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ABSTRACT: Radio frequency energy harvesting (RF-EH), which uses an ultra-wideband (UWB) antenna, is the best substitute for tradi-
tional batteries for continuously powering sensor networks. The UWB antenna helps to receive the ambient radio frequency energy that
radiates from communication applications for harvesting purposes to power devices or recharge batteries. A novel aspect of this design is
the use of dual antenna ports with four “A” shaped slots in radiating patches and ground plane, which permits the harvester to completely
utilize all accessible frequency bands. The design analysis of a compact dual-port (2× 1) ultra-wideband multiple-input multiple-output
(UWB-MIMO) antenna based on four “A” shaped slots and shared ground plane in the band of 2.3–21.7GHz is presented. The proposed
antenna has been implemented on a Rogers RT 5880 substrate with a size of 39mm × 30mm, a thickness of 0.8mm, and a dielectric
constant of 2.2. It achieves S11 ≤ −10 dB at (2.3–21.7) GHz and a maximum peak gain of 10.29 dB at 20.53GHz. The proposed antenna
is designed and simulated with ANSYS HFSS and fabricated. The results of simulation and measurement of the proposed antenna are
in good agreement, and the antenna achieves bandwidth of 2.3–20GHz that supports radio frequency energy harvesting in addition to
UWB applications across satellite, Wi-Fi, Wi-Max, and mobile applications.

1. INTRODUCTION

With the rapid development of the Internet of Things (IoT),
which meets human needs in various fields such as work,

study, and entertainment, sensors have become more ubiqui-
tous and are interconnected to form Wireless Sensor Networks
(WSNs), which require continuous power to keep it running [1–
4]. Batteries, which are frequently used as a traditional power
source in low-power electronic devices such as sensors, require
periodic and routine maintenance in the form of recharging or
replacement, which is expensive and impractical, especially
when the sensors are in hard-to-reach places [5].
Consequently, the energy harvesting (EH) technology is a

candidate solution that aims to recharge batteries by harvest-
ing energy from ambient environmental sources, such as so-
lar, wind, and Radio Frequency (RF) energy. Therefore, if the
energy source is continuously available, such as RF energy,
which is present in daily devices including radio towers, Wi-
Fi routers, cell phones, satellites, and communication applica-
tions, the sensors can be operated continuously [6, 7].
An RF energy harvesting system consists of a rectifying an-

tenna (Rectenna) that receives ambient RF energy through a re-
ceiving antenna and converts the harvested energy into usable
direct current (DC) through a rectification circuit to provide en-
ergy, especially for low-power applications [8].
RF energy can be captured using various types of antennas,

such as wide-band (WB) and ultra-wideband (UWB) antennas.
UWB antenna is attracting interest owing to its wider band-
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width. The Federal Communications Commission (FCC) as-
signed a frequency range for UWB technology, which extends
between 3.1GHz and 10.6GHz [9]. UWB antenna designs are
classified into two types: planar and non-planar. However, pla-
nar UWB antennas have received more attention in research be-
cause of their low profile, lower cost of manufacture, and mul-
tiple types of design, such as: printed monopole [10], tapered
aperture [11], metamaterial structure [12], and microstrip UWB
antenna [13]. Microstrip patch antenna has attracted more at-
tention from the researcher because of its many advantages, in-
cluding its low cost, small size, lightweight nature, and ease
of fabrication. Microstrip antenna is composed mainly of four
parts: radiating patch, dielectric substrate, ground plane, and
feed line [14].
Several planar UWB antenna design mechanisms have been

studied, such as a single UWB antenna element of different
lengths and shapes, and these single antennas have either lim-
ited antenna gain, increased design complexity, or inefficiency
in producing DC [15, 16]. Also, the material of the antenna
substrate has a significant impact on antenna performance pa-
rameters and efficiency. Even though FR4 is a common sub-
strate material used in patch antenna designs [17], it suffers
from performance limitations at higher frequencies due to di-
electric losses, making it unsuitable for many RF applications.
In contrast, Rogers has excellent high frequency performance
and low signal loss, making it an ideal choice for harvest-
ing electromagnetic energy [18, 19]. Furthermore, applying
different-sized and shaped slots to the ground plane and radi-
ator patch is the simplest method to construct a planar UWB
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FIGURE 1. Proposed antenna: (a) radiating patches, (b) ground plane and (c) final model.

antenna [20–22]. Additionally, the receiving UWB antenna is
connected to the rectifying circuit. The amount of energy cap-
tured by the receiving antenna and the rectifier circuit’s con-
version efficiency are the main factors affecting the system’s
overall performance, and a high gain antenna enhances har-
vesting power [23–25]. While ambient power levels are low,
the harvested energy should be increased. This may be accom-
plished in two main ways. First, the rectifying circuit’s effi-
ciency should be maximized to the highest acceptable level.
Second, multiple diversity techniques can be used to improve
the overall power received by the rectenna [26].
However, RF energy in the ambient environment has a low

power density. Therefore, it is difficult for a single antenna
to capture significant energy from a certain frequency range,
reducing the received RF energy and system efficiency [27].
To address this, multi-antenna technology with multiple-input
multiple-output (MIMO) antennas has been designed to in-
crease the harvested RF power due to multiport [28, 29], and
improve higher gain [30, 31], resulting in a high RF-to-DC con-
version efficiency. Since the design of MIMO antennas con-
sists of more than one element, coupling between the ports is
an important issue in MIMO design, which reduces the perfor-
mance of the MIMO antenna [32].
The isolation between the ports in MIMO antennas plays an

important role in energy harvesting. High isolation enables
each antenna to independently capture RF energy from a va-
riety of sources. This results in a more efficient energy har-
vesting system capable of receiving and converting RF energy
from a wide range of sources [33]. Thus, to improve the isola-
tion between the ports, several decoupling methodologies have
been adopted such as: using a metamaterial-based MIMO an-
tenna [34–36], octagonal shapedMIMO antenna [37], and Split
Ring Resonator (SRR) antenna [38] to get excellent isolation.
Also, the MIMO antenna with an orthogonal construction of-
fers better isolation between the ports [39, 40].
Furthermore, the performance of a MIMO antenna system is

characterized by several critical diversity parameters, includ-
ing Envelope Correlation Coefficient (ECC), which evaluates
the correlation between the antenna elements; Diversity Gain
(DG), which quantifies the improvement in signal quality re-
ceived through the multiple antennas; Mean Effective Gain
(MEG), which measures the average gain in a specific direc-
tion; and Total Active Reflection Coefficient (TARC), which

evaluates the reflections and losses within the antenna sys-
tem [41, 42].
While the MIMO antenna used in energy harvesting systems

acts as a receiver and does not transmit signals, it can still pro-
vide significant benefits to the system in terms of improved
gain, diversity performance, and efficiency, thereby maximiz-
ing harvested energy [43, 44].
Therefore, the utilization of UWB MIMO antennas is a can-

didate technology used in EH systems because of its distinctive
features, which allow the harvester to increase captured RF en-
ergy in the surrounding environment [45]. However, based on
our research, most of the publications on UWB-MIMO anten-
nas have had some shortcomings in the design, such as large
size, certain operating frequency band, mainly the 2.4GHz
band, and complex decoupling completely use each of the ac-
cessible frequency bands for structures.
Hence, this paper presents the design analysis of a dual-port

(2 × 1) UWB-MIMO antenna based on four “A” shaped slots
and shared ground plane, with a compact size of 39mm ×
30mm, a thickness of 0.8mm, and simple decoupling structures
via a strip feed line that enables the harvester to capture the am-
bient radio frequency in the bands between 2.3 and 21.7GHz.
This paper is organized as follows. Section 2 describes the
proposed antenna design steps and analysis Radio Frequency
Energy Harvesting (RFEH) purposes. Section 3 contains thor-
ough examinations of the simulated and measured parameters,
as well as the reflection coefficient, surface current distribution,
radiation pattern characteristics, gain, radiation efficiency, and
diversity performance. Finally, Section 4 shows the conclusion.

2. FORMULATION

2.1. Antenna Design and Analysis
The proposed compact dual-port (2× 1) UWB-MIMO antenna
structure is fabricated on a Rogers RT 5880 substrate with di-
mensions of 39mm×30mm×0.8mm, a loss tangent of 0.0009,
and a dielectric constant of 2.2 as shown in Figure 1.
This structure has four “A” shaped slots, two in radiating

patches fed by a strip line as presented in Figure 1(a), and the
other two in the shared ground plane to broaden bandwidth as
presented in Figure 1(b). ANSYS HFSS was used to optimize
antenna parameters. Table 1 lists the dimensions of the final
proposed antenna model shown in Figure 1(c).

42 www.jpier.org



Progress In Electromagnetics Research M, Vol. 128, 41-49, 2024

TABLE 1. Optimized values of the proposed antenna in (mm).

Parameters L W P1 P2 P3 P4 P5 P6 F1 F2

Values 39 30 10 12 4 2 4 2 9 1.8

Parameters R G1 G2 G3 G4 G5 G6 G7 G8 G9

Values 0.0016 10 24 6 4 2 22 2.5 2 8

(a) (b) (c)

(d) (e)

FIGURE 2. Design steps of the proposed antenna: (a) step 1, (b) step 2, (c) step 3, (d) step 4, (e) step 5.

(a) (b)

FIGURE 3. Simulated S-parameters (a) S11, (b) S21 curves of the antenna design steps.

2.2. Design Steps

Five steps were implemented to obtain the proposed antenna
design for energy harvesting purposes, as shown in Figure 2.
Additionally, Figures 3(a) and (b) present the impact of the
antenna design steps on their reflection coefficients (S11) and
mutual coupling coefficients (S21), respectively. The first step
of the design is shown in Figure 2(a), which has two radiating
patches and a common rectangular ground plane. The antenna
in step 1 has a reflection coefficient from 4.6GHz to 13.3GHz,
although between 8.4GHz and 10GHz, there is a portion of

S11 ≥ 10 dB as shown in Figure 3(a). The next step is step 2
as presented in Figure 2(b), which includes adding a vertical
rectangular strip to the common ground plane to increase the
impedance bandwidth. As a result, the reflection coefficient is
now (2.7–15)GHz, but we still need to get rid of a portion of
the band that is greater than −10 dB at (7.2–9.6) GHz.
To address this, we etched the four corners in each radiating

patch and inserted two reverse “A” shaped slots slots on it, as
seen in Figure 2(c), which is step 3. Thus, to meet the needs of
ultra-wideband applications, this step increases the bandwidth
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(a) (b)

FIGURE 4. (a) Top view and (b) bottom view of the fabricated proposed antenna.

(a) (b)

FIGURE 5. (a) Reflection coefficient and (b) mutual coupling coefficient comparison between simulated and measured.

to be from 2.7GHz to 22GHz. Another horizontal rectangu-
lar strip is added to the shared ground plane in step 4, as pre-
sented in Figure 2(d), to increase the impedance bandwidth to
be from 2.3GHz to 22GHz. However, the bands at 9GHz and
16GHz touch −10 dB, so we attempt to fade away this by in-
serting two “A” shaped slots to the last rectangular strip added
in step 4 to the shared ground plane to be the final step as shown
in Figure 2(e), which is step 5. Moreover, step 5 (the proposed
antenna) operational frequency range can cover the required
UWB to be (2.3–21.7) GHz as seen in Figure 3(a) and achieve
better isolation between ports than the previous steps as pre-
sented in Figure 3(b), making it suitable for the radio frequency
energy harvesting applications.

3. RESULTS ANALYSIS
To test the performance of the proposed antenna, prototype
hardware has been fabricated. Figures 4(a) and (b) show the
top and bottom views of the prototype antenna. The proposed
UWB MIMO antenna performance is examined via scattering
parameters, surface current distribution, radiation pattern, gain,
radiation efficiency, and diversity performance.

3.1. Scattering Parameters
Figures 5(a) and (b) compare the reflection coefficient and mu-
tual coupling coefficient of the proposed MIMO antenna be-
tween simulated and measured ones, respectively. There is
a good match between the simulated and measured perfor-

FIGURE 6. The VNA’s MIMO antenna testing procedure.

mances, with a little shift in frequency caused by cable losses
andmanufacturingmistakes. TheS-parameters of the proposed
MIMO antenna are measured by using a Vector Network An-
alyzer (VNA) as shown in Figure 6. The MIMO antenna’s
measured and simulated reflection coefficients (S11) are less
than −10 dB from 2.8GHz to 20GHz in measured terms and
from 2.3GHz to 21.7GHz in simulated terms as seen in Fig-
ure 5(a), with fractional bandwidth of 150.8% and 161.6% in
measured and simulated terms, respectively. The proposed an-
tenna has maximum return losses of −20.2 dB (measured) and
−22.56 dB (simulated) at 5.8GHz resonance frequency, as well
as−26.3 dB (measured) and−34.7 dB (simulated) at 13.8GHz

44 www.jpier.org



Progress In Electromagnetics Research M, Vol. 128, 41-49, 2024

(a) (b)

FIGURE 7. Surface current distribution of the proposed antenna in different frequencies. (a) 2.4GHz, (b) 5.8GHz.

(a) (b)

FIGURE 8. Photograph of the (a) top view and (b) bottom view of the proposed antenna in anechoic chamber.

resonance frequency. Significant improvements in isolation
between the proposed antenna’s ports have been made, and
throughout the operating band, mutual coupling coefficient lev-
els greater than (16.31 dB with a 60 dB peak value in measured)
and (19.91 dB with a 40.91 dB peak value in simulation) are
observed as shown in Figure 5(b). According to the measured
and simulated scattering parameters and mutual coupling coef-
ficient results, the proposedMIMO antenna exhibits acceptable
impedance matching over the spectrum of possible RF bands in
the surrounding environment.

3.2. Surface Current Distribution

The current distributions on the radiating patch’s surface and
ground plane’s surface have a significant impact on the antenna
sensitivity, according to the antenna performance theory. Due
to the feed line’s connection to the feed point (excitation port),
which results in a higher concentration of current there than in
other areas of the antenna, it is evident that the highest current
amplitude occurs at this location [46].
Figure 7 illustrates the surface current distribution at frequen-

cies of 2.4GHz presented in Figure 7(a) and 5.8GHz presented
in Figure 7(b). According to the graph, the surfaces of the ra-
diating patch and ground plane exhibit a modest current, which
progressively decreases away from the feed line. This demon-

strates that the antenna’s design may effectively and sensitively
capture electromagnetic waves.

3.3. Radiation Pattern

The proposed MIMO antenna’s radiation characteristics are
measured in an anechoic chamber, as shown in Figure 8. An
anechoic chamber is a quiet region with no losses due to no
reflection inside the room [47]. Because of its symmetrical de-
sign, radiation parameters are only examined at one port, and
it is assumed that the other port displays the same behavior.
The 2D far-field radiation simulation andmeasurement patterns
shown in Figure 9 are a result of studying the proposed MIMO
antenna’s radiation performance at 5.8GHz. There is good
agreement between simulation and measurement. To maximize
RF energy harvesting in the system, the antenna should be capa-
ble of receiving maximumRF energy frommany frequencies in
all directions of the environment [48]. According to the graph,
the proposed MIMO antenna receives the most radiation in all
directions in the E-plane as seen in Figure 9(a) and generates
a quasi-omnidirectional pattern in the H-plane as seen in Fig-
ure 9(b). This indicates that the proposed antenna has the ability
to receive signals from almost all directions, which is useful in
environments where RF energy sources are distributed and not
concentrated in one direction.
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(a) (b)

FIGURE 9. Measured and simulated radiation pattern at 5.8GHz in (a) E-plane and (b)H-plane.

FIGURE 10. Antenna peak gain of the MIMO. FIGURE 11. Antenna radiation efficiency of the MIMO antenna.

3.4. Antenna Gain and Efficiency

The simulated gain of theMIMO antenna is shown in Figure 10.
The antenna has a moderate gain of 5.42 dB at 5.8GHz and
swings significantly around 9 dB throughout the operational
band, with a maximum value of 10.29 dB at 20.53GHz.
Figure 11 displays the proposed MIMO antenna radiation ef-

ficiency versus the operating frequency. It is obvious that the
radiation efficiency of the antenna achieves 89% at the lower
operating frequency of 2.3GHz and increases across the whole
operating band to achieve 93% at 21.7GHz, with a maximum
value of 99% at 13.5GHz.
Hence, the gain of the proposed antenna increases gradually

as the frequency increases. Therefore, the antenna provides
omnidirectional or quasi-omnidirectional radiation at the lower
frequencies, as shown in Figure 12, which presents the 3D radi-
ation pattern at 5.8GHz, while at the higher frequencies it tends
to provide high-gain directive radiation. Overall, with the high
efficiency of the antenna, it demonstrates good performance in
terms of the gain across the intended band.
The power density and levels of RF signals in the environ-

ment are low [49]. An antenna design must have high gain
and radiation efficiency in order to capture sufficient power,
where high gain focuses the received energy more effectively,
and high radiation efficiency ensures reduced losses in the an-

tenna system. Then, the high proposed antenna gain and radi-
ation efficiency are beneficial for capturing RF energy at very
low RF power levels.

FIGURE 12. 3D radiation patterns at 5.8GHz.

3.5. Diversity Performance
Multipaths in the environment may be considered, and antenna
diversity is a solution for quasi-omnidirectional RF reception to
increase the likelihood of receiving energy [50]. Therefore, di-
versity performance, which can be measured by metrics like the
envelope correlation coefficient (ECC), diversity gain (DG),
and total active reflection coefficient (TARC), plays a crucial
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FIGURE 13. Simulated ECC for the proposed. FIGURE 14. Simulated DG for the proposed antenna.

TABLE 2. Comparison of proposed antenna with published work.

Ref. Size (mm3) BW (GHz) Peak Gain (dBi) Material ECC Eff. (%)
[12] 20× 34× 1 2.46–13.98 5.71 FR4 < 0.003 > 91

[33] 44× 44× 1.6 2.8–12 6.5 FR4 < 0.14 92
[41] 71.7× 46.7× 1.6 2.4 4.7 FR4 < 0.0035 95.2
[51] 30× 30× 1.6 3.1–12 6.2 FR4 < 0.001 87
[52] 58× 58× 0.787 4.4–14.4 5.3 Rogers RT 5880 < 0.01 90
[53] 26× 31× 0.78 2.8–12 5 Rogers RO 4003 < 0.001 > 95

[54] 62.5× 60.5× 1.6 3.5–11 4 FR4 < 0.01 70–90
This work 39× 30× 0.8 2.3–21.7 10.29 Rogers RT 5880 < 0.001 > 93

role in antenna performance for improving the efficiency of en-
ergy harvesting systems.
This section examines the diversity performance of the pro-

posed MIMO antenna based on these three terms. For two radi-
ating elements, ECC and DG are calculated using the formulae
provided in [20] in terms of scattering characteristics, as shown
directly in formulas (1) and (2).

ECC=

∣∣S∗
iiSij + S∗

jjSji

∣∣2(
1−

(
|Sii|2+|Sji|2

))
+
(
1−

(
|Sjj |2+|Sij |2

)) (1)

DG=10
√
1− (ECC)2 (2)

The ECC was used to measure the isolation and correlation be-
tween the antenna elements. Lower ECC values indicate higher
isolation and a lack of correlation between the devices. Thus,
improve energy harvesting by ensuring that the energy received
by each antenna element comes from a variety of uncorrelated
sources, potentially improving the total harvested energy. Fur-
thermore, diversity gain improves the system’s ability to dis-
cover and exploit weak RF signals, which is critical for energy
harvesting in situations where the RF power level is low. This
guarantees that even low-level ambient RF energy is properly
transformed into useful power.
The ECC and DG simulation results are shown in Figure 13

and Figure 14, respectively. We can see that ECC is close to
zero across the impedance bandwidth, which indicates high iso-

FIGURE 15. Simulated TARC for the proposed antenna.

lation between the proposed antenna elements. However, DG
was approximately 10 dB throughout the whole UWB range.
The TARC is defined as the square root of the total reflected

power and apparent return loss of the total incident power for
the entire operating frequency of the MIMO antenna. For a
dual-port MIMO antenna, TARC can be calculated according
to the method proposed in [51], as shown in formula (3):

TARC =

√
(s11 + s12)

2
+ (s21 + s22)

2

√
2

(3)

Figure 15 shows the simulated TARC result. It is evident that
the simulated TARC value is below 4.58 dB in the entire op-
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erational frequency. Thus, the proposed UWB MIMO antenna
has good diversity performance results, which is intended to
support UWB applications and RF energy harvesting.

4. PERFORMANCE COMPARISON
Table 2 compares the performance of the proposed UWB
MIMO antenna with that of other related studies. It is evident
that the proposed antenna provides a wider bandwidth, better
gain, high efficiency, and low ECC value. Additionally,
it is easy to model and fabricate at low cost. In addition,
the Rogers RT 5880 substrate used in the proposed antenna
design provides a higher frequency band than FR4. Thus, the
proposed UWB MIMO antenna can be efficiently used for
energy harvesting purposes and UWB applications.

5. CONCLUSIONS
A dual-port (2×1) UWBMIMO antenna with four “A” shaped
slots and common ground plane is presented. The proposed an-
tenna was implemented on a 39mm×30mm×0.8mmRogers
RT 5880 substrate. The designed antenna had an impedance
bandwidth of 2.3 to 21.7GHz and lowmutual coupling less than
−15 dB. The proposed antenna has a maximum gain value of
10.29 dB at 20.53GHz with good diversity performance: ECC
is approximately equal to zero, DG roughly 10 dB, and TRAC
below 4.58 dB. The radiation efficiency of the proposedMIMO
antenna is between 89% and 93% within the whole operating
frequency, with a maximum efficiency of 99%. The proposed
antenna is fabricated, and according to the simulated and mea-
sured results, the proposed antenna may be a good option for
RF energy harvesting systems.
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