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Abstract

We propose an approach to energy-neutral operation by
Wi-Fi beamforming for wearable devices to achieve energy-
neutral operation. We take advantage of the transmit beam-
forming feature of IEEE 802.11ac’s multiple input, single
output (MISO) structure to focus the transmit power to im-
prove the transmission distance and the harvested power
level. To analyze the WiFi power distribution, we design the
system model of an AP’s beamforming. To empirically vali-
date our system model, we measure the wireless power of an
AP in a variety of distances. Experimental results show that
wearable devices with proper sampling rates can achieve an
energy-neutral operation.

Categories and Subject Descriptors

H.4 [Information Systems Applications]: Miscella-
neous; D.2.8 [Software Engineering]: Metrics—complexity
measures, performance measures

General Terms
Theory

Keywords
Wi-Fi, energy scavenging, beamforming.

1 Introduction

RF energy harvesting from Wi-Fi base stations can be an
important technology for a large class of devices in the In-
ternet of Things (IoT) [4]. Particularly, deeply embedded
systems may need to run on harvested power due to diffi-
culty in battery replacement, but those that operate indoor
may receive too little sunlight for photovoltaic generators.
Wi-Fi base stations are now ubiquitous in homes and office
environments, and they can act as a reliable source by emit-
ting RF power in a controlled manner. Although RF energy
harvesting have not been widely used due to the low level of
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available power (on the order of microwatts), low-power cir-
cuit designs have advanced significantly such that it is now
time to evaluate RF energy harvesting as a potentially viable
energy source.

One example IoT technology that has been receiving
growing attention is Bluetooth 4.0 Low Energy Technology
(BLE). Its peak current consumption is 15 mA, with an av-
erage current of about 15 g A with a duty cycle of 0.001, and
a sleep current of < 1A, allowing it to last for one year
on a coin cell battery. This level of power consumption is
starting to approach the level that can be handled by RF en-
ergy harvesting. If the level of RF energy harvesting can be
increased by an order of magnitude, then it can become a vi-
able power source for many IoT devices. While it is possible
to increase power by using high-gain antennas, their large
sizes would be impractical for most IoT devices, which usu-
ally must be miniature in form factor (e.g., embedded inside
a coffee mug). At the same time, using directional anten-
nas on the Wi-Fi base station, while available commercially,
is not a common option in most homes due to the need for
complete coverage within the home or office area.

One notable development in Wi-Fi technology is the use
of beamforming in the new IEEE 802.11ac standard. In-
stead of a static radiation pattern of a traditional antenna,
802.11ac uses an array of antennas to achieve the effect of
a focused radiation pattern dynamically in the preferential
direction. This is a promising technology that has not only
shown measurable gains in data rate over a range of distances
but also energy efficiency. More importantly, we believe that
this technology has the potential of enabling the one order of
magnitude improvement needed to make RF energy harvest-
ing practical.

We propose a space-power division multiple harvesting
(SPDMH) scheme for increasing RF energy harvesting of
wearable devices in the Internet of Things (IoT) and in
wireless sensor networks (WSN) Existing RF energy har-
vesting studies focus on time division multiple harvesting
through duty cycling harvesting and frequency division mul-
tiple harvesting through multiple antennas. However, they
do not consider other methods to improve energy harvest-
ing through space and power division multiple harvesting.
The transmit beamforming with the Multiple-Input Single-
Output (MISO) represents a promising solution to increase
the RF energy harvesting.



To improve the harvesting power and deployment dis-
tance of the wireless sensor node, the SPDMH scheme
adopts the MISO transmit beamforming of the IEEE
802.11ac standard. As an 802.11ac-compliant access point
(AP) transmits wireless signals constructively, the node with
the certain sampling rate can receive more power. This
means the node can execute more operations and can be de-
ployed at longer distance from the AP. Given that the AP’s
primary purpose is data connection with computing devices,
wearable devices can harvest Wi-Fi power of the AP oppor-
tunistically. As harvesting power can be stored in a super-
capacitor of a node, a node can perform tasks as long as a
supercapacitor stores a sufficient power.

In addition to supplying the operating power for IoT de-
vices, the proposed SPDMH technique can also provide ap-
plications such as temperature sensors deployed in smart
homes or public areas with the auxiliary startup voltage for
other energy harvesters such as thermoelectric ones. To-
gether, the technology can be an important step towards
energy-neutral operation of an important class of embed-
ded systems. Experimental results show that our technique
achieves better performances on the harvested power and
the distance compared to conventional, non-beamforming
schemes.

2 Related Work

Energy-neutral operation of wearable devices can be en-
hanced by energy harvesting circuits as energy harvesting
circuits can harvest more energy to support perpetual oper-
ation of wearable devices. Energy harvesting devices and
platforms have been proposed to improve the operating life-
time of deeply embedded systems in IoT and WSN applica-
tions. This section reviews existing energy harvesting tech-
nologies from RF sources.

RF energy harvesting has been limited to specialized sys-
tems due to the very low level of power that can be harvested.
For instance, Liu et al [5] proposes prototypes with the RX
power consumption of 0.54 uW using ambient RF as power
source. However, this level of power is barely enough to sus-
tain today’s embedded microcontroller units (MCU) in deep-
sleep mode, and any conversion such as rectifying or voltage
stepping can easily incur > 1A of overhead current. As
a result, most of these systems operate by backscattering as
the primary way to communicate with each other, similar to
RFIDs.

Instead of harvesting ambient RF power, Sample et al [§]
harvests the RF power emitted by a | MW TV tower in di-
rect line-of-site. Results show that up to 60 W can be har-
vested, which can be converted and stored to power BLE-
class devices with low duty cycles. However, the system is
also specialized and works primarily by backscattering; its
use as a more general power supply for embedded systems
still remains to be seen [10]. To provide sufficient power for
existing wireless sensor nodes, the node needs to spend more
time to store sufficient energy and be located close to the TV
tower.

Besides RF, Bandyopadhyay et al [1] proposes parallel
converters for multiple energy sources to improve the effi-
ciency. The system performs maximum power point track-

ing (MPPT), but it works primarily on photovoltaic sources
and does not include RF energy harvesting. Techniques
that use of conventional Wi-Fi APs at home or public ar-
eas as the RF energy transmitter have been proposed [3, 4],
but they provide insufficient level of harvestable power for
most wearable devices. Several studies have been pro-
posed to optimize beamforming vectors and power config-
urations [6,7,9]. However, they do not take a commercial
Off-The-Shelf (COTS) AP into account. Moreover, our pro-
posed SPDMH scheme takes advantage of scavenging wire-
less power from existing APs opportunistically rather than
dedicated or manipulating transmitters.

The MISO transmit beamforming of IEEE 802.11ac-
compliant APs represents a promising technology that can
bring the order of magnitude improvement needed to make it
viable, but it has not been explored to date. This motivate us
to adopt RF energy from Wi-Fi APs to enable energy-neutral
operations of wearable devices in the IoT applications.

3 System Analysis

In SPDMH, an AP adopts the transmit beamforming to
transfer power wirelessly to the nodes over a range of dis-
tances. The distance directly impacts the available power
for the nodes, while the nodes have different power require-
ments based on the sampling rates and communication pat-
tern. Thus, the AP may need to take the load and distance
into consideration. To improve the wireless power trans-
fer, we adopt the MISO transmit beamforming of the IEEE
802.11ac standard. The reason for using transmit beamform-
ing is that the IEEE 802.11ac-compliant AP’s built-in multi-
ple transmit antennas can transmit wireless power construc-
tively and concentrate wireless power in one direction. As
there can be multiple nodes that all need charging, the AP
can take turns concentrating its transmit power on nodes in
different directions. In this section, we investigate the proper
available distance of a node, and we explore the improve-
ments of harvesting power and distance by our proposed
scheme.

3.1 Assumptions

For the purpose of analyzing the proposed SPDMH
scheme, we assume the free-space path loss, i.e., no obsta-
cle between the AP and the node. The AP transmits wireless
signals constructively. The transmitter and receiver have the
full channel state information (CSI). All channels between
transmit antenna and received antenna are the independent
and identically distributed (i.i.d.). The scenario includes one
AP and one wireless sensor node.

3.2 Available Distance of Node

Based on the available harvesting power from the IEEE
802.11ac-compliant AP with MISO transmit beamforming
and the required power of the node with a variety of sampling
rates, we can determine the available distance of the node.
3.2.1 Harvesting Power

To analyze the available power for harvesting from the
AP, we derive the enhanced free-space path loss for MISO
from the Friis transmission equation.
3.2.1.1 Path Loss for the SISO

We adopt Friis transmission equation to analyze the free-
space path loss for a conventional radio system with the



single-in single-out (SISO) configuration. The equation ex-
presses the relationship between omnidirectional antennas
transmitting the same RF energy in each direction. As our
proposed SPDMH adopts MISO transmit beamforming, we
will augment this equation with directionality later. From
Friis transmission equation in Eqn. (1), we can determine
the signal power at the node’s antenna from the AP with the
given distance. The available power of the node’s receiving
antenna P%" with free-space path loss for SISO is given by

A\ 1
Punl — PuntAdV)f Gum‘ Gant ( ) , (1)
rx 29 gain ~Ix rx 41D vaah;
where the array gain Ay, is given by
A, = 1010g, (Np). 2

where Ny, is the number of transmit antennas. We only con-
sider the mobility of a wearable device, but we do not take
the actual Body Area Network (BAN) scenario into account,
such as channel model or loss. This will be our future work.

To compare SISO and MISO configuration fairly, the
SISO configuration adopts the same N;, and total transmit
power. The constructive transmission with given Ny, linearly
scales the voltage on the transmitter antennas to Ny V. The
output power of the transmission antennas is derived by the
square of the constructive voltage, i.e., N,%CV. As the N,
transmits Ny times transmit power, the Ay, presents the ad-

ditional gain of N2 /N, = Ny. Thus, the A;Zn is derived
by 101log;q (Ny). The P& is the output power of the AP’s
transmitting antenna, G is the antenna gain of the AP’s
transmitting antenna, G%" is the antenna gain of the node’s
receiving antenna, A is the wavelength, D is the distance be-

tween transmitting and receiving antennas, and x}fj is the

shadow fading [2]. The value of the PZ" is large than the
value of the P4" as the free-space path loss. Thus, the ratio
of P and P¥" is less than 1.
3.2.1.2 Enhanced Path Loss for the MISO

To consider the transmit beamforming with directional
antenna effect, we enhance the Friis transmission equation
by adding the beamforming gain B?;in. We employ the B?;m
into the Friis transmission equation in Eqn. (1) to enhance
the analysis capability for the MISO. The available power of
the node’s receiving antenna P%",  with free-space path loss

and the certain Ny, of the AP is given by
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where Bg}l is the main lobe degree of the beamforming.
Wireless energy is distributed in two parts: main lobe and
back lobe. As the main lobe occupies most of wireless en-
ergy, we only take main energy beam into account. There-
fore, Eqn. (4) does not consider the back loabe of the beam-
forming. If Eqn. (4) considers a back loabe portion of the

beamforming, then it will be more realistic. This will be our
future work.
3.2.2  Required Power of the Node

The required power of the node depends on the sampling
rate Ry and power consumption of the node. From the data
sheet of a popular chip for IoT, the TI CC2540 integrated
MCU and Bluetooth Low Energy RF, we can find empirical
data such as the active current I;l‘({lje of 19.6 mA and the idle
current I;‘(‘)fl’:e of 0.4 uA in power mode 3. The operating
voltage V,,,q. 15 2.2 V. Given the sampling rate Ry, the average

. avg - .
power consumption of the node P, _;, is given by
avg avg
Pnoa’e - Vnode Im)de’ (5)

where I8 is the average current of the node that is given

by
Jv8 _ qactive R, + Jidle (1 _RS), (6)

node node node

The value of the sampling rate R; depends on the requirement
of the application. For example, emergency sensing such as
fire alarm requires faster response, but non-emergency appli-
cation such as temperature sensing may be much less strin-
gent.

Improvement of harvesting power from the proposed
scheme can be calculated as follows. Given the frequency
Freq, the P2, and the D, the harvesting power improvement

P from Eqn. (1) and (3) is given by

imp

Phar — pan (Freq,D) — P (Freq,D). (7)

ump rx.en

Given the frequency Freq and the available receiving
power F,,,, the distance improvement D;;,, is given by

Dimp:Den (PavaaFreQ)_D(PavaaFreQ)a (8)

4 Performance Evaluation

In this section, we first describe the parameters of system
configuration for simulation. To evaluate the performance of
our scheme, we determine the available distances based on
the available power from the AP and power requirement of
the node. Base on the improvement of available distances,
we explore the extra power harvesting at given distance and
extra distance at given power. We build the system model by
Python programming language and plot simulation results
by Matplotlib to expose the salient characteristics. From the
available power at receiver’s antenna, P4" and P%" _ and the
required power of a node P,5 = we calculate the available
distance of a node.

4.1 Configuration

We adopt empirical data from data sheets for simulation.
Table 1 summarizes the simulation parameters for the avail-
able distance and improvements. The scenario includes one
AP with the number of antennas Ny, and one node at a variety
of distances.

4.2 Available Distances of Node

To determine available distances of the node, we evaluate
the harvesting power from the AP’s transmit beamforming
and the power requirement of the node. Fig. 1 shows the
harvesting power, the required power, and the available dis-
tance. The SR denotes the sampling rate. We observe that the



Table 1: Simulation parameters for the available distance and
improvements

\ Description [[ Parameter | Value [ Units |
No. of APs Nap 1 set
No. of transmit antennas Nix 4 set
Frequency of AP Fap 24,5 | GHz
Transmit power of AP Pup 23.45 | dBm
Antenna gain of AP Gix 6 dBi
Antenna gain of node Gy 5 dBi
No. of node N, 1 set
Idle current of node [ 04 | pA
Active current of node Iactve 19.6 mA
Voltage of node Viode 2.2 \Y
700 700
v-:v SR = 0.01 =
gsoof SR — 0.001 760073
= 500t coeee . SR = 0.0001 500738
P 2
D “—
g 409 2.4GHz SISO 14002
2 300} 5GHz SISO —300§_
= 00l 2.4GHz MISO 4x1 |,,535
= 5GHz MISO 4x1 =
100} {100 g
.............................................. <
59 4 5 °

3
Distance (m)

Figure 1: Available distance based on harvesting and re-
quired powers

MISO scheme offers higher flexibility for a node. The flexi-
bility can increase energy of a node to do more tasks and also
bring users more mobility. The transmit beamforming power
decreases by free-space path loss when the distance between
the AP and the node increases. The free-space path loss de-
creases when the frequency decreases. We use the transmit
beamforming of 4 x 1 MISO to find the available distance.
We adopt a variety of sampling rates to reduce the power
consumption of the node. The sampling rates are 102, 1073,
and 10~ in the simulation.

4.3 Harvesting Power Improvement

Fig. 2 shows the harvesting power improvement by the
proposed SPDMH. We examine that array gain increases
when number of antenna of the AP NV, increases. Due to
the rapid increment on extra power harvesting, our scheme
in the 2.4 GHz band can provide higher harvestable power
for a node.

10 10
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— B5GHz at é6m
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2
)
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Figure 2: Harvesting improvement by the proposed SPDMH

Table 2: Improvements on available power and distance
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Figure 3: Distance improvement by the proposed SPDMH

4.4 Distance Improvement

Fig. 3 shows the distance improvement by the proposed
SPDMH. From the results, we observe that when the array
gain increases, harvesting power extends the available dis-
tance of a node. Compared to 2.4 GHz, 5 GHz has a slow in-
crement on the extra distance, and we conclude that 2.4 GHz
can obtain a longer available distance for a node.

Table2 summarizes improvements on available power and
distance. The improvements are independent of the number
of antennas and location of wearable devices. Fig. 4 shows
that the extra harvestable power is a function of the distance
and the number of antennas. We observe that lower fre-
quency and more antennas result in more extra harvestable
power.

S Empirical Validation

We perform proof-of-concept experimental validation of
the MISO beamforming of IEEE 802.11ac. The purpose of
the experiments is to validate the system model and empir-
ically evaluate the available power of a commercial off-the-
shelf (COTS) AP. In this section, we describe the experimen-
tal setup and scenario, with a discussion on the results and
the system model.

5.1 Experimental Setup

Fig. 5a shows the floor map for our experimental setup
at the communication SOC Lab in National Tsing Hua Uni-

200
EHEN 2.4GHz MISO 4x1
150 EN 5GHz MISO 4x1
N 2.4GHz MISO 8x1
0O 5GHz MISO 8x1
100

"
(e]

Extra power harvesting (uW)

Distance (m)

Figure 4: Harvesting improvement depends on distance and
the number of antennas



versity, Hsinchu, Taiwan. To measure cable loss and avail-
able power of the monitor antenna at a certain distance,
we employ a Rohde & Schwarz FSU spectrum analyzer
with a frequency range of 20 Hz to 8 GHz and a Rohde &
Schwarz SMIQO6B signal generator with a frequency range
of 300kHz to 6.4 GHz. The Apple AirPort Extreme (AE)
has been chosen to be the Wi-Fi energy source of the MISO
Beamforming of the IEEE 802.11ac. We use Apple’s Air-
Port Utility to configure parameters of the AE from a Mac-
Book Air (MA). Another reason to choose the AE is the avail-
able online resources for modifying the behavior of the AE.
For a variety of experimental scenarios, we employ two Ap-
ple MAs, one with the IEEE 802.11ac-compliance (MAac)
and the other one without the IEEE 802.11ac-compliance,
and we attached an ASUS USB-AC56 USB Wi-Fi dongle
(UD) with the IEEE 802.11ac-compliance (MAud). To mea-
sure the available power at a variety of distances, we em-
ploy a CERIO ANT-0608RS omnidirectional dual band an-
tenna with antenna gains of 6dBi for 2.4 GHz and 8 dBi
for 5 GHz as the monitoring antenna (Mant). We configure
the frequency of the AE to the channel 149 of 5.745 GHz.
To measure available power of the Mant, we set up Rohde
& Schwarz spectrum analyzer at the same frequency. In
terms of cable losses, we measure cable losses by a Rohde &
Schwarz signal generator and a Rohde & Schwarz spectrum
analyzer at the frequency of 5.745 GHz. Two cable losses
are —4.33dBm and —13.67 dBm at 5.745 GHz for 1 x 1.5m
and 5 x 1 m, respectively.

5.2 Scenarios

Our experiments were conducted in the corrodor and in
the chamber. The corridor is marked as 1 in Fig. 5a and
Fig. 5b, and there are some metallic materials around the
corridor. The length of the corridor is about 5m. The RF
anechoic chamber, marked as 2 in Fig. 5a and Fig. 5c, is
about 2x2x2m> in volume. Inside of the chamber is cov-
ered by Home Sun absorbing foam pyramid HS-P3 with an
absorption value of 28 dB at 5 GHz. The experimental sce-
narios can be categorized into three cases.

5.2.1 Case 1 : Moving AE in the Corridor

In this case, we explore how much available power nearby
a laptop when the laptop is downloading a large file of about
20 GB while the AP is moving away. We fix positions of
MAac and Mant. We arrange the MAac on the Rx position
and Mant on the Ant position in Fig. 5a. We only move AE
by 20 cm each time and measure the available power on the
Mant. The AE is moved from 10 cm away from Mant to the
Tx position in Fig. 5a. The distance of MAac and Mant is
about 20 cm. The maximum distance of Mant to AE is about
5m as the Lab’s space limit. The Mant is held by a tripod.
The MAac and AE are on chairs. The height of MAac, Mant,
and AE are about 60 cm from the ground.

5.2.2 Case 2 :
Corridor

To investigate the available power at the certain distance
away from the AP between fixed laptop and AP when the
laptop is downloading a large file of about 20 GB. We fix the
positions of MAud and AE at the Rx and Tx spots in Fig. 5a,
respectively. We only move Mant from 10 cm away from AE

Moving Monitoring Antenna in the

Desk & Desk
Instruments

Metal
Rack

Spectrum
Analyzer
(A)

Signal
Generator Rx

Metal
Closet

Desk

Closet

(a) Floor map for the experiments (b) Place 1 (c) Place 2

Figure 5: Floor map and experimental places

to the Rx position in Fig. 5a. The moving direction of Mant
is opposite to the AE in case 1. In terms of parameters rel-
evant to the transmit power of AE, we configure the country
pick-up list to Taiwan (TW) and Guam in wireless option
of the AirPort Utility to investigate the respective transmit
power control.

5.2.3 Case 3 : Moving Monitoring Antenna in the
Chamber

To reduce interference from RF reflections by metal mate-
rials around the corridor, we arrange experiment into a cham-
ber. As the chamber is space-constrained, the available mov-
ing distance of Mant is about 1.3m. The only difference
between case 3 and case 2 is a shorter moving distance in the
chamber. In this case, we control the transmit power of AE
by country configurations of TW and Guam in case 2.

5.3 Discussions on Empirical Results and Sys-
tem Model

We discuss the difference between empirical results and
system model with empirical configurations. The upper
bound of available power can be calculated by system model
with empirical configurations. To enhance the transmit
power, we use the AirPort Utility to control the transmit
power. We observe the reflections and salient characteristics
of available power relevant to environment and configuration
of AE.

5.3.1 Upper Bound of Available Power

Fig. 6 shows empirical available power in a variety of dis-
tances. The first curve shows the simulation results of the
system model. The second and third curves respectively use
the case-1 and case-3 scenarios with the TW configuration,
while The fourth and fifth curves respectively use the case-2
and case-3 scenarios with Guam configuration. As the sys-
tem model based on free-space path loss and shadow fading,
the simulation results of the system model can be consid-
ered the upper bound of available power. The MISO up-
per bound is calculated by Eqn. (3) with the standard devi-
ation for shadow fading of the mean y of 10.6dB and the
standard deviation o of 2.3dB [2]. In the calculation, the
transmit power of 28.01 dBm refers to a certificate from the
National Communications Commission, Taiwan, for Apple
Airport Extreme A1521 at 5 GHz. We also apply parameters
such as three antennas of the AP and empirical beamforming
angle of 120°in the calculation.
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Figure 7: Characterizations of experiments

5.3.2  Transmit Power Control

To adjust the transmit power of the AP, we employ the
AirPort Utility 5.6.1 for Windows as the AirPort Utility 6.3.2
for MacOS X does not support transmit power configuration.
The country configuration of Guam in the AirPort Utility has
a higher transmit power than TW as the transmit power de-
pends on country regulation. This configuration can achieve
an improvement of up to 17 W that can bring more power
to a wearable device.

5.3.3  Impact of Reflections

The interesting point is that the available power measured
in the chamber is not higher than one in the corridor, even
though there is less interference in the chamber. Two reasons
can explain this. One is that some reflections from metal ma-
terials around the corridor are constructive. The other reason
is the AE has an internal power control. If the client distance
is farther, then AE increases its power to maintain the client’s
receiver signal strength at the certain level. As the chamber
has a shorter distance than the corridor, the transmit power
of AE is lower by about 6 uW.

5.3.4 Characterization of Available Power

Fig. 7 shows characterizations of available power in a va-
riety of distances with all scenarios. We observe that closer
distances have larger variances in available power due to
configurable transmit power, fewer reflections in the cham-
ber, and more or less of transmit power from an AP. Over
longer distances, the available powers are more consistent.

Based on above discussion, a BLE-based node can make
use of a patch antenna and a rectifier to harvest and store Wi-
Fi energy into a supercapacitor. With the proper sampling
rate, such a node is expected to be able to achieve an energy-
neutral operation.

6 Conclusions

We propose energy-neutral operation using transmit
beamforming to enhance wireless energy harvesting for low
power wearable devices. To analyze the performance of the
transmit beamforming, we present the system model to in-
vestigate the available harvesting power and distance im-
provements. From empirical experimental results, our sys-
tem model is consistent with the available harvesting power
from an AP. Low power wearable devices with proper sam-
pling rates can achieve an energy-neutral operation. There-
fore, we believe our work represents a first step towards mak-
ing RF energy harvesting from Wi-Fi a viable option for IoT
devices.
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