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ABSTRACT In Radio Frequency (RF)-powered networks, peak antenna gains and path-loss models are
often used to predict the power that can be received by a rectenna. However, this leads to significant
over-estimation of the harvested power when using rectennas in a dynamic setting. This work proposes
more realistic parameters for evaluating RF-powered Body Area Networks (BANs), and utilizes them to
analyze and compare the performance of an RF-powered BAN based on 915 MHz and 2.4 GHz rectennas.
Two fully-textile antennas: a 915 MHz monopole and a 2.4 GHz patch, are designed and fabricated
for numerical radiation pattern analysis and practical forward transmission measurements. The antennas’
radiation properties are used to calculate the power delivered to a wireless-powered BAN formed of four
antennas at different body positions. The mean angular gain is proposed as a more insightful metric
for evaluating RFEH networks with unknown transmitter-receiver alignment. It is concluded that, when
considering the mean gain, an RF-powered BAN using an omnidirectional 915 MHz antenna outperforms a
2.4 GHz BAN with higher-gain antenna, despite lack of shielding, by 15.4x higher DC power. Furthermore,
a transmitter located above the user can result in 1x and 9x higher DC power at 915 MHz and 2.4
GHz, respectively, compared to a horizontal transmitter. Finally, it is suggested that the mean and angular
gain should be considered instead of the peak gain. This accounts for the antennas’ angular misalignment
resulting from the receiver’s mobility, which can vary the received power by an order of magnitude.

INDEX TERMS Antennas, Body Area Networks (BAN), Electronic Textiles, Energy Harvesting, Internet

of Things, ISM Bands, RF Energy Harvesting, Wearable Antenna, Wireless Power Transfer

I. INTRODUCTION
EXTILE-BASED and wearable antennas [1], sensor
Tnodes [2], energy harvesters [3] and Wireless Power
Transfer (WPT) modules [4] have been proposed to enable
reliable and autonomous Body Area Networks (BANs) on
flexible and wearable materials for seamless integration in
garments. BANs and body-centric passive sensing have var-
ious interesting applications in a smart city environment,
such as tracking diabetic patients [5]. For active wearable
sensing and communication nodes, power-autonomy is a
fundamental need for the Internet of Things (IoT) [6], [7].
WPT and Radio Frequency Energy Harvesting (RFEH) are
methods of enabling power-autonomous networking [8], and
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are considered as a controllable power harvesting and transfer
technique for powering the IoT [9]. Antennas and coils for
WPT on textile substrates using flexible materials have been
widely-reported [4], [10]. Rectifying antennas (rectennas) are
the main energy harvesting component, where the received
power from the dedicated WPT or ambient RFEH source is
dependent on the antenna’s parameters such as gain, beam-
width, and polarization [11]. Such antenna parameters are
highly angle-dependent and hence will vary with the source-
rectenna alignment. While the peak gain is introduced as
a figure of merit in link-budget calculations in WPT [12],
in an ambient RFEH environment using a more directional
antenna does not translate to higher energy reception [13],
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where the direction of the incident power may not align with 3
the narrower beam-width. 84
Wireless networks powered through RFEH or WPT from a ss
dedicated wireless power base-station have been extensively ss
studied [14]. In addition, Simultaneous Wireless Information sz
and Power Transfer (SWIPT) has been proposed utilizing ss
the same carrier frequency to power a battery-less receiver so
while decoding the information carried by the RF wave [15]. %
Power transfer using digitally-modulated wave-forms has s
been studied for SWIPT applications based on off-the-shelf o
energy harvesters [16]. SWIPT has previously been utilized o3
in back-scattered RFID [17]. Moreover, wireless powering of o4
implants has been demonstrated using radiative Ultra-High o5
Frequency (UHF) WPT [18], [19]. 9%
To enable RF-powering of e-textiles and BANS, textile- o7
based rectennas and antennas have been realized using var- e
ious fabrication methods and frequency bands from sub- e
1 GHz UHF up to mmWave bands [10], [20]-[24]. Wear- 100
able rectenna designs have been focused on antenna designs 1ot
shielded from the body and hence utilize patch antennas. 12
Recently, an unshielded tee-shirt rectenna array has been 1os
proposed for broadband applications [25]. To overcome the 104
efficiency degradation due to human proximity, a large array 10s
(9x9) is used to improve the power received by the rectenna. 106
The trade-offs in RF-powered network design include the 107
choice of the carrier frequency, transmitter and receiver an- 1os
tenna designs and therefore the gain [11], and the nodes dis- 109
tribution [26]. For instance, it has been shown that the energy 110
coverage is improved in the 28 GHz mmWave band com- 11
pared to sub-6 GHz networks due to the highly-directional 11
large antenna arrays at mmWave bands [27]. However, realiz- 113
ing high-efficiency rectifiers at such a high frequency is diffi- 114
cult due to the diodes’ cut-off frequencies. On the other hand, 115
a sub-1 GHz carrier allows the reduction of the propagation 116
losses and the use of existing transmitters such as RFID 7
readers [17]. RF-powering using drones [28], fixed energy 11s
harvesting base-stations [29], and ray-tracing [30] have been 119
reported demonstrating the possibility of powering multiple 5,
nodes reliably using RF power. While a standard (non-textile) ;2
rectenna has been evaluated using the 3D voltage radiation ;,,
patterns [31], most textile-based rectennas have been charac- 1,
terized using standard antenna parameters such as the peak iz,
gain and radiation efficiency. On the other hand, the layout of ;25
the rectifier and the feeding mechanism of the rectenna may 5
distort the radiation patterns of the characterized antenna-
only prototype 127
RF propagation in on- and off-body scenarios has been 12s
widely investigated for different frequency bands [32], [33]. 120
Recent work has focused on maximizing the efficiency of 1z
an on-body link using fixed antennas, where the path loss 131
could be minimized using beam-steering or directional an- 13
tennas [32]. Wireless links for in-body wearable communi- 13
cations have been investigated for UWB implants [34]. How- 134
ever, most on-body propagation studies are concerned with 13s
fixed antennas, where the only variation may be introduced 13
by the movement of certain body parts. When it comes to 137

2

an RFEH or WPT scenario, the angle of incidence of the RF
power may not be aligned with the rectenna’s main-beam.
Furthermore, while an antenna radiating off-body, such as
a microstrip patch, has been favorable for wearable recten-
nas [10], [22], [23], it may significantly reduce the power
received from a transmitter shadowed by the body. This is
due to the antenna’s high front-to-back ratio, requiring more
rectennas with additional techniques for DC-combining, to
achieve the same angular coverage which may reduce the
efficiency compared to a single rectenna [23].

This work evaluates the performance of an RF-powered
BAN at two different license-free Industrial Scientific Med-
ical (ISM) bands, 915 MHz and 2.4 GHz, using fully-textile
antennas, i.e. antennas with textile conductors such as Litz
threads [4], and electroplated fabrics [10]. A 915 MHz
monopole and a 2.4 GHz patch are designed, simulated on
a human model, and fabricated. The antenna prototypes are
utilized for off-body path loss measurements and compared
to reference dipole antennas positioned in free space. A BAN
powered using four rectennas based on the characterized tex-
tile antennas is evaluated to identify the frequency band and
antenna design resulting in the highest DC power reception.

The contributions of this paper can be summarized in:

1) Proposing the mean (average) angular gain and angular
gain probability as metrics for evaluating energy har-
vesting antennas for mobile receivers such as wearable
rectennas.

2) Numerically and experimentally comparing the LOS
and N-LOS off-body “effective gain” of 915 MHz om-
nidirectional and 2.4 GHz broadside textile antennas.

3) Evaluating the performance of a 915 MHz and 2.4 GHz
BAN based on multiple wearable rectennas using the
angular mean gain and the gain distribution function.

4) Demonstrating that a 915 MHz unshielded antenna is
more suited for ISM-band WPT compared to a 2.4 GHz
patch with a potential for up to 15x higher DC power
reception.

This paper is structured as follows: section II presents the
architecture of the BAN studied in this work. The textile
antennas used in this study are designed and characterized
in section III, the antennas are then used in section IV to
measure the off-body propagation losses. Finally, the power
received by a BAN powered using the designed textile anten-
nas is evaluated in section V.

Il. BODY AREA NETWORK ARCHITECTURE

In a wearable RFEH-BAN, it is expected that multiple nodes
integrated in the user’s garment can be wireless-powered
using an off-body source. In this context, “off-body” radi-
ation is defined as incident electromagnetic (EM) radiation
from an antenna placed off the body. “On-body” propagation
between two wearable antennas integrated in the same user’s
clothing is not considered in this study, as the power is
delivered from an off-body transmitter. Scalable integration
of rectennas in textiles and garments have previously been
reported in a double-sided wrist bands, [23], to overcome
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FIGURE 1. A wireless-powered BAN, powered using directional or
omnidirectional dedicated license-free transmitters.

178

the directionality problem when the harvesting patch is not'”®
facing the transmitter. In addition, a 4 X2 patch antenna array '®
has been proposed to improve the DC power received from #
an incident plane-wave excitation [22]. 182
In this paper, a BAN with multiple rectennas is considered; 183
the power received by the rectennas is combined into a'8
single DC output. The rectennas will be powered using a8
UHEF license-free transmitter operating at either 915 MHz or '8
2.4 GHz. In an indoor environment, the rectenna’s efficient 187
harvesting range may not exceed 5 m due to the limits on '8
the Equivalent Isotropically Radiated Power (EIRP) [35]. 1
Therefore, the impact of the antenna’s radiation properties, 1%
i.e. gain and angular beamwidth, will have significant impact 19t
on the received RF and subsequently DC power. Moreover, 192
the position of the transmitter with respect to the user needs 193
to be considered as an additional tuning parameter. For exam- 194
ple, a transmitter at the same height as the user (horizontal), 1%
as opposed to a transmitter above the user (vertical) will 1%
affect the power received by the rectenna. The effects of 197
the antennas’ radiation properties for wearable RFEH need 198
to be based on the radiation patterns of realistic fully-textile 1s
antennas in different RFEH scenarios, such as Line-of-Sight 200
(LOS) and non-LOS operation. Fig. 1 shows a BAN powered

using off-body transmitters at license-free bands. 201

202
lll. WEARABLE ENERGY HARVESTING ANTENNA 203
A. ANTENNA DESIGN 204

To investigate the off-body propagation and radiation prop- zs
erties, and hence evaluate the harvesting capabilities of 206
wearable rectennas, two antenna designs are proposed. The 207
antennas are designed for a standard textile substrate and zos
are fabricated using conductive threads and electroplated e- 200
textiles. Thus, the measured performance of these antennas 210
will be indicative of textile-based rectenna performance in o2
wearable applications. 212

At sub-1 GHz bands, unshielded textile antennas may be 213
used to maintain a low profile [36]. To explain, the relatively 214
long wavelength (32.8 cm at 915 MHz) implies that a ground 215
plane or an unconnected reflector will need to be placedzis
over 1 cm behind the antenna to prevent detuning, which 217
is unrealistic in a planar textile antenna. Therefore, textilez1s
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FIGURE 2. Layout and dimensions of the proposed textile AUTs: (a) 915 MHz
monopole, (b) 2.4 GHz patch.

antennas operating at sub-1 GHz have been considered with
varying textile separation layers [37] as well as with variable
separation from the human body [38], to investigate the
impact on their radiation efficiency and gain.

The proposed antenna for sub-1 GHz WPT is a textile wire
monopole, sewn using a conductive thread onto a standard
(poly-cotton) textile substrate. Such a monopole antenna will
have a lower gain than a dipole’s theoretical directivity of 2.1
dBi [39]. This is due to the compact ground plane and the
additional conductor losses in the textile Litz wire. Fig. 2-a
shows the dimensions of the monopole microstrip antenna.

At 2.4 GHz, implementing a ground-backed patch antenna
on textiles with reasonable (above 10%) radiation efficiency
is more feasible. For example, the rectennas reported in
[22] and [23] utilized patch antennas on textiles with up
to 76% measured radiation efficiency in [23]. Fig. 2-b
shows the dimensions of the patch antenna considered in
this work. Fig. 3 shows the photographs of the textile
antenna prototypes. Both antennas utilize highly conductive
textiles (sheet resistance<10 m{)/square) and therefore the
fabrication techniques and materials will introduce minimum
variation in the antennas’ efficiency and gain compared to
state-of-the-art textile antennas.

B. ANTENNA SIMULATION AND MEASUREMENTS

The antennas have been simulated using full-wave 3D EM
simulation in CST Microwave Studio. The dielectric prop-
erties of the substrates used were based on the measured
properties of felt and polyester cotton reported in [23].
The fabricated prototypes were connected to standard solder-
terminated SMA connectors and their bandwidth was mea-
sured using a Vector Network Analyser (VNA).

The measured reflection coefficient (S11) of the monopole
and patch antennas in Fig. 4 shows a Si13 < —10 dB
bandwidth at 915 MHz and 2.45 GHz respectively. Thus,
they can be used to measure the off-body propagation at
these bands without any influence on the realized gain. The
main discrepancy in the monopoles’ S;; magnitude is due
to the ground plane’s size resulting in a more capacitive
antenna in simulation. On the other hand, the SMA connector
increases the actual ground plane size of the antenna during
measurements resulting in the improved impedance match.
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FIGURE 3. Photographs of the textile antennas used in the channel
measurements: 915 MHz sewn monopole (a) and 2.4 GHz conductive fabric
patch (b).
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FIGURE 4. Simulated (dashed) and measured (solid) reflection coefficient of
the textile monopole (left) and patch (right) antennas utilized in the off-body
propagation measurements.

241

C. OFF-BODY ANTENNA NEAR AND FAR-FIELDS 242
Field monitors in CST Microwave Studio have been used 24
to investigate the near and far-field distributions around 24
the human body. The EM-simulated radiation patterns will 245
be utilized to analytically evaluate the performance of thezs
network in Section V. The open-source human body EM 2+
simulation model AustinMan, [40], has been used to simulate 24
the antenna’s performance in proximity with the human body. 24
The model utilized in this work is detailed to 8 x8x8 mm?3, 25
as this work only considers off-body antenna and not im-2s:
plants in specific body positions, this resolution satisfies the 2s
accuracy requirement for a reasonable computation time and 2s3
solver mesh size. 254
Two on-body antenna positions, on-chest and on-arm, have 255
been considered to evaluate the radiation properties andzss
mutual coupling between the antennas. To simplify the 3D 27
modeling and reduce the time-domain solver mesh size, the 2ss
antennas have been considered in a flat state, reducing the 2se
number of cells required to simulate the antenna. Textile- 20
based patch antennas have previously been studied under 2
bending and did not show variation around their resonant s
frequency [23]. The antennas have been placed at 5 mmzss
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FIGURE 5. Simulated 3D farfield gain radiation patterns of the 915 MHz
monopole (a) and the 2.4 GHz patch antenna (b).

clearance from the skin layer on the AustinMan phantom.
The on-chest 915 MHz monopole antenna achieves a 1.1 dB
gain with 3 dB beamwidth of 95 , while the 2.4 GHz
patch achieves a gain of 6.84 dB with a narrower 63.7
3 dB-beamwidth. The simulated 3D radiation patterns of the
monopole and patch antennas are shown in Fig. 5-a and 5-b,
respectively.

The near-field electric- (E-) field patterns around the an-
tennas have been simulated to visualize the mutual-coupling
between the wearable antennas. Fig. 6-a and -b show the E-
field radiated from the 915 MHz textile monopole on-chest
and on-shoulder. The e-field of the 2.4 GHz patches is shown
in Fig. 7. It is observed that from both antennas, less than
1% of the radiated E-field is received by the other antenna.
This has been validated by the S,1 being less than —30 and
—40 dB for the monopole and patch antennas, respectively,
when placed on-chest and on-shoulder.

Near-field plots allow visualizing and understanding an-
tennas’ interaction with the human body [2]. This can be
used to evaluate and understand the impact of different body
positions on the power radiate by the antenna. Therefore, the
E-field patterns of the the transmitting antenna can be used to
understand the interaction of an incident wave on a receiver

VOLUME 4, 2016



264

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

287

288

289

290

291

292

M. Wagih et al.: RF Energy Harvesting Body Area Network

1000
342
117

39.9

136

4.65

1.59

0.537
0.179
0.0561
0.0143

(b)

FIGURE 6. Simulated E-field distribution around the body at 915 MHz from:
(a) antenna placed on the chest, (b) antenna placed on shoulder

293

with the body, due to reciprocity. For example, the on-2*
shoulder antenna in Fig. 6-b shows the antenna’s near-field *®°
surrounding the body with minimal body-shadowing effects. 2%
Hence, it is suggested to place off-body WPT antennas on?”
the body’s extremities to minimize shadowing. Furthermore,
in Fig. 6-b, the E-field magnitude behind the user is higher
than that of the patch in Fig. 7-b. This indicates the monopole
antenna’s ability to receive more power when not facing the ,g
transmitter compared to the patch, despite suffering from 4,
increased absorption and shielding by the body, due to its
own lack of a metal plane or a reflector. 302
303
IV. OFF-BODY PROPAGATION MEASUREMENTS 304
To evaluate the performance of wearable RFEH antennas sos
operating on the body, the textile antennas shown in Fig. 330
were used to measure the propagation losses between asor
directional transmitter and the wearable antenna. A reference sos
wire-dipole antenna (of ideal 2.1 dB gain) has also beensos
used at 915 MHz for benchmarking. A standard 10 dBisiwo
log-periodic antenna has been utilized as a fixed transmitter s
horizontal to the user. A VNA has been used to measure the i
Continuous Wave (CW) forward transmission (S21) between sis
the antenna-under-test (AUT) and the 10 dBi reference. Thesis
measurements were performed on a standing person, and dosis
not include the effects of walking on the path loss. Fig. 83t
shows the measurement setup. 317
The antennas were placed at a fixed distance D and thesis
S21 between the source and the AUT has been measured. sio
D has been set to 1 m from the radiating apertures of theszo
transmitting and receiving antennas to ensure operation in the s1

VOLUME 4, 2016

303
91.7
27.8
4
2,54
0.769
0.231
0.0657
0.0194

000452

FIGURE 7. Simulated E-field distribution at 2.4 GHz from: (a) patch antenna
on-chest, (b) patch antenna on shoulder.

far-field region of the AUTs.

The antennas have been placed on multiple on-body po-
sitions, shown in Fig. 8-a, to accurately measure the impact
of different body parts on the antenna’s effective gain. The
effective gain,

6]

is introduced to factor in the body shadowing effects com-
pared to the Sp1 of an ideal 2.1 dBi \/2 wire dipole measured
in free space at the same D. This eliminates the errors due to
multi-path effects and due to uncertainties in the path loss
model or the transmitter gain. G differs from standard gain
measurements on a human body phantom by combining the
off-body propagation effects in the gain figure. For instance,
in the N-LOS case, the human body is a main contributor
to the lower Ge¢ , due to shadowing. G¢ in the N-LOS
case of a broadside patch antenna is reduced both by the
body-shadowing effect as well as the antenna’s own main
beam misalignment with the transmitter. G is relative to
the dipole’s gain.

The measured channel losses have been used to calculate
the effective gain of the antennas shown in Table IV.
By observation, the effects of LOS and N-LOS off-body
propagation can be accounted for using the antenna’s gain.
Therefore, the propagation model can be simplified to free-
space propagation. In addition, by performing the G, mea-
surements on-body in an indoor environment, this factors in
additional multi-path effects and the effects of clothing.

When comparing the unshielded 915 MHz omni-
directional with the 2.4 GHz broad-side patch antenna, as
predicted, the patch antenna maintains a higher effective gain

Ge = 521 textile — 521 dipole,

5



