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ABSTRACT: This study proposes a space-efficient ultra-wideband (UWB) monopole antenna engineered for superior gain and perfor-
mance. The innovative design, modeled and analyzed using HFSS software, involves etching the resonator onto one side of an affordable
FR4 substrate. The manufactured antenna features an extended impedance bandwidth, achieved by incorporating “E” and “inverted E”
shaped slots on the patch, an irregular hexagonal substrate structure, and a slotted partial ground plane. Covering a frequency range
from 2.5 to 11.1 GHz, the patch achieves a maximum gain exceeding 7.9 dB and an efficiency of 98%. Parametric analyses based on
numerical simulations evaluate the impact of design elements, such as slots on the resonator and ground plane, and cuts in the substrate.
The excellent match between simulated and measured data verifies the antenna’s performance across multi-band environments. The
article concludes by introducing a second antenna, designed through the symmetrical integration of four prototypes of the suggested an-
tenna. Mutual coupling between elements is reduced through the use of an orthogonal, four-directional staircase structure, and a defective
ground is intentionally left unconnected. This new antenna covers an impedance spectrum from 2.42 to 12 GHz, with a gain of 12.77 dB,
an efficiency of up to 98%, and a voltage standing wave ratio (VSWR) ranging between 1 and 2. Overall, the article emphasizes the de-
sign, optimization, and application of UWB antennas, highlighting their performance and suitability for various wireless communication
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scenarios.

1. INTRODUCTION

Over the years, it has become highly desirable to have low-
profile, compact, and wideband antennas with multiband
characteristics to meet the requirements of modern wireless
communication systems. The rapid and remarkable develop-
ment of most of these systems over the past decade has under-
scored this need. In 2002, the United States Federal Communi-
cation Commission (FCC) allocated the UWB spectrum from
3.1 to 10.6 GHz for commercial applications of UWB commu-
nication systems [1].

UWRB antennas are highly versatile and find utility in a wide
range of applications, spanning from high-precision localiza-
tion [2] to high-resolution radar imaging [3], high-speed com-
munications [4], automotive safety [5], the Internet of Things
(IoT) [6], environmental monitoring, security, and defense, as
well as consumer applications like augmented reality. The ver-
satility of UWB antennas makes them an essential tool adopted
in various industries [7]. Furthermore, the UWB spectrum is
characterized by an extremely low power spectral density, mak-
ing it less susceptible to interference [8]. Additionally, UWB
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radiation has a virtually negligible impact on the human body,
positioning it as one of the most promising technologies for
global wearable applications. Consequently, for effective wire-
less transmission and reception, portable systems necessitate
the integration of UWB portable antennas. The limited com-
munication range of UWB is due to its low spectral density.
However, this feature necessitates the use of high-gain anten-
nas with relatively stable radiation characteristics [9]. Vari-
ous shapes and sizes of UWB monopole patches with differ-
ent substrate types have been explored by researchers for vari-
ous applications [10—16]. Characteristics such as reduced size,
low profile, high radiation efficiency, lightweight design, and
ease of integration into communication devices make unipolar
planar patches an attractive option for UWB transceiver sys-
tems [10]. In [11], there is a description of a planar patch an-
tenna fed by a coplanar waveguide, offering UWB circular po-
larization. In [12], Li and co-authors utilized a coplanar patch
with a conical slot to achieve UWB operation. They introduced
two innovative anti-spiral shapes at the end of the slot to in-
crease the electrical aperture and reduce reflection power. To
achieve UWB functionality and operate within the ISM band
(2.45 GHz), the authors of [ 14] employed a dual-spectrum split-
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ring antenna. Ref. [17] introduces a compact planar monopole
antenna with a quadrilateral shape, fed by a coplanar waveg-
uide, specifically designed for UWB applications. However,
UWB patches face the inherent challenge of limited radiation
range at shorter distances due to reduced transmission power,
as highlighted by the FCC.

The challenges stemming from short-range and low-power
transmission can be bypassed through the use of MIMO (Mul-
tiple Input, Multiple Output) technology in conjunction with
UWB. This approach involves employing multiple radiating
elements for wireless signal transmission and reception. The
benefits of utilizing a MIMO antenna rather than a monopole
antenna will be described next for UWB devices, as follows:

» Transmission Reliability: The spatial diversity provided
by MIMO antennas contributes to improving transmission
reliability. By leveraging multiple propagation paths, they
mitigate the effects of multipath, signal attenuation, and
interference, ensuring more robust communication.

* Improving Distance Resolution: MIMO antennas can im-
prove distance resolution, a crucial aspect for precise in-
door localization applications. By exploiting the differ-
ences in signal arrival times between the antennas, they
enable more precise localization of UWB devices.

* Management of Spatial Multiplexing: MIMO configura-
tions enable spatial multiplexing and can utilize the an-
tenna arrays to direct separate data users with directional
beams. This also better utilizes the spectral efficiency and
capacity of a UWB system.

* Interference Mitigation: MIMO antennas can be designed
to mitigate high or low-level interference in the presence
of significant noise or competing wireless systems. Im-
proved signal quality can be achieved using optimized
beamforming for the UWB system with minimized inter-
ference even in relatively crowded settings.

However, the major challenge encountered with MIMO an-
tennas lies in the high coupling between the resonators. To
mitigate the coupling between elements in wideband planar
MIMO antennas, various approaches have been explored [18—
35] including the use of electromagnetic bandgap (EBG) struc-
tures and other decoupling techniques, as documented in Refer-
ences [18-21]. Additionally, the authors of [22—24] introduced
dual-port MIMO antennas incorporating split-ring resonators
(SRRs), showcasing a significant improvement in isolation be-
tween elements. In [25], a UWB MIMO configuration utilizing
eight 3D-shaped resonator elements was reported. To address
the issue of mutual coupling, the authors positioned the reso-
nant elements in both horizontal and vertical orientations. A
dual-polarization antenna for UWB signals was developed by
Maurya N. K. and Bhattacharya R. in [30]. In this design, the
authors positioned the antenna elements orthogonally, aiming
to enhance isolation between them and achieve polarization di-
versity. In [27], the authors introduced F-shaped stubs in the
common ground plane of their work to enhance the isolation
between the resonant elements of the MIMO antenna. In [28],
an extruded T-shaped stub is incorporated at the rectangular
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ground plane to improve isolation. Additionally, [29] proposes
the use of four-way staircase-shaped decoupling and the tech-
nique and multi-slit and multi-slot techniques to reduce the mu-
tual couplings between the rayonnant element.

In this article, two UWB antennas are proposed to provide
a typical solution for short-range wireless communications due
to their ability to transmit signals over a broad frequency range
and low power consumption in both transmission and reception.
The article introduces a compact UWB monopole antenna char-
acterized by high efficiency and high gain. This innovative de-
sign relies on the High Frequency Structure Simulator (HFSS)
software for modeling and analyzing the multiple slots used
on the patch and the ground plane. The manufactured UWB
antenna covers a frequency range from 2.5 to 11.1 GHz, with
a maximum gain exceeding 7.9 dB and an efficiency reaching
98%. Several parametric analyses based on numerical simula-
tions are conducted to achieve an optimal design.

The article concludes with an improvement in antenna per-
formance by applying the MIMO technique. To significantly
reduce mutual coupling between antenna elements, a structure
in the form of a distinct, orthogonal, and symmetrical four-
directional staircase with a defective ground, is intentionally
left unconnected. This innovative design enables the antenna
to operate across an impedance spectrum ranging from 2.42 to
12 GHz, with a maximum gain of 12.77 dB and an efficiency
reaching 98%.

2. ANTENNA DESIGN

Figure 1 illustrates the schematic layout of the suggested UWB
patch. The design of this patch involves a printed monopole
featuring two “E” and “inverted E” shaped slots at the resonator
level, as well as a rectangular slot on the ground plane. It is
mounted on an irregular polygon-shaped, cost-effective FR4
substrate with volume of 1101.38 mm? x 1.6 mm and a dielec-
tric constant of 4.4. The monopole antenna is fed through a
50 © impedance feed line with a width referred to as “Wpr” and
a length denoted as “L;”. The HFSS computer simulator was
utilized to design and simulate this antenna. Table 1 details the
dimensions obtained through optimization. In this study, se-
lecting a circular radiating structure aims to provide a UWB
operation while occupying less space than conventional radiat-
ing antennas.

TABLE 1. Units for magnetic properties.

Parameters L W R Wy Ly
Values (mm) 28.7 31.25 13 3.95 11.15
Parameters F P, F; L L,
Values (mm) 18 12.5 7.5 13.13 994
Parameters Ls m Ls Lg Ly
Values (mm) 11.25 3 2.25 3 12.69

2.1. Diverse Phases in the Design Process

Figure 2 displays the distinct design stages of the designed
monopole presented in this work. The transmission line method
is adopted for the design of the initiator patch illustrated in
Fig. 2(a), and it is a circular monopole antenna of radius R.
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FIGURE 1. UWB patch, (a) front view, (b) rear view.

The resonance frequency f, of the circular radiator is deter-
mined using (1) provided by Reference [36]:

fo = 1.8412 x C/47TReﬁ'\/a (1)

where “c” represents the light speed, and “R,;” is the effective
radius of the radiator, which is calculated by (2):

Ry=R \/1 + <ln (7;3) + 1.7726) @)

In this context, “h” represents the substrate’s thickness, “R” the
resonator’s radius, and “c,.” the dielectric constant of the sub-
strate. The initiator patch’s radius is computed at the resonant
frequency of 3.58 GHz. Then, in the first step, an “E”-shaped
slot was cut from the resonator, as shown in Fig. 2(b), to im-
prove the antenna characteristics. Furthermore, in the second
step, as illustrated in Fig. 2(c), an inverted “E”-shaped slot was
cut from the resonator created in the first step. Two cuts were
made on the substrate in the third step, which presents the pro-
posed antenna. These modifications are made to achieve Ultra-
Wideband (UWB) operation.

2h
7T€TR0

2.2. Antenna Design Approach

Figure 3 displays the S7; characteristics in a way that reflects
the step-by-step design progress. The Step 0 patch presents
a monopole circular antenna, which can operate with a band-
width of 0.17 and 0.65 GHz in the frequency ranges of 3.55
to 3.72 GHz and 6.0 to 6.65 GHz, respectively. Starting with
the modification to the antenna in Step 1, the operating ranges
have seen a significant improvement. However, at this point,
the antenna exhibits performance over four impedance bands:
0.1 GHz, 1.84 GHz, 1.56 GHz, and 1.11 GHz. While display-
ing a maximum gain of 5.01 dB. Thus, the insertion of the
two “E”-shaped and inverted “E”-shaped slots in the antenna
in the penultimate step allowed for the achievement of dual-
band operation with a bandwidth of 3.13 GHz and 2.98 GHz in
the operating ranges of [2.47-5.60] GHz and [6.90-9.88] GHz,
respectively. It is evident that Step 3, which presents the pro-
posed antenna with a substrate modification, has contributed
to improving the antenna’s matching and expanding the opera-
tional frequency range. This modification has increased oper-
ating bandwidth, covering all the desired frequencies intended
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for wireless communication applications. According to simu-
lations, the antenna is now capable of operating in UWB mode
over a frequency range from 2.57 GHz to 11.10 GHz. This op-
erating frequency range ensures UWB operation with better
gain and high efficiency that reaches 7.98 dB and 98%, rep-
resenting a promising development for wireless communica-
tion applications. The antenna provides a diversity of use cases
with remarkable versatility. They include applications such
as high-accuracy localization, high-resolution radar imaging,
high-speed communication, road safety, health monitoring, the
Internet of Things (IoT), environmental monitoring, security,
defense, and consumer-oriented uses like augmented reality.

In the context of UWB operation, the introduction of the “E”
and inverted “E” shaped slots plays a crucial role in bandwidth
enhancement. These slots perturb the surface current distribu-
tion on the radiating patch, effectively increasing the electrical
path length and enabling the excitation of additional resonant
modes. The interaction between these newly introduced reso-
nances and the fundamental mode leads to improved impedance
matching over a wider frequency range. As a result, the an-
tenna achieves an expanded operational bandwidth while main-
taining stable radiation characteristics across the UWB spec-
trum. Moreover, modifying the substrate in the proposed an-
tenna enhances impedance matching and broadens the oper-
ational frequency range by adjusting the effective dielectric
constant, controlling surface wave propagation, and influenc-
ing resonance behavior. Changes to substrate material improve
impedance matching across frequencies, while structural mod-
ifications help suppress unwanted surface waves that can oth-
erwise cause mismatches. These adjustments optimize current
distribution, allowing the antenna to support multiple resonant
frequencies, and improve radiation efficiency by guiding elec-
tromagnetic fields effectively, collectively expanding the band-
width and operational range.

2.3. Circuit Model for Patch Antennas

The equivalent circuit for antennas is a simplified representa-
tion of the antenna using passive electrical components such
as resistances, inductances, and capacitances. This representa-
tion facilitates the analysis and understanding of the antenna’s
behavior in the electrical domain. The main elements of the
equivalent circuit include:

» Complex input impedance: Comprising resistance and re-
actance, it represents the response of the antenna.

» Radiation resistance represents the amount of power dis-
sipated in the form of electromagnetic radiation.

* Loss resistance represents internal losses due to effects
such as the ohmic resistance of materials.

+ Capacitance and inductance reactive components were
modeling the energy storage properties of the antenna.

The equivalent circuit allows for the analysis of the antenna’s
impedance as a function of frequency, which is essential for
impedance matching and performance optimization. Addition-
ally, circuit simulation tools use these equivalent models to pre-
dict the behavior of antennas under various conditions.
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FIGURE 2. Distinct design stages of the suggested UWB patch, (a) initiator antenna (Step 0), (b) first “E” shaped slot (Step 1), (c) second slot in the

shape of an inverted “E” (Step 2), (d) suggested UWB antenna.
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FIGURE 3. Distinct stages S11 of the suggested UWB antenna.

The input impedance of a patch is a complex quantity that
varies with geometry, environment, and frequency. Precision
in representing this input impedance can be achieved by us-
ing equivalent circuits comprising localized elements. In their
works cited under References [37] and [38], the authors devel-
oped the equivalent model of a broadband monopole in an aerial
environment. Broadband antennas can be considered multi-
band antennas and are represented by an LC input cell coupled
in series with IV cells (parallel RLC circuits). Figs. 4 and 5 se-
quentially present the input impedance and the equivalent cir-
cuit. “N” is defined by the number of local maxima the in-
put impedance gives. In this situation, eight local maxima are
observed, requiring the calculation of eight cells. Each cell’s
constituent elements (R;, L;, C;) (+ = 1,2, ..., N) are derived
from the real part of the input impedance plot. Additionally,
the components of the input cell (Cy and Lg) are determined
based on the imaginary part of the input impedance plot. The
detailed steps for deriving the equivalent model of the antenna
patch in an aerial environment are extensively explained in Ref-
erences [37] and [38]. The general expression for the input
impedance of the equivalent circuit is written by (3). Table 2
presents the equivalent circuit parameters for the antenna.

1
Zeg = j21fL _—
q J2mfLo + 27 fCo

N 1 1 —1
+ ; <Ri + oL +]27rfCi> 3)
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FIGURE 5. Configuration of the equivalent circuit for antennas.

2.4. Parametric Analysis of the Suggested UWB Patch

After various optimizations based on different parameters, the
proposed design has been finalized. In this section, a paramet-
ric analysis using the HFSS simulator was conducted. The an-
tenna’s performance is closely tied to the dimensional param-
eters of the suggested antenna. Variations in these parameters
lead to substantial changes in antenna performance. Optimal
dimensions for the suggested antenna can be deduced through
parametric studies, ensuring its efficient operation by maximiz-
ing its attributes.

2.4.1. Effect of the Feed Line Width (W)

The study of the influence of feed line width on reflection co-
efficient, while keeping other parameters of the proposed an-
tenna dimensions constant, is shown in Fig. 6(a). According

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 161, 105-119, 2025

@ ° (b) o] ! ' ' S——
5 -5
10 -10
= .15 = %7
g -20 %” =
£ =] -25 + ,'
-25 -30 - . { = [3=18.26mm
i u L —-— L3=1225mm
30 4 = = Wi=3,55mm _35 | § Profosed antennal]
 _ wWf=2375 . ¢ l----L3=1025mm
05 T L R S s Cezers e 0 | | :
; -a5 + . . .
2 4 <] 8 10 2 4 6 8 10
Freq [GHZz] Freq [GHZ]
©) oA - i
-5 - Y -
~10 4
= -15-4
g: -20 !
3 i
-25 - «
-30 - ‘R=
H R =
=35 Ul Proposed antenna| |
| R et R = 13,25 mm
-40 - -
2 4 6 é 10
Freq [GHZz]
FIGURE 6. S11 plOt for (a) S11 Wf, (b) S11 Ls, (c) S11 R.
TABLE 2. Equivalent circuit parameters.
Circuit parameters Co (pF) Lo (mH) Ri () Ci(pF) Li(@mH) Ry (Q)
Value 19.19 0.46 53.62 15.32 0.0026 58.99
Circuit parameters C> (pF) L, (mH) R;(Q) Cs(F) L3z (@mH) R4(Q)
Value 11.72 0.18 84.24 14.32 0.10 64.43
Circuit parameters Ci (pF) Ls(mH) Rs(Q2) Cs(pF) Ls(@mH) Rs ()
Value 3.03 0.34 85.09 4.97 0.12 55.13
Circuit parameters  Co (pF)  Ls (nH) R;(Q) C7(pF) L7 (mH) Rs(Q)
Value 3.52 0.13 68.01 2.17 0.16 75.80
Circuit parameters ~ Cg (pF)  Lg (nH)
Value 5.54 0.046

to this figure, it is evident that decreasing the feed line width
“W;” from the proposed value of 3.95 mm to 3.55 mm results
in a decrease in the impedance matching of the patch and the
loss of UWB operation. Similarly, when “W;” varies from
3.95mm to 4.15mm, it is observable that the antenna match-
ing is reduced, and UWB operation is lost. Thus, it is con-
cluded that Wy = 3.95 mm is the optimal value to achieve good
matching and cover the [2.5-11.1]GHz band, subsequently
achieving UWB operation with the best impedance match-
ing. The “W;” strongly influences the antenna’s impedance
matching and UWB performance by controlling the charac-
teristic impedance of the microstrip line and shaping the cur-
rent distribution at the feed. A narrow “W;” yields a higher
impedance than 50 ), while an excessively wide W results
in a lower impedance, and both cases create mismatches that
increase reflections and degrade return loss. When properly
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optimized, “W;” ensures that the feed line impedance is well-
matched to the antenna input impedance, thereby maximiz-
ing power transfer and minimizing losses. For UWB opera-
tion, this optimization is particularly important, as it stabilizes
the impedance across the wide frequency spectrum, mitigates
frequency-dependent mismatches, and promotes consistent ex-
citation of the radiating patch. As a result, the antenna achieves
efficient broadband. These adjustments optimize the integra-
tion of slots at the resonator’s performance with improved re-
turn loss, wide bandwidth, and stable radiation characteristics
throughout the UWB range.

2.4.2. Influence of Ground Plane Length (Ls)

Then, the second parameter studied is “L3”. The influence
of this parameter on Sp; is illustrated in Fig. 6(b), keeping
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the other dimensions unchanged. According to Fig. 6(b), it
is clear that after a gradual decrease of 1 mm in the length of
the ground plane from the value used in the suggested patch
(Ls = 13.25 mm), the adaptation level of the S1; L3 diagram
is degraded, thus leading to multi-band operation with a nar-
row bandwidth. Furthermore, when the value of “L3” is in-
creased by 1 mm (L3 becomes equal to 14.25), the impedance
adaptation of the antenna is reduced, achieving multi-band op-
eration but not reaching UWB operation. In conclusion, it is
noted that a slight variation in “L3” has a significant influence
on the bandwidth and impedance adaptation of the antenna, and
L3 = 13.25 is the optimal value for achieving UWB operation.
Adjusting the length of the ground plane “L3” significantly af-
fects both the bandwidth and impedance matching of the an-
tenna, which is critical for achieving ultra-wideband (UWB)
operational. A well-chosen ground plane length helps to control
the current distribution and electromagnetic field coupling be-
tween the antenna and the ground, both of which influence the
antenna’s impedance characteristics across a wide frequency
range. By increasing or decreasing “L3”, designers can effec-
tively tune the lower- and upper-frequency bounds of the op-
erational band, thereby enhancing or limiting the bandwidth.
Adjusting “L3” helps to achieve better impedance matching by
minimizing return losses across the desired frequency range,
thereby reducing reflections and maximizing energy transfer,
both of which are essential for stable UWB performance.

2.4.3. Effect of the Radius (R) of the Resonator

This section delves into the variations in radius “R” of the res-
onator, a crucial element in the design, aimed at evaluating its
impact on the S1; properties of the proposed patch. It represents
the third major design factor examined in this section. Changes
in simulated S71, achieved by varying the “R” parameter, are
depicted in Fig. 6(c) to illustrate its influence on S7;. From
Fig. 6, it is evident that the resonator’s radius “R” significantly
affects the operating band. However, due to fluctuations in the
“R” value, the performance of the operational bandwidth di-
minishes. A minor variation in “R” on the order of 0.5 mm
results in the loss of UWB functionality, consequently failing
to cover the desired operating bands. A recommended radius
of R = 13 mm enhances impedance matching for the proposed
antenna, leading to an extended operational bandwidth of up
to 8.60 GHz. In light of this, it can be affirmed that the pro-
posed antenna attains optimal performance in terms of opera-
tional bandwidth and S1; when configured with a radius of R
equal to 13 mm. The deterioration observed at certain radius
values can indeed be attributed to changes in the current dis-
tribution on the patch surface. Specifically, when the radius is
increased beyond the optimized value, the effective electrical
length of the patch changes, which alters the resonant frequency
and disrupts the matching condition. This results in a redistribu-
tion of surface currents, leading to degraded impedance match-
ing and reduced radiation efficiency. Conversely, when the ra-
dius is reduced, the current paths shorten, limiting the effective
radiation aperture and causing bandwidth narrowing. Addition-
ally, adjusting “R” affects the antenna’s S1; characteristics in-
fluencing the quality of resonance and minimizing return losses
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over the desired frequency range, which is crucial for achiev-
ing stability, and broad UWB performance. Thus, fine-tuning
“R” allows designers to optimize the bandwidth and impedance
matching to achieve efficient ultra-wideband operation.

2.4.4. Current Distributions Analysis

Parametric analyses have revealed that adjusting parameters
such as feed line width “W;”, ground plane length “L3, and
resonator radius “R” generates an ultra-wide bandwidth. As il-
lustrated in Fig. 7, the current distribution on the patch accounts
for this observation, highlighting seven resonance frequen-
cies at 2.94 GHz, 3.47 GHz, 4.34 GHz, 6.05GHz, 7.35 GHz,
8.92 GHz, and 9.72 GHz. They can also explain the influence
of the “E” and inverted “E” shaped slots in resonators and the
slots at the ground plane on the generation of UWB operation.

Analyzing Figs. 7(a), (b), (c), and (d), a noteworthy concen-
tration of current is observed at the resonator and ground plane
slots, leading to the creation of the operating band with im-
proved antenna electrical performances at low-frequency op-
erating bands, and subsequently ensure proper operation for
applications such as WLAN, WiMAX, Bluetooth, Wi-Fi, and
the ITU. The surface currents depicted in Fig. 7(¢) demonstrate
exceptional spreading across all parts of the antenna, resulting
in optimal radiation and, consequently, effective operation in
the X-band. Similarly, in both Figs. 7(f) and (g), surface cur-
rents concentrate more on the slots located at the resonator and
ground plane below the feed line, resulting in a bandwidth cov-
ering the C, X, and ITU-assigned amateur radio bands.

3. RESULTS AND DISCUSSION

HFSS software was utilized for the design and optimization of
the antenna. Subsequently, the fabrication and measurement of
the parameters of the suggested optimal patch were carried out
to validate the simulated results. Figs. 8(a), (b), and (c) depict
the front and rear views of the manufactured antenna, along
with its measurement setup in the anechoic chamber.

The antenna was tested using a National Instruments vector
network analyzer. The measured results demonstrated a 90%
correlation with the simulated data, attributed to the highly pre-
cise fabrication process, which was repeated multiple times to
achieve optimal alignment with the simulation outcomes.

The S1; is a crucial parameter for delineating the operational
frequency ranges of the antenna. The network analyzer was
employed to measure the S77, and the measured results were
compared to those obtained through simulation (using HFSS).
The comparative results are depicted in Fig. 9. As shown in
Fig. 9, a notable agreement between simulated and experimen-
tal results is observed for the bandwidth when S is less than
—10dB. It can be inferred from this figure that the measured re-
sults align well with the simulated values. However, the reflec-
tion loss graph of the experimental results shows an improve-
ment in the low-frequency range and a slight deviation after
the 10.3 GHz frequency. This discrepancy, where impedance
matching decreases, can be attributed to SMA connector losses,
manufacturing tolerances, FR-4 substrate losses (especially at
higher frequencies), and the measurement environment. Upon
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FIGURE 7. Simulated current distributions at (a) 2.93 GHz, (b) 3.47 GHz, (¢) 4.34 GHz, (d) 6.05 GHz, (¢) 7.35 GHz, (f) 8.92 GHz, (g) 9.72 GHz.

examining the experimental results illustrated in Fig. 9, it can
be affirmed that the operation in ultra-wideband (UWB) is
confirmed. Furthermore, the fabricated prototype can cover
the frequency range [2.1-2.16] GHz, [2.48-10.48] GHz, and
[11.23-12] GHz, with a measured bandwidth of 0.06, 10, and
0.77 GHz, representing 97.18% of the entire tested frequency
range.

The radiation properties of the proposed antenna were ex-
amined and presented in terms of radiation efficiency, radiation
pattern, and peak gain. The simulation results were validated by
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experimental measurements in an anechoic chamber as shown
in Fig. 8(c).

Figures 10, 11, and 12 illustrate the simulated and measured
results of the 2D radiation pattern, peak gain, and radiation effi-
ciency of the proposed antenna. The results obtained from sim-
ulation and measurement of the 2D radiation pattern show ex-
cellent agreement with slight disparities. Fig. 10 demonstrates
that the fabricated antenna effectively radiates across the en-
tire operating band. The radiation pattern in the H-plane for
the first three resonance frequencies exhibits omnidirectional
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(a) (b)

Ay o

FIGURE 8. Prototype patch antenna. (a) View from the top, (b) view from the bottom, and (c) setup for measuring radiation characteristics in the

anechoic chamber.
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FIGURE 9. Si1 (dB) of the antenna under simulation and actual mea-
surement.

radiation, while it becomes quasi-omnidirectional at other res-
onance frequencies. The antenna radiation pattern in the F-
plane adopts an “8” shape (bidirectional) at the three lowest res-
onant frequencies and becomes quasi-omnidirectional at other
frequencies. The observed modification in the radiation pat-
tern at high frequencies is due to the influence of the FR-4 sub-
strate’s characteristics at these frequencies. High-frequency ef-
fects, such as increased dielectric losses and dispersion within
the FR-4 material, alter the propagation and distribution of elec-
tromagnetic fields, leading to a change in the antenna’s radia-
tion pattern. A slight disparity is observed in Fig. 11 between
the measured and simulated peak gains. This difference may
be attributed to manual soldering, the presence of impurities in
the substrate used for fabrication, or connector effects. Addi-
tionally, it is noted that the peak gain increases with frequency.
This observation could be explained by the dimensions of the
antenna exceeding the wavelength as the frequency increases.
The peak gain can reach 7.4 dB at the frequency of 11.23 GHz.
The radiation efficiency of an antenna measures its ability to
convert electrical energy into electromagnetic waves emitted
into space. It represents the antenna’s efficiency in transmit-
ting or receiving signals with minimal losses. High radiation
efficiency is sought to ensure optimal antenna performance. In
other words, radiation efficiency quantifies how effectively an
antenna converts received electrical energy into useful radia-
tion while minimizing losses as heat or stored energy within

112

the antenna structure. The simulated radiation efficiency of the
proposed antenna can reach up to 98%. Additionally, the mea-
sured radiation efficiency of the prototype reached 97% at the
frequency of 2.56 GHz.

Table 3 presents a comparison between the results of the pro-
posed monopole antenna and those of the antennas presented
recently in the literature [11-17] on UWB antennas in terms of
area (mm?), substrate type, operating range (GHz), peak gain
(dB), and efficiency (%). The analysis reveals that the pro-
posed monopole antenna outperforms previous designs, boast-
ing a smaller footprint and superior performance. Specifically,
the monopole antenna introduced in this paper demonstrates
significant advantages over prior research. By leveraging an
FR4 substrate, it achieves cost-effective manufacturing while
maintaining a compact form factor of 1101.38 mm?, an impres-
sive impedance bandwidth, high efficiency, and a peak gain of
7.5dB.

4. UWB-MIMO ANTENNA

A strong coupling is generated between antennas placed at a
distance less than A\/4. This mutual interference can be mit-
igated by opting for antennas that have an appropriate sepa-
ration distance within the mobile terminal. They can be po-
sitioned either with some on the upper side and the others on
the lower side, or on the same side. This arrangement of an-
tennas also disrupts the phase of coupling currents, compro-
mising the polarization of the radiated fields. Reducing ground
coupling and field coupling can be achieved by orienting adja-
cent antennas perpendicularly (at 90°). Orthogonally arranged
linearly polarized antennas increase isolation and provide po-
larization diversity [29,39]. The design addresses the chal-
lenge of requiring an intact floor in mobile terminal applica-
tions by employing several strategies to optimize performance
despite floor interruptions. This strategy includes using a par-
tial ground plane or ground slit, which adapts the antenna to
non-continuous ground surfaces commonly found in compact
mobile devices, thus maintaining impedance matching and op-
erational bandwidth. Additionally, positioning the antenna near
the edges of the terminal minimizes the impact of ground inter-
ruptions, allowing the antenna to function effectively even with
a non-intact floor.
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FIGURE 10. Radiation patterns in the £ and H planes at (a) 2.93 GHz, (b) 3.47 GHz, (c) 4.34 GHz, (d) 6.05 GHz, (e) 7.35 GHz, (f) 8.92 GHz, (g)
9.72 GHz.

Various isolation methods for MIMO antenna systems have identical to the one proposed in the first part, is introduced
been documented in previous studies. In this section of the ar- to further enhance its performance while operating within the
ticle, a new UWB-MIMO antenna with four elements, each UWB frequency range. The four monopoles are symmetrically
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FIGURE 11. Simulated and measured peak gains.
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FIGURE 12. Simulated and measured radiation efficiencies.

FIGURE 13. Suggested a circular-shaped MIMO antenna with unconnected ground, (a) frontal schematic view, (b) rear schematic view.

TABLE 3. Comparison of the proposed monopole patch with structures reported in previous studies.

Ref. No. Area (mm?) Subs type Operating range (GHz) Peak gain (dB) Efficiency (%)
[11] 75 x 63 Rogers RO4232 [3.10-10.6] < 3.50 < 85
[12] 53 x 63.5 FR4 1.2-9.8 <5.2 < 85
[13] 100 x 78 Taconic TLY-5 2-5 <3 Not specified
[14] 40 x 30 FR4 3.4-7,8-11.4 <5 <95
[15] 38.31 x 34.52 FR4 3.1-10.6 <5 <95
[16] 48 x 55 FR4 1.9-5,6-10.6 <5 Not specified
[17] 64 x 37.4 F4ABM 1.5-10.4 <2 Not specified
This work 1101.38 FR4 2.1-2.16, 2.48-10.48, 11.23-12 <75 <98

and orthogonally distributed on the upper part of the substrate,
with the ground plane located on the lower side. The four el-
ements of the MIMO antenna are arranged orthogonally in a
stair-like pattern, separated, and mutually adjacent. This con-
figuration aims to minimize the mutual coupling effect between
the resonators. The simulated results of the suggested UWB-
MIMO antenna are subsequently analyzed. Fig. 13 depicts the
two-dimensional configuration of the four-element MIMO an-
tenna proposed with unconnected ground elements. The an-
tenna is designed on a cost-effective FR4 substrate with a thick-
ness of 1.6 mm, a length of W,,, = 84mm, and a width of
L,, = 72.5mm. Figs. 14 and 15 depict, respectively, the
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layout of the MIMO antenna with the four ground elements
connected and the comparison of .S1; between the MIMO an-
tenna with ground connected and that with ground unconnected.
There is a slight difference in the performance of the antenna
with or without connected ground. The reflection coefficient
of the MIMO antenna with unconnected ground ensures the de-
sired UWB operation with better adaptation. When the grounds
are connected, strong surface currents couple between the an-
tenna elements, leading to increased mutual coupling and dete-
rioration of isolation performance. This effect was confirmed
through S5 plots. The connected ground provides an unwanted
coupling path, thereby reducing the isolation and overall sys-
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FIGURE 14. Suggested circular-shape MIMO antenna with common ground, (a) frontal schematic view, (b) rear schematic view.
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FIGURE 15. Comparison of S11 between the MIMO antenna with con-
nected ground and the one with disconnected ground.

tem performance. Compared to conventional UWB-MIMO de-
signs, the proposed antenna achieves improved isolation and
stable radiation characteristics with a relatively simple geom-
etry, making it well-suited for practical wireless devices. In
the subsequent sections of the article, we will discuss the per-
formance of the MIMO antenna with unconnected ground ele-
ments.

The simulation plots depicting the reflection coefficients
of the UWB MIMO antenna across various ports (S11, Soo,
S33, Suq) are illustrated in Fig. 16. Analysis of the simulated
response reveals that the antenna exhibits an impedance
bandwidth of —10 dB ranging from 2.47 GHz to 12 GHz, with
a width of 9.53 GHz. This study highlights that the utiliza-
tion of the four-port MIMO antenna significantly enhances
both adaptation and bandwidth compared to the monopole
antenna employed. This improvement grants the antenna an
extended capability to cover applications such as WLAN (2.4—
2.484 GHz), Wi-MAX (2.5-2.69 GHz), LTE (2.5-2.69 GHz),
Bluetooth (2.47-2.4835GHz), and Wi-Fi (2.47-2.49 GHz).
Consequently, the UWB MIMO antenna emerges as a versatile
solution for a broad range of wireless applications.

Figures 17(a) and (b) highlight the mutual coupling between
different resonant elements of the MIMO antenna. This inter-
element coupling has been minimized through an orthogonal
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FIGURE 16. Simulated S-parameters of the MIMO antenna.

arrangement of resonant elements and by maintaining a dis-
tance between unconnected portions of the ground plane. Iso-
lation of over 22.4 dB has been achieved across the entire op-
erating bandwidth, as demonstrated in Fig. 17. Additionally,
a peak gain ranging between 4.14 and 11.57 dB has been ob-
tained, covering the entire bandwidth, as shown on Fig. 18.

The antenna envelope correlation coefficient (ECC) assesses
the similarity in amplitudes of signals emitted by different an-
tennas in a system. A coefficient close to 1 suggests a strong
correlation, which may be less favorable in MIMO systems.
Conversely, a coefficient close to 0 indicates a low correla-
tion, promoting a more independent contribution of antennas
to enhance the reliability and performance of wireless commu-
nications. It’s worth noting that, the ECC is computed utiliz-
ing the methodology outlined in [40] for a lossless MIMO an-
tenna. The ECC for a four-port MIMO system among antenna
elements is formulated by (4).

Figure 19 illustrates the plot of the ECC among the vari-
ous elements of a four-port MIMO system. It is observed that
the ECC remains below 0.014 across the entire UWB, ensur-
ing excellent diversity performance for the MIMO antenna.
The simulated two-dimensional radiation pattern of the pro-
posed MIMO antenna in both planes E and H at 2.90, 3.46,
4.25, 5.93, 7.28, 9.42, and 11.66 GHz frequencies are shown

Www.jpier.org



Nejdi et al.

(a) 10 - ' ' -
-15
20 -l
25!

-30 -

dB(S(1,2))

354"

-40 -

-45

50 4 -

Freq [GHZz]

(b) -10

-15
201}
725 4

-30

dB(S(2:3))

-35 -

-40

_45

-50 T T T T
6 8

Freq [GHZ]

12

FIGURE 17. Simulated S-parameters of the UWB MIMO antenna. (a) Port 1, (b) other ports.

-
o
1

dB(PeakGain)

12
Freq [GHz]

FIGURE 18. Peak gain of the UWB MIMO antenna.
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FIGURE 19. ECC for the UWB MIMO patch antenna.

TABLE 4. Proposed UWB-MIMO performance comparison with MIMO antennas presented in the literature.

Ref. No.  Area (mm?) Subs type Operating range (GHz) Peak gain (dB) Isolation (dB) ECC
[30] 154 x 154 FR4 - <5 > 40 -
[31] 145 x 75 FR4 3.4-3.6 < 4.5 > 15 < 0.16
[32] 150 x 75 FR4 34-3.6 < 1.6 > 20 < 0.3
[33] 263 x 263 FR4 <7 18 0.16
[34] 24 x 22 FR4 3.37-5.64 NA 15 < 0.04
[35] 150 x 75 FR4 34-3.6,4.8-5.0 < 5.1 16.5 < 0.01
This work 84 x 72.5 FR4 2.47-12 <12 > 224 < 0.01
pe (1,2,4) = |S51512 + S5, S22 + S13932 + Sty Saa|? @)

in Fig. 20. In Fig. 20, it can be observed that in the H-plane,
the radiation pattern of the antenna is omnidirectional at the
first two resonance frequencies, becoming approximately om-
nidirectional at the other resonance frequencies. This evolution
is attributed to the impact of higher frequencies on the behav-
ior of the FR-4 substrate. Additionally, it is noteworthy that
for the first three resonance frequencies, the radiation pattern
in the E-plane takes on an “8” shape, indicating bidirectional
radiation. For the other resonance frequencies, it demonstrates
quasi-omnidirectional operation.

(1 — 181 )* = |Sa1[* = |S31]* — |541|2) (1 —|S12f* — |S22]® — |S52|* — |542|2)
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Table 4 provides a comparison between the proposed UWB-
MIMO and other UWB-MIMO antennas published in recent
years. While not exhaustive, this comparison effectively cap-
tures the current state-of-the-art in UWB-MIMO technology.
The comparison table highlights the numerous advantages of
the proposed MIMO antenna over the referenced antennas [30—
35]. Particularly, it distinguishes itself in terms of size, oper-
ating range, gain, isolation, and ECC. The proposed technique,
utilizing a stair-shaped pattern coupled with a defective ground
structure left unconnected to reduce mutual coupling, proves to
be both simple and effective. The results demonstrate that the

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 161, 105-119, 2025

rPIER C

©)

e &b N

=
[
=1
=
.
-
&

2000y 1z

A-Ncrb}-éadal
-~
Y

(©

ebbonsme

eennmehod

15 - 270 | i

0
4 i ' : )
®) 5 - ~. % —FEPlane
1 - .,
] g .~ =H Plane
_g 1 A, ~ Ay :
2] WS NN 60
- ! A
-8 ] ] \
-10 - |
12270 I a0
-10 - I I
47 1
5 1 7
44 : y
. 240 \ s S
21 "N ’
0 - ", ~ - ‘/
2 T~
] 210 - | 150
180
. ]
1 o T P .
@ 330 . 3 E Plane
59 y “.f= =HPlane |
° a0/ o
5 '
A0 -
15 - 270 | 1 90
-10
‘5 4
g~ 240 \ /120
o] S
10 210 | 150
180
o
8y - T 30 1
® s ] e L j——E Flane
;5 /= =HPlane
0 ™
] \ 60
21 A,
-4 1
Ee
8- -
10 AT
10 N
-8 1
6
-4
_2 4 o
o /120
24 e
4 y
6
g

30 ——E Plane|
"~ =HPlan |

/120
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proposed antenna strikes an excellent balance in terms of size,
operating range, gain, isolation, and ECC. The designed MIMO
antenna covers the impedance spectrum from 2.42 to 12 GHz,
with a gain reaching 12.77 dB and efficiency reaching 98%, as
well as isolation of over 22.4 dB and an ECC of less than 0.014
across the entire operating bandwidth.

5. CONCLUSION

To provide a typical solution for short-range wireless communi-
cations and transmit signals across a wide range of frequencies
with low power consumption in transmission and reception, this
article introduces two UWB antennas: the first is a unipolar an-
tenna, and the second is a MIMO antenna. The design process
of both antennas includes the use of the HFSS software to model
and analyze the design before fabrication. The UWB monopole
antenna was fabricated by machining the resonator onto a low-
cost FR4 substrate with a volume of 1, 101.38 mm? x 1.6 mm.
Its ability to offer an extended impedance bandwidth is due to
the use of two deformed “E” and “inverted E” slots on the patch,
an irregular hexagonal substrate structure, and a partial ground
plane composed of slots. The manufactured UWB antenna
covers frequency ranges of [2.1-2.16] GHz, [2.48-10.48] GHz,
and [11.23-12] GHz, with a maximum gain reaching 7.4 dB and
an efficiency reaching 97%. Strong agreement between simu-
lated and measured results validates the effectiveness of this
UWRB antenna for its application in multi-band environments.
The MIMO antenna, which improves the performance of the
first proposed monopole antenna, is designed by symmetrically
integrating four prototypes of the suggested antenna. To signifi-
cantly reduce mutual coupling between antenna elements, a dis-
tinct, orthogonal, and symmetrical quad-directional stair-like
structure is introduced. The new antenna covers the impedance
spectrum from 2.42 to 12 GHz, with a gain reaching 12.77 dB
and an efficiency reaching 98%, as well as a VSWR ranging
between 1 and 2.
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