the RF-to-DC conversion unit to allow ultra-low voltage
operations.

• Power management unit (e.g., splitting unit) for deter-
mining whether the RF should be used for information
decoding or energy harvesting. This unit also determines
the rate for energy splitting between the two operations.

• Energy storage module for storing the harvested energy
(e.g., capacitor, battery etc.).

With such hardware assumptions, research work on
SWIPT has been active in various system aspects. Exam-
ples include SWIPT configurations for point-to-point
links [4], [5], [9], multi-user systems [10]–[12], multi-
antenna systems [13]–[16], relay systems [17]–[19], and
cognitive radio networks [20], [21].

While these previous work demonstrate how SWIPT tech-
nology can be used in various low-power wireless systems,
they hold two major drawbacks. First, many of these work
base their findings using simulations, which only partially
reflect how SWIPT systems will perform in reality. Second,
they mostly assume that RF signals are transmitted ‘‘continu-
ously’’ at the transmitter. This second assumption allows the
receiver to consistently maintain a full capacitor to provide its
processing and radio units with enough power for continuous
operations, making it easier to model mathematically. How-
ever, in reality, most wireless systems are designed around
packet-based networks, which introduce discontinuous and
sparse network traffic. This leads to the need for a detailed
study on the conditions in which SWIPT systems are prac-
tically effective. Specifically, using real experiments in the
next section, we try to answer a simple yet essential question
in realizing SWIPT-based systems. ‘‘How often and how long
should packet transmissions occupy the wireless medium for
effective SWIPT operations to take place?’’

III. PERFORMANCE OF SWIPT SYSTEMS
With the problem statement above, this work targets to pro-
vide an experimental observation on the impact of packet-
based networks (i.e., wireless networks with non-continuous
traffic) on the RF-based energy harvesting performance
within SWIPT systems. The goal of this work is not in propos-
ing a new algorithm or mechanism for SWIPT systems, but
rather its contributions are in sharing the current status of
RF-based energy harvesting in a more realistic experimental
environment.
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A. EXPERIMENTAL ENVIRONMENT
For our experiments, we set up an experimental environment
consisting of a transmitter node and two types of receiver
nodes. The transmitter sends periodic packets at different
inter-packet intervals (IPIs), while one receiver tries to cap-
ture power from these RF signals. We also position a sec-
ond receiver near by to confirm that information delivery
takes place properly by receiving and decoding data instead
of energy. For the transmitter and the data receiving node,
we use the CC1200-DK platform, which provides a transmis-
sion power of up to 14 dBm and a receiving sensitivity of -
100 dBm in the sub-GHz (e.g., 900 MHz) range [22]. As the
energy harvesting unit, while ideally an energy harvesting
module should be integrated to the transceiver directly, for
testing purposes, we use the Powercast P2110 platform.
The P2110 module is equipped with a 915 MHz-centered
RF-based energy harvesting module along with two capac-
itors of different sizes [8]. Among the two capacitors, our
work utilizes the smaller 1000µF capacitor, which has a
dissipation factor, tan δ, of 0.3. We note that there are a
number of the state-of-the-art products in RF energy har-
vesting, such that E-PEAS (AEM30940, AEM40940), RF
Diagnostics (RFD102A), Energous (DA2210, DA2223),
Ossia (Cota solutions), and Powercast (P2110, P1110). In our
experiments, we select Powercast P2110 Powerharvester
Receiver due to its high reliability in RF energy harvest-
ing performance and compatibility with Texas Instruments
CC1200 sub-GHz transceiver.

With these three node platforms, we configure the transmit-
ter to send packets of various sizes at different IPIs as unicast
packets to the data reception module. Note that the data
receiving platform only focuses on collecting data and the
P2110module only collects energy from the incoming (omni-
directional) RF signals. Ideally, in a system where the energy
harvesting module is integrated into the data transceiver as
part of a SWIPT implementation, there will be a power split-
ting (e.g., resource dividing) module that determines whether
or not the RF signal should be used for information decoding
or energy harvesting (or what percent should be used for each
case). In this work, we assume a scenario in which the two
receivers each split the incoming RF signal fully towards data
reception and energy harvesting, respectively.

B. EMPIRICAL VALIDATION OF RF-BASED
ENERGY HARVESTING
With the experimental configurations above, we now present
empirical results collected on the performance of RF-based
energy harvesting for realizing SWIPT-oriented systems in
packet-based wireless networks.

Using Figure 3 we capture, and illustrate the operations
occurring on the Powercast P2110 module in terms of the
power harvesting performance and periodic voltage supply
using the collected power from RF signals for two different
input RF signal power levels (e.g., RSSI). Notice from the
yellow traces, where we plot the charge level of the P2110’s

FIGURE 3. On-board capacitor charge level traces illustrated over time
with periodic packet receptions in yellow and power output supplied by
the charged capacitor illustrated in blue. Higher input RF-signal strength
leads to a steeper increase for each packet reception: allowing for a
faster capacitor charge cycle.

1000µF capacitor, that as packets are received, the voltage
level of the capacitor increases similar to a step function.With
higher input power, each packet reception leads to a steeper
increase, while a lower input power results in slower increase
in charge levels. As a result, as the blue line plot shows,
which represents the supply voltage for the output power
from the P2110 module when connected to a 10K � resistor,
the capacitor outputs its aggregated voltage once it reaches
a target charge level. Furthermore, the interval of (periodic)
power output occurrences change with respect to the charging
efficiency (e.g., input RF power levels). If we were to have
a significantly low RSSI at the receiver, the energy charge
activity will not be able to keep up with the natural energy
dissipation of the capacitor. Therefore, the power charging
cannot occur properly. In such cases, a low-power platform
and its capacitor will not be able to gather sufficient amount
of energy for the radio and sensing modules to utilize.

To understand the impact of the input signal strength
level on RF-based energy harvesting efficiency, and gain a
perspective on the minimum level of signal strength that
provides effective energy harvesting, we first present results
on the RF-based energy harvesting performance with varying
received signal strength at the energy harvesting unit. Here,
we test for a periodic traffic pattern with an inter-packet inter-
val (IPI) of 500 msec and configure the size of each packet
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FIGURE 4. Active duty-cycles in which the Powercast P2111 provides 3.3V
output for 10K � load with varying received signal strength levels along
with durations for each active period. An input RF signal strength
of 12 dBm with 38.4 kbps data rate provides enough energy to actively
power the platform for 10% of the time, in which each duration lasts for
∼200 msec.

to be 100 bytes transmitted with varying data rates between
38.4-100 kbps. This traffic pattern leads to a channel occu-
pancy duration of ∼8-20 msec every 500 msec. We note
that the results that follow will further examine the impact
of different networking factors such as varying IPI, packet
sizes, and external noise, while this result focuses on the input
received signal strength at the power harvesting platform in
an ideal channel environment (e.g., no external noise).

Figure 4 plots the ratio of active power supply durations
(e.g., active duty-cycle) computed as the percentage
of the current supply duration, in which the platform was
able to provide a steady current at 3.3 V using the energy
gathered at the capacitor in Figure 4(a) (e.g., percentage of
the blue duration in Figure 3 over the duration the capacitor
needs to charge itself), and the actual time duration of each
of these power supply periods in Figure 4(b). As the blue
traces in Figure 3 suggests, the capacitor on the Powercast
P2110 platform only outputs power when reaching a given
voltage level. Therefore, these plots show how the power
supply periods take place with energy harvesting. We can see
from Figure 4 that with an input signal strength of∼12 dBm,
the platform is capable of providing a steady power for∼10%
of the operational periods and each of these (semi-periodic)
power supply durations continue for ∼200 msec. Note that
while the operational period stays fairly stable, the changes
in the number of packets needed to charge the capacitor will
heavily impact the active duty-cycle performance. We also
emphasize that since a slower data rate will require the packet
transmissions to take longer, more energy can be collected

FIGURE 5. Per-second current supply at 3.3V for varying received signal
strengths. At 12 dBm input power and a IPI of 500 msec, the energy
harvesting platform collects enough energy to power a low-power mote
platform for one second every eight minutes.

on the RF-based energy harvesting module’s perspective.
In other words, unlike in typical wireless communication
systems, a lower data rate can benefit the system-level effec-
tiveness of RF-based energy harvesting. This will naturally
lead to a tradeoff between the communication efficiency and
energy harvesting efficiency, which the system designers can
utilize with respect to the objective of the wireless network.

Furthermore, in Figure 5 we provide results on the empir-
ically measured ‘‘per-second supply power’’ or the ‘‘aggre-
gate per-second harvested power’’ for the energy gathering
platform. We compute this by aggregating the amount of
energy generated within the active power supply duration
in Figure 4(b). Here we can observe a trend indicating that
for regions with high-power input RF signals, the power gath-
ering efficiency increases super-linearly. Given that a low-
power embedded platform, such as the widely used TelosB
platform [3], uses ∼60 mW in active mode (including its
microcontroller and radio operations), ∼8 minutes of power
gathering at 12 dBm (with an IPI of 500 msec and a data
rate of 38.4 kbps) can allow a low-power platform to operate
for one second. On more powerful platforms, such as the
Egs platform using IEEE 802.15.4 and the ARM Cortex
M3microcontroller [23], we can compute an estimated opera-
tion time of ∼379 msec using this saved power. We note that
these values are based on the reported energy usage values
of each platform. In reality, the actual operation time that
these platforms will experimence can depend on the actual
workload and platform design. This number suggests that the
RF-based energy harvesting offers sufficient enough time to
perform a simple sensor-sampling operation and transmit the
collected data.

We note that the absolute performance values presented
in this paper are specific to the Powercast P2110 module,
which provides a lower-bound of -12 dBm for energy har-
vesting with a 1000µF capacitor. These absolute values can
change with different energy-harvesting hardware configu-
rations. Nevertheless, we believe that the results here can
provide performance trend guidelines for other RF-based
energy harvesting modules sharing similar characteristics.

Next, we fix the RF input signal power to 12 dBm and vary
the IPI of packet transmissions, which will naturally vary the
channel’s occupancy durations (i.e., ‘‘how long is the wireless
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FIGURE 6. Active duty-cycles in which the Powercast P2111 provides 3.3V
output for 10K � load with varying inter-packet intervals along with
durations for each active period. With frequent packet transmissions (i.e.,
low IPIs), the energy harvesting performance increases ‘‘super-linearly’’.

channel occupied?’’). By changing the packet transmission
intervals, we target to differentiate the energy harvesting
module’s chances of energy harvesting. Furthermore, for the
three data rates tested previously, we configure a fixed packet
size of 100 bytes.

Figure 6 plots the active duty-cycle and the duration of each
active period for this experiment.We can see from Figure 6(a)
that while the trend of the active duty-cycle stays linear up to
IPI = 400 msec, with IPI<400 msec, the performance trend
evolves to be ‘‘super-linear’’ with respect to decreasing IPI.
The main reason behind this performance is in the fact that
the frequent ‘‘step-like’’ increase in the capacitor’s voltage
charge at a low IPI allows little time for the capacitor to
naturally dissipate its power in the idle durations (c.f., Fig. 3).
Therefore, a more frequent charge due to a lower IPI allows a
more effective charging performance to occur. Nevertheless,
as Figure 6(b) shows, the duration of each power supply cycle
stays fairly stable. Surprisingly, with an IPI of 125 msec at
38.4 kbps, our energy harvesting platform allows for an active
duration of ∼250 msec with an active duty-cycle of ∼48%.
We then plot the empirically measured per-second supply

power on the energy harvesting platform for varying IPIs in
Figure 7. The results here similarly follow the active duty-
cycle trend (c.f., Fig. 6(a)) due to similar reasons as detailed
above. The fact that the amount of harvested power increases
super-linearly at small IPIs suggests that a frequent charge
activity from packet receptions can allow the energy harvest-
ing to operate more effectively.

Using Figures 8 and 9, we plot the active duty-cycle,
per active period duration, and the per-second current

FIGURE 7. Per-second current supply at 3.3V for varying inter-packet
intervals. Similar to the active duty-cycle performance, the per-second
current supply performance increases super-linearly with decreasing IPI
in the low regions.

FIGURE 8. Active duty-cycles in which the Powercast P2111 provides 3.3V
output for 10K � load with varying packet sizes along with durations for
each active period. Increased packet sizes provide more time to perform
RF-based energy harvesting and offer a higher active duty-cycle.

supply, respectively, for varying packet sizes. Here, we fix the
received signal strength to 12 dBm and the IPI to 500 msec.
Given that increased packet sizes provide more time to collect
energy for each packet transmission, the active duty-cycle and
current supply levels increase linearly with this increasing
duration.

When comparing these results with the results from vary-
ing IPIs (c.f., Figs. 6(a) and 7), we can notice that despite
the packet size and IPI both increasing the channel utiliza-
tion, which increases the energy harvesting durations, for
RF-based energy harvesting, the IPI has a heavier impact.
This behavior becomes prominent in the low IPI ranges
by charging the capacitor more frequently by suppressing
the capacitors energy dissipation; thus, increasing the active
duty-cycle and current supply levels super-linearly.

Lastly, we examine the impact of energy harvesting with
external interference. Wireless systems, especially those
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FIGURE 9. Per-second current supply at 3.3V for varying packet sizes.
Increasing packet sizes linearly improves the current supply performance.

FIGURE 10. Voltage traces captured at the capacitor for cases with the
external interferer. By introducing external interference RF signals,
the input voltage towards the capacitor significantly fluctuates.

operating on the ISM bands, are prone to facing external
RF interference. Therefore, it is important to be cautious of
how external interference will impact the overall system’s
performance and its objectives. For data communications,
we already know through many decades of wireless systems
research that external RF factors can harm the incoming
quality of signals by distorting their original waveforms.
However, for RF-based energy harvesting it is easy to believe
that, external interference, since it is a form of wireless
energy itself, can be ‘‘harvested’’ at the energy harvesting
unit. To confirm such hypothesis, we designed an experimen-
tation environment where we introduce an additional device
generating unexpected external interference within the same
frequency-band. We connect this third device to the original
wired connection. We show the resulting capacitor voltage
patterns after adding this additional interferer in Figure 10.
Note that here, we set the signal strength of the interferer to
be higher than the originally transmitted RF packet. When
comparedwith the traces in Figure 3, we can see that the inter-
ferer introduces a highly fluctuating amplitude of voltage to
the packet-reception originated voltage input to the capacitor.

With this, we plot duration of each active period along
with the per-second harvested power in Figure 11. We can
see here that with interference levels that are slightly lower
than the transmitted signal (i.e., 12 dBm for the original signal
and ∼9 dBm as the input power for the interference signal),
our system faces a slightly shorter active duration period and
lower harvested power supply levels. Furthermore, with the
interferer generating signals at a power much higher than

FIGURE 11. Duration of each active period and the harvested power for
RF-based energy harvesting under different external channel
configurations. Lines denote the standard deviation performance. The
introduction of interference factors disturb the incoming RF signal
patterns to reduce the RF-to-DC effectiveness and decrease RF-based
energy harvesting efficiency.

the strength of the received signal from the transmitter (i.e.,
12 dBm for the original signal and ∼18 dBm as the input
power for the interference signal), we see a ∼26% reduction
in the active duration and ∼23% loss in the supply power.
This result is somewhat unexpected given that interference
RF is also a form of RF energy and the RF-based energy
harvesting module should be able to capture this as well.
We explain this using how the RF signals are translated into
collectible energy. Given that the RF-to-DC unit (or a recti-
fier) uses the absolute amplitude of the incoming RF sine-
waves to generate a stable DC, with distorted waveforms,
where the amplitude of the positive and negative waves highly
differ, the resulting absolute value of the amplitudes will fluc-
tuate; thus, lead to an unstable DC being generated as input
to the capacitor. Such unstable DC current input reduces the
efficiency of energy collection at the capacitor, which results
in lower energy harvesting effectiveness. This suggests that if
the incoming signal is disrupted due to external interference
factors, the performance of a RF-based energy harvesting unit
may not perform at its optimal.

IV. SUGGESTIONS FOR FUTURE SYSTEM DESIGNS
Based on our empirical results and our experimental experi-
ence, we now present a set of practical suggestions for system
designers that target to deploy RF-based energy harvesting
and SWIPT technologies as part of their low-power wireless
systems.
• SWIPT is Not (yet) Ready: Our results show that
harvesting energy from RF signals is, in reality, possi-
ble; possible enough to potentially power and recharge
low-power wireless embedded platforms in applications
with minimal sensing/reporting requirements. However,
such effectiveness was only possible with a high recep-
tion signal strength at the energy harvesting unit (e.g.,
>10 dBm). Nevertheless, practically achieving a stable
received signal strength of >10 dBm is not possible in
most wireless application scenarios. For systems that
operate on limited energy sources, this high reception
power is even harder to achieve. This is, therefore,
a major engineering limitation that holds back the
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applicability of RF-based energy harvesting in various
domains. Despite the fact that they may not be able to
be applied right away, we still argue that the findings in
this work can benefit future research in two major direc-
tions. First, installing a high-power transmitting gate-
way to form mini-clusters of many single-hop networks
can help assist smaller-sized, resource-limited devices
(surrounding the gateway node) to capture energy at
high levels. With such smaller-sized ‘‘cells’’, the over-
all network architecture can be abstracted to multi-
ple single-hop sectors, in which a high-power gate-
way interacts with multiple energy-harvesting nodes
to form a multi-tier network topology. Second, given
that these RF-energy harvesting limitations are an
effect of the energy collection module (e.g., P2110),
as technology improves, the energy harvesting effi-
ciency holds the potential to further increase. Even in
such cases, the question of how RF-based energy har-
vesting technologies will perform with (sparse) packet-
based networks will remain a question. We believe that
the findings from this work can act as a guideline in
designing systems under such circumstances by simply
scaling down the results related to the reception signal
strength.

• Channel Utilization Requirements: The results from
this work also suggest that there should be a substantial
amount of traffic on the wireless medium for the radio
to effectively pick up wireless RF energy for harvesting.
Quantitatively, the data rate, packet size, and the packet
transmission interval impact this channel utilization per-
formance. With a lower data rate (or a longer packet
size), the transmitter will spendmore time sending pack-
ets, but at the same time, allow for the energy-harvesting
nodes to collect energy for longer durations. Similarly,
with more frequent packet transmissions, the energy
harvesting unit will have more opportunities to charge
its capacitor. We also noticed that the impact of inter-
packet intervals (i.e., transmission frequency) had an
heavier impact on the energy harvesting performance
than the data rate and packet size factors, given that it
decreases the idle times, in which the capacitor naturally
dissipates its stored energy. Nevertheless, for most low-
power applications, the packet transmission frequency
is an application-level requirement that is not easily
controlled at the system design phase. This means that
in many cases it makes less sense to design a system
with a frequent transmission interval just for the sake
of charging a low-power node. Instead, system design-
ers can apply heterogeneous data rate networks, where
downlink packets (e.g., from a high-power gateway node
to low-power energy-harvesting nodes) are sent using
a lower data rate to maximize the harvesting duration,
while uplink packets (e.g., from the low-power nodes
to the gateway) are sent using a higher data rate to
minimize the radio operation time on the resource-
limited nodes. For various industrial applications, in

whichmultiple sensors are connected to amanufacturing
equipment to transfer data to a gateway, this single-
hop, asynchronous transmission power-based wireless
system can be a suitable design choice.

• Capacitor Design Considerations: The performance
of the capacitor takes on a critical role in RF-based
energy harvesting systems, especially for packet-based
networks. Given a network traffic pattern of an applica-
tion, it is important that a suitable capacitor is selected in
the hardware design phase so that the natural energy dis-
sipation speed of the capacitor’s energy does not exceed
the expected input power via RF-reception. In some
sense, this can be planned in advance. Using an esti-
mated channel utilization value (with respect to the data
rate, packet size, and transmission frequency), combined
with an expected connection topology (e.g., estimated
received signal strength for each packet), system design-
ers can plan the expected amount of energy input per
time instance and configure an appropriate capacitor to
meet their application-level design goals.

V. RELATED WORK
We now position our work among existing literature in the
domains of energy harvesting and SWIPT technology on
wireless sensor networks (WSNs).

Research on energy harvesting using various energy
sources, such as vibration, light, thermal and solar energy,
have been investigated steadily as a way to operate wireless
sensor nodes without battery limitations [24]–[26]. Recently,
in accordance with the characteristics of WSNs packet trans-
missions, which emit electromagnetic radiation, RF energy
harvesting is gaining interest as a potential solution for
enabling self-powered low-power platforms. In RF energy
harvesting, a variety of research areas has been investigated,
including the antenna design for miniaturization and high
gain [27], [28], matching circuits for the high efficiency
of energy conversion [29], rectifier designs for high sensi-
tivity [30], [31], and the feasibility itself of achieving RF
energy harvesting [32]–[38]. In particular, the performance
of RF energy harvesting was theoretically analyzed by the
random arrival model of RF energy source, e.g., a stochastic
geometry approach, in [34]. [35], and its feasibility was also
experimentally evaluated in large-scale networks [36]–[38].

With the hope that RF energy harvesting will successfully
take-off over the next few years, many researchers also exam-
ined the potential of simultaneously transferring energy as
well as information using the RF signals, SWIPT. As initial
research, simple operation rules and implementation archi-
tectures at receiver for enabling SWIPT were researched
intensively in point-to-point link-based systems. For exam-
ple, opportunistic time switching [5] and dynamic power
splitting [4] methods at the receiver were proposed to resolve
various trade-offs between information transfer and energy
harvesting under a finite amount of resources. Furthermore,
two types of practical receiver architectures, separated and
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integrated information and energy receivers, have also been
designed and evaluated by Zhou et al. [9].
To target system-level optimization, SWIPT-related

research expands to multi-user systems, where researchers
investigate the diversity of resource allocation algorithms
for optimizing system performances. In order to maximize
system throughput while guaranteeing a target energy har-
vesting level, power allocation schemes with time switching
and power splitting were proposed in multi-user OFDM
systems [12]. Similarly, researchers also looked into various
power control schemes for various configurations such as
single- or multi-user, downlink/uplink, and variable/fixed
coding rates [10].

While these previous work provide a first-hand intuition
in designing SWIPT-based systems, single antenna systems
hold limitations in ensuring reliable system performance.
This led to the research in multi-antenna systems. As exam-
ples, Shi et al. tried to minimize the transmission power at the
base-station node using multiple antennas and beamforming
vectors with mobile stations [14]. For maximizing achievable
rate under the constraint of energy harvesting, Zhao et al.
presented solutions to the joint optimization of antenna selec-
tion and the transmit covariance matrix [16]. In addition,
the performance limits of multi-antenna SWIPT systems for
separated and co-located receivers were evaluated by Zhang
and Ho [15]. Similarly, Park and Clerckx performed research
in identifying the achievable rate-to-energy tradeoff region in
a two-user MIMO interference channel [13].

In addition to single-hop systems, research on multi-hop
relay systems has also received attention in the SWIPT
research domain as a way to further increase the net-
work scalability. Here, various research issues exist in
domains such as relay protocols and operation rules for
energy harvesting networks. Nasir et al. proposed a pair of
relaying protocols: time switching-based relay and power
splitting-based relay systems [19]. Furthermore, Krikidis et
al. introduced a simple greedy switching policy on time
switching-based receivers [18], and in [17] the authors inves-
tigated in proposing a low-complexity antenna switching
scheme between decoding and rectifying RF power inMIMO
relay channels for efficient SWIPT operations.

More recently, cognitive radios are also gaining attention
as a potential system architecture for SWIPT given that sec-
ondary users can continuously harvest energy occurring from
the primary user’s RF signals. To achieve such advantages,
research on cognitive radio-based SWIPT systems mostly
has focused on the evaluation of system performances with
respect to the interaction between primary and secondary
user systems. Lee et al. showed analysis on the secondary
systems’ performance, in which the secondary transmitter
can harvest ambient RF power from nearby active primary
transmitters while opportunistically accessing the unlicensed
spectrum [20]. In addition to this, the work by Zheng et al.
investigate into improving the spectral efficiency using joint
information and energy cooperation between primary and
secondary systems [21].

Finally, we acknowledge recent experimental work rel-
evant to our research. In [39], the authors implemented a
testbed for a multi-antenna wireless-powered sensor net-
work (WPSN) to evaluate energy beamforming and duty
cycle control algorithm to charge a single node. Furthermore,
a beam-splitting beamforming was proposed to charge mul-
tiple nodes simultaneously by splitting energy beams [40].
In [41], the authors proposed a distributed wireless power
transfer system, in which a number of power beacons
equipped with multi-antenna transmit RF power with fre-
quency and phase synchronization to charge IoT nodes.

An alternative approach for implementing batteryless
systems is applying RF backscattering techniques [42].
These devices are used to reflect well known signals (e.g.,
TV signals or WiFi signals) to send messages to a distant
receiver. While sharing the same philosophy of potentially
enabling batteryless platforms for data exchange, energy har-
vesting techniques such as the ones used in SWIPT systems
are designed to collect and store energy at higher scales
than backscattering systems and can potentially be applied
on more powerful platforms given proper capacitor-battery
configurations.

VI. SUMMARY
SWIPT and its RF-based energy harvesting features hold the
potential to alleviate low-power wireless systems from the
long-lasting and limitation of operating under strictly limited
energy budgets. Such attractiveness led to active research
in this research domain. Until now, a majority of previous
work in RF-based energy transfer has been centered around
theoretical bounds; therefore, making a number of critical
assumptions that cannot properly reflect reality. Among these
assumptions, one critical assumption made by most previous
work is the continuity of signal transmissions when capturing
energy fromRF-signals. This work starts with the observation
that this, in most cases, is not true. Rather, most wireless sys-
tems are designed as ‘‘packet-based’’ networks. This means
that the wireless medium will frequently, or mostly, be idle,
while actively carrying traffic for only a small subset of the
entire time-duration. Naturally, such idle duration between
packet transmissions will give heavy impact to the overall
energy harvesting performance. Using experimental evalua-
tions with the Powercast P2110 energy harvesting platform,
we show that impact is indeed true. Specifically, with low-
channel utilization, even with a high enough input power,
we noticed that, using our experimental settings, RF-based
energy harvesting can result in a very low harvesting effi-
ciency. Nevertheless, we also show that frequent packet trans-
missions and longer packet sizes can improve this efficiency
super-linearly and linearly, respectively, by minimizing the
duration in which the capacitor faces natural dissipation.
Furthermore, we show that the impact of external interfer-
ence, although also being a form of energy itself, can harm
the RF-based energy harvesting efficiency by disrupting the
waveforms of the incoming signals. These results, while per-
formed in a controlled environment, suggest that RF-based
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energy harvesting in packet-based wireless networks can be
possible, not at the moment, but possibly soon with fur-
ther engineering improvements. We use these experiences
to share guidelines with future system developers on how
SWIPT can be designed for low-power wireless network
systems. Overall, we see this work as one of the first and
essential steps in realizing SWIPT systems for packet-based
networks, a widely used networking paradigm.
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