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ABSTRACT This paper presents for the first-time evaluation of wireless power transmission (WPT)
for sustainable low-powered Internet of Things (IoT) devices in realistic indoor/outdoor scenarios using
empirical propagation models at 28 GHz. The used empirical propagation models have shown that using an
on-body 9×9 mm-wave rectenna array based on a proposed mm-wave antenna is able to charge IoT devices
at a distance of 57 m for line-of-sight (LOS) indoor temporal environment, and at a distance of 10 m for LOS
outdoor tropical propagation model using a base station with 53 dBm transmission power. Furthermore, the
mm-wave on-body 9 × 9 rectenna array occupies an area equal to that of a single UHF rectenna, while
collecting 17-fold more power. In addition, the article discusses the design and experimental results of a
single-element on-body mm-wave antenna used to design the 9× 9 rectenna array. The proposed mm-wave
antenna is a single-layer low-profile structure. Furthermore, the antenna has a stable gain of over 9.5 dBi
and a wide beamwidth. The on-body antenna structure consists of rectangular multi-slot patch fed by a 50 �

grounded coplanar waveguide (GCPW) line. Employing the multi-slot configuration results in a wearable
antenna’s impedance bandwidth of 3.73 GHz. The peak measured gain of the antenna is 10.5 for chest/arm-
mounted case in the operating 28 GHz N257 5G band. The antenna’s radiation pattern forms a wide off-body
forward direction beam. A prototype of the proposed antenna is fabricated and validated experimentally for
both cases on a human volunteer arm/chest and in the free space. The size of the proposed structure is small
and can collect power with high efficiency due to the short wavelength of millimeter wave (mm-wave) in
contrast to UHF antennas.

INDEX TERMS Antennas, energy harvesting (EH), millimeter-wave (mm-wave), rectenna, wireless power
transfer (WPT).

The associate editor coordinating the review of this manuscript and
approving it for publication was Feng Wei.

I. INTRODUCTION
Utilization of millimeter wave (mm-wave) bands has led to a
revolutionary development in sensing applications, wireless

VOLUME 13, 2025

 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

For more information, see https://creativecommons.org/licenses/by/4.0/ 14063

https://orcid.org/0000-0002-1794-4724
https://orcid.org/0000-0002-9063-2647
https://orcid.org/0000-0002-1165-3192
https://orcid.org/0000-0001-5134-870X
https://orcid.org/0000-0003-3893-5525
https://orcid.org/0000-0002-0517-1226


F. Erman et al.: Power Transmission for Millimeter-Wave Indoor/Outdoor Wearable IoT Devices

body area networks (WBAN), and Internet-of-Things (IoT)
[1], [2], [3]. Antennas operating at 28 GHz band have enabled
high-speed of data transmission and high-quality wireless
communication, wireless power transfer (WPT), as well as
massive mm-wave IoT connectivity [4], [5], along with the
detection of moving objects [6]. The migration toward the
mm-wave band facilitates obtaining higher gain for a given
physical space occupied by the antenna [7]. This has fostered
investigation of the theoretical [8], [9] and practical [10], [11]
aspects of mm-wave WPT for IoT applications.

IoT WBAN applications have been pursued in the mm-
wave band, including defence, fitness tracking, healthcare
monitoring, and wearable sensing [6], [12]. Significant inter-
est has been observed in researching possibilities of powering
such systems using microwave and mm-wave rectennas,
from ultra-high frequency (UHF) to mm-wave 5G bands [4],
[13], [14]. WPT is a scalable and reliable method increas-
ingly employed for powering IoT devices [15]. Moreover,
the compactness and portability of body-worn devices are
required for IoT WBAN. From this point of view, a single-
layer antennas with small physical size, wide impedance
bandwidth, stable beam, wide beamwidth, and low back
radiation are indispensable [16]. In the literature, different
mm-wave antenna featuring various topological configura-
tions have been reported. However, bulky structures hinder
their wearable applicability for long-term purposes [17], [18],
[19], [20], [21], [22], [23]. Antenna compactness is a crucial
consideration for practical applications.

An improved-efficiency WPT can be accomplished at
mm-wave bands due to higher antenna gain [2]. A com-
pact/large area rectenna analytically shows sufficient power
for charging wearable, portable, and low-powered IoT
devices at high frequencies above 20 GHz [24]. Therein,
in practical scenarios, the following three important factors
should be considered: the targeted voltage level (i.e., suf-
ficient power density), fabrication cost, and rectenna size.
A trade-off always arises between the performance and the
rectenna size [25], [26]. In many countries, new regulations
for RF WPT are still being developed. This paper contributes
to these efforts. The evaluation of charging low-powered IoT
devices based on single/array rectennas has not been investi-
gated in realistic indoor/outdoor scenarios using an empirical
propagation model at 28 GHz. In addition, the analytical
comparison is not introduced to a similarly sized UHF coun-
terpart. Consequently, our upfront goal is to design awearable
on-body antenna suitable for mm-wave WPT and exten-
sively investigate its performance in realistic indoor/outdoor
scenarios.

In this research article, a low-profile mm-wave antenna
featuring simple topological structure, compact size, stable
radiation pattern, high gain, and wide impedance bandwidth
has been developed. A 50 � grounded coplanar waveg-
uide (GCPW) feeding line is utilised to feed a rectangular
multi-slot patch antenna. The radiation elements are allocated
on the upper side of the substrate, whereas the backside is
fully covered with copper to limit the backside radiation. The

suggested structure is constructed on a single layer of Rogers
RO4003C substrate. Embedding three different narrow slots
of diverse dimensions along with the x-axis ensures wide
operating bandwidth of the proposed antenna. In particular,
the impedance bandwidth centered at 28 GHz is 3.73 GHz,
which covers the N257 band. The antenna has a measured
stable in-band gain exceeds 9.5 dBi over the entire bandwidth.
The simulation results are validated experimentally, where
the suggested antenna is evaluated in the free space and while
mounted on the body (chest/arm) of the volunteer. The peak
measured gain is 11 dBi in the free space and 10.5 dBi
for the chest/arm-mounted case in the operation band of
N257. Then low profile-topology antenna is employed for
sustainable low-powered mm-wave IoT devices. The eval-
uation of WPT is conducted for realistic indoor/outdoor
scenarios using empirical propagation models at a frequency
of 28 GHz. In more detail, the proposed antenna is arranged
into a 9 × 9 rectenna array, which collects power almost
17 times higher than the UHF antenna of the same size.
In addition, our evaluation shows that a base station with
53 dBm transmission power charges the rectenna array at
57 m coverage distance for the line-of-sight (LOS) indoor
temporal propagation model and at 10 m for the LOS outdoor
tropical propagation model. This result promises sustainable
mm-wave-powered IoT devices, especially in the indoor tem-
poral region. The structure of this research paper is arranged
in the following way: Section II discusses the design and
simulation of the proposed single-port antenna. Section III
introduces the design stages and analysis of the proposed
antenna to describe how to achieve the targeted character-
istics. Then, the simulation and measurement results of the
proposed antenna are presented in the experimental validation
section. Finally, the proposed antenna is used to evaluate the
WPT for sustainable low-powered IoT devices in realistic
scenarios using empirical propagation models at 28 GHz is
demonstrated.

II. DESIGN AND SIMULATION OF A SINGLE-PORT
ANTENNA
A. ANTENNA STRUCTURE
Figure 1 shows the geometry and schematics of the proposed
mm-wave wearable antenna. The antenna is designed for
energy harvesting (EH) at mm-wave bands, where main-
taining a broad impedance bandwidth is a necessity. The
mm-wave penetration capabilities of tissue beyond the skin
are poor [27], and appropriate radiation pattern is a pre-
requisite to support off-body communication. The designed
antenna should feature a wide beamwidth to harvest energy
efficiently due to the wide variation in the incident angle
of power. The proposed wearable antenna (length: Sy =

30mm, width: Sx = 10mm) consists of a single-layer low-
profile structure fabricated on Rogers RO4003C substrate.
The RO4003C slab has a dielectric constant of 3.38 and
thickness of 0.508 mm. In addition, a 50 � GCPW feeding
line is used to excite a rectangular multi-slot patch antenna
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(Lp = 17.5 mm and Wp = 9mm) as shown in Fig. 1(a).
In fact, the multi-slot patch can be considered as a low-profile
antenna where the coplanar ground planes exist on both side
of the feeding line. Three different narrow slots alongwith the
x-axis are embedded into the rectangular patch with different
dimensions (W1 = 1.1, L1 = 6, W2 = 1.5, L2 = 7, W3 =

1.5, and L3 = 8). Etching these slots improve significantly
the impedance bandwidth of the proposed antenna. In fact,
employing the multi-slot configuration effectively excites
multimode resonances with close frequencies that effectively
enhance the bandwidth of the antenna. The radiation elements
are allocated on the upper side of the substrate, whereas
the backside consists of a full ground plane order to limit
the backside radiation. The antenna is fabricated and is fed
using 2.92mm Southwest end-launch connector as shown in
Fig. 1(b), making the proposed antenna suitable for portable
applications.

FIGURE 1. Geometry of the designed low-profile mm-wave antenna
Wf = 1.1, Wp = 9, Lp = 17.5, W1 = 1.1, L1 = 6, W2 = 1.5, L2 = 7,
W3 = 1.5, L3 = 8, a = 1.8, a1 = 2.15, a2 = 3.025, a3 = 5.65,S1 = 0.2,
S2 = 0.4, Wc = 4.25, Lc = 11.6, We = 1.35, Le = 5.58, d = 7.55, r = 1.98,
Sx = 10, Sy = 30 (a) Parameterized front view (b) Front and back view of
fabricated prototype. (Yellow: copper, Cyan/Gray: substrate).

B. DESIGN STAGES AND ANALYSIS
The proposed mm-wave antenna is analyzed and simu-
lated using CST Microwave Studio. The mm-wave wearable
antenna is designed to operate on 28 GHz N257 band. Para-
metric analysis of the design variables, for instance, the size
of the patch and embedded slots as well as the distance
between the embedded slots, is crucial to realize the desired
characteristics. Initially, the simulation starts with a structure
that includes a feed line flanked by coplanar ground planes
at both sides and a rectangular patch referred to as Ant-1 as
showcased in Fig. 2(a). At this stage, Ant-1 is a conventional

patch antenna with a single resonant frequency at 28.5 GHz
and a −10-dB bandwidth of 206 MHz as shown in Fig. 2 (b).
The TM23 patch is designed with Lp = 17.5 mm and Wp =

9mm. For planar microstrip cavity (i.e., t ≪ λ), the transverse
magnetic (TM) mode can be computed using the dimensions
of the rectangular patch, specifically its width and length [28].
The resonant frequency (fmn) of a TMmn mode is expressed
as

fmn = (Kmnc)
/
(2π

√
ϵr ) (1)

kmn =

√
(mπ

/
Lp)

2
+ (nπ

/
Wp)

2 (2)

where the speed of light is denoted as c. fmn and kmn refer
to the resonant frequency and wavenumber for the mn mode
respectively, whereas it has computed using the patch dimen-
sions [28]. Lp and Wp are the length and width of the patch
on the m and n respective axes.

FIGURE 2. Proposed antenna: (a) design stages of the GCPW-fed
wearable structure, (b) S11 response for each design stage.

The impedance bandwidth of Ant-1 is improved with the
addition of each horizontal slot due to the excitation of extra
resonances. The first slot is added to the center of the patch
as shown in Fig. 2(a) shows a new resonant frequency at
27.66 GHz. In more detail, the position and dimensions
(W2 = 1.5 and L2 = 7) of the embedded slot, located in the
middle of the radiating patch, are precisely chosen to expand
the impedance bandwidth. The antenna with one central slot,
referred to as Ant-2, has a −10-dB impedance bandwidth of
approximately 715 MHz as shown in Fig. 2(b). Similarly,
a second slot is added and an extra resonance is excited at
25.8 GHz, and the respective antenna is referred to as Ant-3.
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Optimizing the position and dimensions of the second slot led
the antenna improving its bandwidth by additional 2.6 MHz,
which is now 3.3GHz, as shown in Fig. 2(b). Finally, the addi-
tion of the third horizontal slot on top of the radiating patch
improves the −10-dB impedance bandwidth of the antenna
and the lower S11 response, covering the desired operat-
ing 28GHzN257 band. The resulting antenna is namedAnt-4
as shown in Fig. 2(a). Ant-4 has a −10-dB impedance band-
width of 3.73 GHz ranging from 26.32 GHz to 29.82 GHz
as shown in Fig. 2(b). The three different narrow slots are
arranged as one radiator due to the smaller distance between
the slot radiators than that conventional slot-array elements.
In addition, the proposed antenna is not gradually expanding
periodic structure; it is a multi-slot configuration introduc-
ing multimode resonances eventually leading to a broadband
characteristic. To conclude the design procedure, the proper
adjustment of slots’ position, length, and width is carried out,
which enables achieving the reflection response covering the
target bandwidth from 26.5 GHz to 29.5 GHz. Furthermore,
to ensure that the antenna is applicable to WPT, the voltage
standing wave ratio (VSWR) should be kept less than 2 not
to jeopardize other system components.

III. EXPERIMENTAL VALIDATION
This section presents the measured and simulated results of
the proposed antenna. The antenna has been tested in the free
space as well as on the arm and chest of a human volunteer
in the Reykjavik University anechoic chamber as shown in
Fig. 3. The measured and simulated results are analyzed
using the antenna measurement procedures compliant with
the IEEE standard [IEEE Std149-1979 (R2008)]. Different
scenarios are followed to evaluate the proposed structure
performance in terms of S11 response, specific absorption rate
(SAR), realized gain (Gr ), radiation efficiency as well as E-
and H-plane patterns. This includes simulation and measure-
ment in the free space and on-body both on the arm and chest.
The fabricated prototype is worn with a few millimeters of
separation from the human skin for on-body (arm / chest)
measurement results (the prototype is hung up ∼ 3.5 mm
away from the human body as seen in Fig. 3 (b) and (c)).
The antenna’s specific absorption rate (SAR) is tested as

shown in Fig. 3(d) and (e), while the designed antenna is
mounted on-body either the arm or chest of the humanmodel.
The values of SAR are around 1.07 and 0.00267 W

/
kg

on chest and arm, respectively. The obtained SAR values
are compliant with the safety standard of IEEE (below of
1.6 W

/
kg). In addition, the antenna’s S11 is required to

maintain its bandwidth in the proximity of the human subject.
Also, the impedance matching response should be unaffected
by the presence of human body. The proposed antenna has
a measured −10-dB bandwidth of 3.65 GHz ranging from
26.1 GHz and 29.75 GHz as shown in Fig. 4. It is observed
that S11 response in on-body scenarios and free space case are
very close to each other and the reflection levels are lower
than −10-dB for all evaluation cases over the same operat-
ing bandwidth, from 26.5 GHz to 29.5 GHz. Furthermore,

FIGURE 3. Experimental validation of the proposed antenna:
(a) measurement setup of the proposed antenna in an anechoic chamber,
(b) antenna on chest. (c) antenna on arm, (d) simulation model for SAR
on chest, (e) simulation model for SAR on arm.

FIGURE 4. The simulation and measurement of S11 response of the
proposed single-layer antenna.

FIGURE 5. The simulation and measurement of antenna’s realized gain.

a minor shift of 238 MHz in the resonance frequency is
observed between the measured and simulated S11 of the
proposed antenna due to fabrication tolerances.

The antenna gain is analyzed in the free space and
chest/arm-mounted case. It is worth mentioning that the gain
performance is stable over entire operating bandwidth as
indicated in Fig. 5. The peak measured gain is 11 dBi at
28.6 GHz and the gain curve is higher than 10 dBi for the
entire operation bandwidth in the free space as shown in
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FIGURE 6. Measured (black) and simulated (gray) far-field radiation patterns (a) E-plane and (b) H-plane at 27, 27.5, 28, 28.5,
and 29 GHz.

FIGURE 7. The computed RE and TE of the designed wearable antenna on
arm, chest, and in free space.

Fig. 5. The peak value of gain is 10.5 dBi at 28.9 GHz for
chest/arm-mounted case as depicted in Fig. 5. The gain curves
for chest/arm-mounted case are nearly stable around 10 dBi
with a marginal±0.5 dB in-band fluctuation. In fact, the back
side of the substrate is a full laminate with copper, which
increases the structure’s immunity to human body, guarantee-
ing low-back radiation, with most of the energy radiated away
from the body. However, losing a part of antenna’s power due

to the presence of human tissues is still an issue, eventually
leading to a slight degradation of the gain. Furthermore, the
antenna performance is evaluated using radiation efficiency
(RE) and total efficiency (TE) for body-centric application.
Figure 6 exhibits the antenna’s RE and TE on the body and
free space. The peak RE is 86.5% at 28 GHz when the
designed antenna is worn on the chest, while the RE is 83.3%
at 27 GHz on the arm and it is 88.1% at 27.8 GHz in the
free space. The lowest RE value is approximately 71% at
29.5 GHz, cutoff frequency, when the antenna is worn on the
volunteer’s arm as seen in Fig. 6 at the edge of impedance
bandwidth. In addition, it was observed that the computed TE
of the antenna is 84.3% and 87.8% when the antenna is worn
on the chest and in free space respectively as seen in Fig. 6.

The measured and simulated far-field radiation patterns
in E-plane and H-plane are shown in Fig. 7. The proposed
structure possesses a wide angular coverage (i.e., −10-dB
beamwidth), which facilitates energy harvesting and may
only lead to small deviations in acquired power around the
broadside direction as seen in Fig. 7. This is unlike the
pencil-like beams observed in conventional arrays structure.
In both planes, stable power transmission can be observed
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for the entire operating band, achieved within a stable wide
beam. This demonstrates that although the antenna naturally
features omnidirectional radiation pattern, it can be reshaped
into a wide directional beam. The front-to-back ratio is better
than 13 dB at 28 GHz. The shape of the antenna’s main lobe
is enabling more position-tolerant EH on the z-axis [29].

A comparison between the performance of the proposed
antenna and other state-of-art antennas has been shown in
Table 1. It is worth mentioning that to date, few works have
been reported on the 28 GHz range for wearable applications.
A comparison in terms of the number of layers, impedance
bandwidth, peak gain, and size, indicate that the proposed
structure performance is offers a competitive edge over the
reported works. In particular, the impedance bandwidth and
realized gain are comparable and, in some instances bet-
ter than for the benchmark designs. In addition, a simple
construction of our structure facilitates the fabrication pro-
cess and meets the requirement of low-profile structures
applications.

TABLE 1. Comparison between the performance of the proposed antenna
and state-of-art antennas reported in the literature.

IV. POWER TRANSMISSION FOR MILLIMETER-WAVE
INDOOR/OUTDOOR WEARABLE IOT DEVICES
In this section, the evaluation of the power harvesting per-
formance for different propagation models based on the
proposed on-body antenna is presented. The following three
important parameters, the targeted voltage level, fabrication
cost, and rectenna size, should be taken into account when
implementing IoT devices. The received voltage level and
rectenna size will be investigated here.

The receiver of a limited size can acquire higher power in
mm-wave bands. This has motivated the design of miniatur-
ized RF-power devices for mm-wave bands (above 20 GHz)
due to the improvement in the antenna size to wavelength
ratio for area-constrained devices [10]. The forward transmis-
sion coefficient (S21) is measured between two copies of the

FIGURE 8. Path gain measurement: (a) setup, (b) picture indicating the
distance of 50 cm between two symmetric antennas (designed antenna),
and (c) the measured path gain (S21).

FIGURE 9. (a) The PCE of HB simulation at 28 GHz. (b) The architecture of
large-area rectenna array. (c) The rectenna’s structure.

FIGURE 10. Antenna’s gain as a function of the operating frequency for
fixed physical aperture area and efficiency.

proposed antennas connected to the VNA’s ports, as shown in
Fig. 8(a). Both antennas are positioned at distance of 50 cm
from each other to perform the measurement in the far field
as seen in Fig. 8(b). Figure 8(c) shows the measured S21
from 26 GHz to 30 GHz. The measured S21 demonstrates
that in mm-wave band the antenna’s performance (gain /
efficiency) is improved in contrast with UHF ISM band
(2.4 GHz) despite the increased path loss. The proposed
antenna is able to realize over 10−20 dB higher S21 within
the operating bandwidth of the 28 GHz N257 band [24].
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The low-profile substrate and ability to implement off-body
communication are additional advantages of employing patch
antennas for WPT in mm-wave bands.

The most common method for evaluating power conver-
sion efficiency (PCE) in mm-wave EH network is harmonic
balance (HB) simulation, which provides a conservative esti-
mate compared to other models such as linear, nonlinear and
quadratic [31]. This method is particularly well-suited for
accurately reflecting losses due to the generation of harmon-
ics at very low power levels, as observed in the analytical
diode PCE formulas [32]. In this work, the VDI W-band
ZBD GaAs Schottky diode is employed. This diode features
a parasitic capacitance and low forward voltage, making it
suitable for low-power rectification (up to 100 GHz) [33].
The calculated PCE is presented in Fig. 9(a), utilizing HB
simulation. In the HB model, a peak PCE of 77% is based on
the commercial diode [2].

The 53-dBm value represents the equivalent isotopically
radiated power (EIRP) for the transmitter. Maximum per-
missible EIRP levels in mm-wave bands are higher than
sub-5 GHz bands. For instance, the base station in 5G net-
works can radiate up to 75 dBm, with high-gain phased
array antenna with beam scanning abilities being employed
to achieve these higher EIRP levels [34]. Below 5 GHz, the
limit for EIRP is typically 4 W (approximately 36 dBm).
The aperture efficiency ea is used to theoretically calculate
the minimum physical aperture area of antenna APhys using
the following equation,

APhys. = Gλ2
/
4πea (3)

where G is the antenna gain and λ is the wavelength. Accord-
ing to (3), the relation of antenna’s gain to the operating
frequency for a fixed antenna size is shown in Fig. 10. This
is due to the improvement in the antenna gain-to-wavelength
ratio. Consequently, when an antenna operates at 28 GHz,
its size is 96.8% less than an antenna working at 900 MHz
based on the exhibited antenna gain in Fig. 10 and aper-
ture efficiency of 90%. Consequently, employing antennas
at mm-wave bands results in an increased number of anten-
nas occupying the same area and tolerating more pervasive
deployment of IoT devices. Fig. 9(b) shows the architecture
of large-area rectenna array, whereas Fig. 9(c) shows the
rectenna’s structure.

A rectenna array based on the proposed antenna has been
analysed, as shown in Fig. 11. Each rectenna is formed using
a single element rectifier. The large area rectenna does not
result in a more directional radiation pattern, and hence, does
not reduce the antennas’ harvesting beamwidth. As stated
in [35], the losses of DC combination have demonstrated
to be at the level of only 1%. The proposed antenna is
considered to construct multiple arrays with 5.4 mm (λ/2
at 28 GHz) spacing between the elements. In this section,
to maintain a precise representation of the antenna’s perfor-
mance as a wearable receiver of wireless power, the analysis
is performed according to the lower measured on-body gain,

FIGURE 11. The single rectenna element evaluation of received power as
a function of distance for different propagation models (a) LOS and
(b) NLOS.

9.5 dBi, of the proposed patch antenna within the oper-
ating bandwidth. The occupied area of a UHF antenna is
190mm × 240 mm as seen in [36]. This area can be occupied
with an 9 × 9 array of the proposed mm-wave rectenna that
works at 28 GHz N257 band. This array receives a power
almost 17 times higher than that of a UHF rectenna, as shown
in Fig. 11. Furthermore, Fig. 11 compares the received power
between a compact single rectenna and a different array
sizes of mm-wave rectennas in the free space environment.
Fig. 11 shows that an 5 × 5 array or larger of the proposed
rectenna outperforms the UHF rectenna. This demonstrates
that body-centric WPT and off-body source’s EH realize
better end-to-end efficiency because of the short wavelength
of millimeter wave (mm-wave).

The rectenna’s received power in dBm andmW, PRx (dBm)
and PRx(mW), respectively, can be computed as

PRx (dBm) = PEIRP + GRx − 20log10

(
4π f
c

)
− 10nlog10 (d) (4)

PRx (mW ) = 10(PRx (dBm)/10) (5)

where PEIRP is the permissible level of EIRP, GRx is the gain
of receiver antenna, c is the speed of light, f is the operating
frequency in Hz, and d is the distance between antenna and
base station in meter.

The obtained DC power based on the PCE can be found as

PRx (mW )DC = PRx (mW ) ∗ PCE (6)

The harvested power by the rectennas is computed using
different propagation models where the consistent value of
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FIGURE 12. An 9 × 9 array rectenna based on the proposed antenna
evaluation of received power as a function of distance for different
propagation models (a) LOS and (b) NLOS.

TABLE 2. The path loss exponent for different scenarios at 28 GHz.

PCE (from HB simulation) with received power is used.
To provide a more realistic analysis, various empirical model
scenarios, either LOS or non-line-of-sight (NLOS), are used
where the path loss exponent value is determined based on
real measurements conducted in the literatures [37], [38],
[39], [40], [41], and [42], as shown in Table 2.
The performance of rectenna, either as a single element

or as an array, is analyzed for low-powered IoT devices
and tested in different practical scenarios, including LOS
or NLOS, as shown in Figs. 12 and 13, respectively. IoT
devices require a minimum power of 0.2 mW to operate
in an WBAN case [25]. The evaluation of targeted power
(receiving 0.2 mW) as a function of distance is shown in
Fig. 12(a) and Fig. 12(b) for single rectenna. Figures 12(a)
and 12(b) exhibit the LOS and NLOS scenarios, respectively,
for different practical environments. It can be observed that
powering wearable IoT devices can be achieved at a max-
imum distance of 1.7 − 3.2 m for LOS environments and

1.4 − 1.9 m for NLOS environments. An 9 × 9 array of
rectenna is analyzed to determine the maximum coverage
distance to power an IoT device, as presented in Figs. 13(a)
and 13(b) for LOS and NLOS, respectively. The array’s size
is the same as that of a UHF rectenna. It was found that
the maximum distance of a 9 × 9 rectenna array to charge
an IoT device in different LOS propagation environments
is 57 m for indoor temporal regions, while it is 5.2 m for
parking tropical environments. For NLOS environments, it is
possible to charge the IoT device at 8 m for outdoor tropi-
cal regions, whereas the distance is 3 m for indoor tropical
regions. This indicates that utilizing large area wearable IoT
devices improves the charging distance two-fold for indoor
NLOS environments and four-fold for the outdoor NLOS
environment. Additionally, the IoT device charging distance
is increased 3-fold for the LOS parking tropical scenario and
18-fold for the LOS indoor temporal scenario. Despite higher
path loss at mm-wave bands, the WPT efficiency is improved
and powering IoT device area is expanded. According to this
analysis, WPT can be used beneficially in indoor temporal
region due to the coverage distance.

V. CONCLUSION
This article presents an evaluation of powering low-power
IoT devices in realistic indoor and outdoor scenarios using
empirical propagation models at 28 GHz. The evaluation is
assessed based on the designed on-body mm-wave antenna,
used to construct a 9 × 9 mm-wave rectenna array occu-
pying the same area as a single UHF rectenna. This array
is capable of charging IoT devices at 57 m for the LOS
indoor temporal propagation model and 10 m for the LOS
outdoor tropical propagation model for a transmission power
of 53 dB at the base station. According to the conducted anal-
ysis, WPT can be effectively utilized in an indoor temporal
region due to its extensive coverage distance. Furthermore,
the paper discussed the design and measurement results of
the single-element antenna employed in constructing the pro-
posed mm-wave array. The proposed mm-wave antenna has
simple geometry and high performance operating at the N257
5G band. The presented structure incorporates a multi-slot
configuration consisting of three horizontally etched slots,
introduced to improve the impedance bandwidth. The latter
is as wide as 3.73 GHz and centered at 28 GHz. The designed
antenna exhibits a stable and high in-band gain exceeding
9.5 dBi over the entire operating bandwidth, as well as wide
beamwidth. These features make it suitable for body-centric
applications. The configuration of antenna is planar, makes it
easy for deployment and fabrication. The proposed structure
has been tested in the free space and on different parts of the
human model. The SAR analysis has been performed as well
showing antenna compatibility with the IEEE standards.
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