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Fifth-generation will support significantly faster mobile broadband speeds, low latency,
and reliable communications, as well as enabling the full potential of the Internet of Things
(IoT). This will open up the possibility for new services, such as tactile communications,
smart manufacturing and cities, and enhanced broadband connectivity. Over the last
years, industries and the academic community both have implemented tremendous efforts
to bring these systems into the real world. In fact, the 5G system has been tested and
deployed in several countries; however, this upgrade only exploits a small portion of the
huge potential of 5G system. This is because the system still uses the sub-6 GHz band, i.e.,
the lower microwave frequency ranges between 3.1–3.55 and 3.7–4.2 GHz in the United
States, 3.4–3.8 GHz in Europe, 3.3–3.6 and 4.8–5.0 GHz in China, and 3.5 GHz in South
Korea [1,2]. Although some advancements have been accomplished (mostly in the software
part and using existing 4G infrastructure) to improve the service, the transmission rates are
still limited by the narrow bandwidth. In fact, when proposing 5G systems, both industries
and academics agreed on the use of millimeter wave (mm-wave), i.e., with the operating
frequency in the range of 24 GHz to 40 GHz [2,3] for significantly large bandwidth (large
bandwidth is equivalent to large data rate). Unfortunately, the mm-wave has still not been
deployed in the current 5G system. One of the main reasons is that the antenna, i.e., the end
hardware part in the communication device that is used to transmit the electromagnetic
signal, still does not fulfil the strict requirement of a 5G application.

The main topic articles in this issue highlight the recent advances in designing antenna
systems for 5G heterogeneous networks. This Special Issue features 11 papers that present
novel antenna designs synthesis along with effective approaches in order to improve the
overall antenna performance. These 11 papers are concisely described as follows.

Yuxiang Tu et al. [4] give an overview and an introduction to microstrip filters, an-
tennas, and filtering antennas (filtennas). Then, performance comparisons between the
key and essential structures for these aspects are presented and discussed. Furthermore, a
comparison between several RF reconfiguration techniques, current challenges, and future
developments is presented and discussed in this review. Among several reconfigurable
structures, the most efficient designs with the best attractive features are addressed and
highlighted in this paper to improve the performance of RF and MW front-end systems.

Al-Yasir et al. [5] present a compact wide-band microstrip filter antenna design for
2.4 GHz ISM band and 4G wireless communications. The filter antenna has been designed,
measured, and studied in three different dielectric substrate materials, which are Rogers
RT5880, Rogers RO3003, and FR-4. The analysis was performed by using CST microwave
studio software. A performance comparison for the designed filter antenna with different
dielectric substrate materials and heights is presented and discussed using the same design
configuration. The results obtained from each design indicate that the most suitable
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characteristics for a specific application can be achieved by using Rogers RT5880 dielectric
substrate material. The structure is printed on a compact size of 0.32 λ0 × 0.30 λ0, where
λ0 is the free-space wavelength at the center frequency. The designed filter antenna with
the achieved performance can find different applications for a 2.4-GHz ISM band and 4G
wireless communication.

Iqbal et al. [6] propose an isolation enhancement of two closely packed multiple-input
multiple-output (MIMO) antenna systems using a modified U-shaped resonator. The
modified U-shaped resonator is placed between two closely packed radiating elements
resonating at 5.4 GHz with an edge to edge separation distance of 5.82 mm (λ◦/10). Through
careful adjustment of parametric modelling, the isolation level of −23 dB among the densely
packed elements is achieved. The coupling behavior of the MIMO elements is analyzed by
accurately designing the equivalent circuit model in each step. The antenna performance
is realized in the presence and absence of decoupling structure, and the results show the
negligible effects on the antenna performance apart from mutual coupling.

Dahri et al. [7] investigate a dual-resonance asymmetric-patch reflectarray antenna
with a single layer for 5G communication at 26 GHz. The asymmetric patch is developed
from a square patch by tilting its one vertical side by a carefully optimized inclination angle.
A progressive phase range of 650◦ is acquired by embedding a circular ring slot in the
ground plane of the proposed element for gain improvement. A 332-element, center-feed
reflectarray is designed and tested, where its high cross polarization is suppressed by
mirroring the orientation of asymmetric patches on its surface. The asymmetric-patch
reflectarray offers a 3 dB gain bandwidth of 3 GHz, which is 4.6% wider than the square-
patch reflectarray. A maximum measured gain of 24.4 dB was achieved with an additional
feature of dual linear polarization. A simple design with a wide bandwidth and a high-
gain asymmetric-patch reflectarray make it suitable for use in 5G communications at high
frequencies.

Altaf et al. [8] study an antenna design for a UWB MIMO antenna system with an
isolation of −20 dB. The UWB response is achieved by designing a stepped-shaped antenna
while the isolation is improved by using slotted stubs etched in the ground plane within
the radiating elements. The system is fabricated on an FR4 substrate. The circuit theory
is used to model the circuit model and compared the results with the EM model. The
simulated, measured, and the circuit model results are in good agreement. It is found that
ECC and DG for the proposed system are 0.15 and 9.85 dBi, respectively. The CCL is less
than 0.06 bps/Hz for the whole operating bandwidth.

Muhammad et al. [9] present a compact rectifier, capable of harvesting ambient radio
frequency (RF) power. The total size of the rectifier is 45.4 mm × 7.8 mm × 1.6 mm,
designed on FR-4 substrate using a single-stage voltage multiplier at 900 MHz. GSM/900
is among the favorable RF energy-harvesting (RFEH) energy sources that span over a wide
range with minimal path loss and high input power. The proposed RFEH rectifier achieves
measured and simulated RF-to-dc (RF to direct current) power conversion efficiency (PCE)
of 43.6% and 44.3% for 0 dBm input power, respectively. Additionally, the rectifier attained
3.1-V DC output voltage across a 2-kΩ load terminal for 14 dBm and is capable of sensing
low input power at −20 dBm.

Kamal et al. [10] propose and analyses a novel single-layer multiple-input multiple-
output (MIMO) antenna for fifth-generation (5G) 28-GHz frequency band applications. The
proposed MIMO antenna operates in the Ka-band, which is the most desirable frequency
band for 5G mm-wave communication. The dielectric material is a Rogers-5880 with a
relative permittivity, thickness, and loss tangent of 2.2, 0.787 mm, and 0.0009, respectively, in
the proposed antenna design. The proposed MIMO configuration antenna element consists
of triplet circular-shaped rings surrounded by an infinity-shaped shell. The simulated
gain achieved by the proposed design is 6.1 dBi, while the measured gain is 5.5 dBi.
Furthermore, the measured and simulated antenna efficiency is 90% and 92%, respectively.
One of the MIMO performance metrics—i.e., the envelope correlation coefficient (ECC)—is
also analyzed and found to be less than 0.16 for the entire operating bandwidth.
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Bouknia et al. [11] illustrate and examine a theoretical study for the investigation of
the electromagnetic field distributions and the input impedance of a printed dipole antenna
structure loaded on a uniaxial anisotropic medium. The presentation of the electromagnetic
field distributions, for which some examples have been shown here, provides a better
understanding of the constitutive parameter (εt, εz, μt, and μz) contributions. Furthermore,
the electrical and magnetic uniaxial anisotropy offers more degrees of freedom and further
flexibility to realize a good direct matching effect on the input impedance. This shows
that the complex media present a great potential in the design of innovative microwave
components. This constitutes a starting point for understanding the behavior of the electro-
magnetic field in anisotropic and bianisotropic media, and many more interesting results
are expected.

Addepalli et al. [12] design and implement UWB multiple-input multiple-output
(MIMO) antennas with four and eight elements having connected grounds. The proposed
antenna has a modified substrate geometry and comprises a circular arc-shaped conductive
element on the top with the modified ground-plane geometry. Polarization diversity and
isolation are achieved by replicating the elements, orthogonally forming a plus-shape
antenna structure. The modified ground plane consists of an inverted L-strip and semi-
ellipse slot over the partial ground that helps the antenna in achieving effective wide
bandwidth spanning from (117.91%) 2.84–11 GHz. Both 4/8-port antennas help to achieve
a size of 0.61 λ × 0.61 λ mm2 (lowest frequency), where the 4-port antenna is printed on
the FR4 substrate. The 4-port UWB MIMO antenna attains a wide-impedance bandwidth,
an omni-directional pattern, isolation of >15 dB, ECC of < 0.015, and an average gain of >
4.5 dB, making the MIMO antenna suitable for portable UWB applications.

Chung et al. [13] present an antenna structure with two branches that can achieve
dual-band and broadband bandwidth characteristics. Moreover, the antenna performances
were analyzed, validated, and manufactured. Thus, this design is suitable for in-vehicle
infotainment and autopilot equipment systems in autonomous vehicle communication
systems, including 5G, B5G, 4G, V2X, ISM band of WLAN, Bluetooth, WiFi 6 band, WiMAX,
and Sirius/XM radio application.

Chung et al. [14] propose a small-slot antenna system (50 mm × 9 mm × 2.7 mm)
for 4 × 4 multiple-input multiple-output (MIMO) on smart glasses devices. The antenna
is set on the plastic temple, and the inverted F antenna radiates through the slot in the
ground plane of the sputtered copper layer outside the temple. The antenna substrate
is made of polycarbonate (PC), and its thickness is 2.7 mm (εr = 2.85, tan δ = 0.0092).
The proposed antenna has a peak gain of 4.3 dBi and an antenna efficiency of 85.69% at
5.14 GHz. In addition, it also can obtain a peak gain of 3.3 dBi and antenna efficiency of
82.78% at 6.8 GHz. The measurement results show that this antenna has good performance,
allowing future smart eyewear devices to be applied to Wi-Fi 5G (5.18–5.85 GHz) and Wi-Fi
6e (5.925–7.125 GHz).

We would like to take this opportunity to appreciate and thank all authors for their
outstanding contributions and the reviewers for their fruitful comments and feedback.
Special appreciation should also be paid to the Editorial Board of MDPI’s Electronics journal
for the opportunity to guest edit this Special Issue, and to the Electronics Editorial Office
staff for their hard and precise work in maintaining a rigorous peer-review schedule and
timely publication.
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Abstract: A new and compact four-pole wide-band planar filter-antenna design is proposed in this
article. The effect of the dielectric material type on the characteristics of the design is also investigated
and presented. The filter-antenna structure is formed by a fourth-order planar band-pass filter (BPF)
cascaded with a monopole microstrip antenna. The designed filter-antenna operates at a centre
frequency of 2.4 GHz and has a relatively wide-band impedance bandwidth of about 1.22 GHz and a
fractional bandwidth (FBW) of about 50%. The effects of three different types of substrate material,
which are Rogers RT5880, Rogers RO3003, and FR-4, are investigated and presented using the same
configuration. The filter-antenna design is simulated and optimised using computer simulation
technology (CST) software and is fabricated and measured using a Rogers RT5880 substrate with a
height (h) of 0.81 mm, a dielectric constant of 2.2, and a loss tangent of 0.0009. The structure is printed
on a compact size of 0.32 λ0 × 0.30 λ0, where λ0 is the free-space wavelength at the centre frequency.
A good agreement is obtained between the simulation and measurement performance. The designed
filter-antenna with the achieved performance can find different applications for 2.4 GHz ISM band
and 4G wireless communications.

Keywords: band-pass; compact; filter-antenna; LTE; microstrip; 4G

1. Introduction

The ever-increasing demand for compact wireless communication transceivers continues to impact
microwave (MW) and radio frequency (RF) applications [1–10]. Some of the essential elements in such
devices are the planar antennas and filters [11–20], where these components significantly affect the
whole performance of the wireless communication system. In recent years, microstrip filter-antenna
designs have become some of the most desired RF structures because of their low profile, compact
size, lightweightness, and ease of fabrication [21–34]. The microstrip filtering antenna is also beneficial
because it can be directly printed onto dielectric substrate materials [21]. Filtering antenna design

Electronics 2020, 9, 1084; doi:10.3390/electronics9071084 www.mdpi.com/journal/electronics5
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has many applications, mostly in modern wireless communication systems where the filtering and
radiation pattern responses are utilised simultaneously [22].

It is known that the use of a substrate material in the design of RF/microwave circuits is common
and has some essential challenges. One of the design basics is to choose the appropriate substrate
material type as well as the thickness to fit with a suitable application. Finding the dielectric substrate
for printed circuit board (PCB) materials is a trade-off process between high-performance designs and
the cost of these materials at the RF and MW frequencies. This represents a significant challenge for
the designer. By recognising the key parameters and features of interest for PCB materials at high
frequencies, such as how different types of PCBs behave with different kinds of substrate materials
at high frequencies (millimetre-wave frequencies), the selection will be carefully conceived when
choosing printed circuit board materials for use in such applications [23].

Recently, many microstrip filter-antenna designs using different types of substrate materials
have been proposed [24–37]. In [24], a co-design of a filter-antenna using a multilayered-substrate
is introduced for future wireless applications. The design consists of three-pole open-loop ring
transmission lines and a T-shaped microstrip antenna. The multilayer technology is applied to achieve
a compact size structure. A Rogers RT5880 substrate with a relative dielectric constant of 2.1 and a
thickness of 0.5 is used in this structure. The filter-antenna design operates on 2.6 GHz with a fractional
bandwidth of around 2.8% and has achieved a measured gain of 2.1 dB. The main advantage of this
structure is the compact size, but it lacks simplicity in the construction due to the use of a multilayer
substrate configuration. The filter-antenna presented in [25] followed the same procedure and achieved
similar performance with a circular polarisation characteristic. However, the proposed configuration
applied another design method based on the substrate integrated waveguide technology.

In [27], a dipole microstrip filter-antenna is presented with quasi-elliptic realised gain performance
using parasitic resonators. The parasitic elements are designed based on the stepped-impedance
resonators and utilised to generate two transmission zeros in the in-band transmission as well as two
radiation nulls in the out-of-band bandwidth. The design is fabricated using an F4B-2 substrate with a
dielectric constant of 2.4 and a thickness of 1.1 mm. The design also has an air layer located between the
radiator and the ground layers with a height of 9 mm. The designed filter-antenna works at 1.85 GHz
and has achieved a fractional bandwidth of 4.2%. The presented design offers not only good radiation
in the passband region but also efficiently attenuates the noise signals in the stop-band spectrum.

Moreover, a wide-band balun filter-antenna design with a high roll-off skirt factor is presented
in [30]. The model is composed of a fourth-order quasi-Yagi radiator cascaded with a multilayer balun
microstrip filter. The balun filter is formed by five stepped impedance resonators, which improves
the rejection ratio of the passband. The designed filter-antenna operates at 2.5 GHz with a fractional
bandwidth of 22.9% and two transmission zeros at both edges of the passband. The design has achieved
5.4 dB realised gain with a high roll-off rejection level. Although the design presented some advantages
such as wide bandwidth and high suppression level, it also required a multilayer substrate technology.

In this paper, a new and compact filter-antenna design with a wide-band performance for 2.4 GHz
ISM band and 4G wireless communications is presented. Unlike other microstrip filter-antenna designs
proposed in the literature, the design proposed in this paper has some advantages such as compact size,
simple structure, high gain, and wide bandwidth with good S11 characteristics. Also, this work presents
and investigates three different types of dielectric substrate materials used for the same filter-antenna
configuration and also checks the obtained performance and its suitability for the application that it is
designed for.

2. Properties of the Dielectric Substrates

FR-4 is a low-cost PCB material, made from fiberglass textile implemented in epoxy resin. The “FR”
in FR-4 refers to “fire-resistant”. It has mostly substituted the (flammable) board material G-10 because
of this feature. The FR-4 material usually works well when designing below 1GHz. However,
as frequencies rise beyond 1 GHz, the passive circuit elements have to be taken into consideration.
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The main considerations for circuit design in the 3–6 GHz range involve skin effect, surface roughness,
proximity effect, and dielectric substrate [38]. The FR-4 dielectric constant εr has been reported in the
range 4.3–4.8 and is slightly dependent on the frequency. The loss tangent tanδ of FR-4 is 0.018.

Composite RT/Duroid 5880 microfiber reinforced PTFE is designed for demanding stripline and
microstrip line applications. RT/Duroid is a glass microfiber reinforced PTFE (Poly Etra Fluoro Ethylene)
composite built by Rogers corporation. It shows excellent chemical resistance, involving solvent and
reagents utilised in printing and coating; ease of cutting, fabrication, shearing, and machining; and
environment-friendliness. RT/Duroid 5880 has a low loss tangent tanδ of about 0.004 and dielectric
constant εr = 2.2 [39]. RO3003 laminates are ceramic-filled (Poly Tetra Fluoro Ethylene) PTFE composite
circuit materials with mechanical characteristics, which are uniform regardless of the choice of dielectric
constant. This case allows the designers to develop multilayer board designs, which use different
dielectric constant materials for several layers, without facing accuracy problems [40]. RO3003 has a
low loss tangent (tanδ = 0.0013) and a dielectric constant (εr = 3.0).

3. Microstrip Filter-Antenna Configuration

The layout of the proposed filter-antenna structure is shown in Figure 1. The design consists of a
four-pole band-pass filter (BPF) and a monopole patch antenna. The integration of the BPF with the
monopole patch antenna is realised by connecting the second port of the BPF with the antenna. A 50-Ω
microstrip transmission line is used to feed both the BPF and monopole patch antenna, so there is no
need for an additional matching circuit, and so the size of the configuration is reduced. The four-pole
band-pass filter is mainly composed of four resonators, which are connected to the microstrip feed-line
established on a dielectric substrate material. The ground plane of the filter-antenna design has an
L-shaped slot etched, as shown in Figure 2. Also, each resonator consists of a square open-loop ring
with a longitudinal stripline ending with E-shaped arms. Therefore, a compact structure has been
achieved with this configuration.

Figure 1. Filter-antenna structure layout.

The filtering antenna was established on three different types of dielectric substrate material,
which are FR-4, RT/Duroid 5880, and RO3003. Firstly, these substrate materials were kept at a fixed
thickness, and then the thickness of each dielectric substrate was changed to investigate which of these
three types is more suitable for the specifications of a certain application. The absorption of electrical
energy by a dielectric material that is exposed to an alternating electric field is called dielectric loss.

7



Electronics 2020, 9, 1084

Figure 2. Four-pole band-pass filter structure layout.

Dielectric loss results from the influence of the limited loss tangent (tanδ), in which the losses are
increasing and directly proportional to the operating frequency. Generally, the dielectric constant of
the substrate εr is a complex number and is given by:

εr = ε′r + jε′′r (1)

where ε′r is the real part of the dielectric constant and ε
′′
r is the imaginary part of the dielectric constant.

Then, the loss tangent is given by [41]:

tan δ =
ε
′′
r

ε′r
(2)

The relationship between the tangent loss and dielectric loss is given by the following formula [42]:

αd =
|εr|√
εreff
·εreff − 1
|εr|−1

· π
λo
·tan δ (3)

where αd is a dielectric loss, λo is a free-space wavelength, and εreff represents the effective dielectric
constant of the substrate material and is given by:

reff =
r + 1

2
+

r − 1
2

[
1 + 12

h
W

]−1/2
(4)

where W is the width of the patch.
Figure 3 shows the dielectric loss for the three types of substrates that are used in this article.

The microstrip propagation delay tpd is a function of a substrate dielectric constant εr and can be
given by:

tpd(ns/cm) =
(1.017

30.48

)√
0.475|εr|+0.67 (5)
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Figure 3. Dielectric loss versus frequency for different types of substrate materials at h/w = 0.04.

Attenuation sources of practical microstrip lines can be raised due to the effect of the radiation
mechanism and the finite conductivity of the transmission lines. The energy in the microstrip line
depends on the dielectric constant εr, substrate thickness (h), and the circuit geometry. Using a
low dielectric constant substrate, which has low concentration energy, leads to high radiation losses.
Figure 4 shows the relationship between the propagation delay and the dielectric constant for different
types of dielectric substrates. Figure 5 shows the final filter-antenna structure with its optimised
dimensions, as illustrated in Table 1. It can be seen that the structure has four open-loop resonators
connected to the microstrip feed-line and established on a dielectric substrate material with a defected
ground plane that has an L-shaped slot.

 
Figure 4. Propagation delay versus dielectric constant.
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Figure 5. The proposed filter-antenna structure with its optimised dimensions.

Table 1. The optimised dimensions of the proposed filtering antenna (in mm).

Parameter W Wp Ws Ws1 Ws2 Wm Wr Wdg W1 W2 W3 W4 W5

Dimensions 42 20 15 0.5 0.5 2.4 10 7.5 3.9 6.6 1 8 2.5
Parameter L Lg Lr Ls1 Ls1 L1 L2 L3 Lp Ldg S1 S2 G

Dimensions 45 25.4 9 0.4 3.5 4 26 3 18 5.4 0.5 0.8 1

4. Simulation and Measurement Results

The microstrip filter-antenna is designed at a centre frequency f0 = 2.4 GHz, and bandwidth edges
f1 = 1.80 GHz and f2 = 3.10 GHz. The proposed filter-antenna is suitable for 2.4 GHz ISM band and 4G
wireless communications applications. Its relatively high bandwidth fits fast data transmission systems,
which is required in modern and future wireless communications. Figure 6 shows the frequency
response characteristics of the introduced filter-antenna without L-shaped defected ground structure
(DGS).

Figure 6. S11 of the proposed filter-antenna without defected ground structure (DGS).

Etching the DGS in the ground plane of the filter-antenna disturbs the current field distribution
in a waveguide structure. This disturbance will affect the parameters of the design, such as the
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effective capacitance and effective inductance [43]. The feature of DGS is a slow-wave impact due to
the equivalent LC components that may decrease the designed circuit size [44]. Figure 7 shows the
simulated frequency response of the proposed filter-antenna design without a square open-loop ring
resonator (SOLR).

Figure 7. S11 of the filtering antenna without a square open-loop ring resonator (SOLR).

Furthermore, a performance comparison of the reflection coefficient parameters for three types of
dielectric substrate materials at a fixed substrate height (h= 0.8 mm) is presented in Figure 8. It should be
noted that the dielectric substrate material has a significant effect on the design performance, especially
the centre frequency and reflection coefficient characteristics. Table 2 explains the performance
comparison of the three different dielectric substrate types for which the filter-antenna is designed
and proposed.

Figure 8. Comparison of S11 for different dielectric substrate materials at h = 0.81 mm.
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Table 2. Comparison of different parameters for three different dielectric substrate materials.

Parameters
Dielectric Substrate Type

RT/5880 RO3003 FR-4

Centre frequency (f0 GHz) 2.412 2.202 1.924
Return loss (dB) 15 12.065 6.0314

Maximum Gain (dB) 4.03 2.43 1.18
BW (GHz) 1.22 0.922 0.657

VSWR 1.1937 1.58 2.2

Figure 9 shows the comparison of the reflection coefficient parameters for three different dielectric
substrate materials on which the filtering antenna design is established for different substrate heights.
These comparisons are necessary to illustrate the effect of the dielectric substrate material type and
thickness. Table 3 shows the comparison of some of the important parameters involved in the designed
filter-antenna circuit on the three different dielectric substrate material types.

Figure 9. S11 comparison for different dielectric substrate materials and different dielectric
substrate heights.

Table 3. Performance comparison of some of the parameters involved in the designed filter-antenna
circuit using the three different dielectric substrate material types.

Parameters

Dielectric Substrate Properties

RT/5880
(h = 0.81 mm)

RO3003
(h = 1.27 mm)

FR-4
(h = 0.81 mm)

Centre frequency (GHz) 2.412 2.3 2.049
Return loss (dB) 15 13.063 7.04

Maximum Gain (dB) 4.1 2.63 2.22
BW (GHz) 1.22 1.3 1.059

VSWR 1.1937 1.52 2.24

Figure 10 shows the simulated and measured reflection coefficient (S11) and gain for the proposed
filter-antenna with the practical realisation for the prototype, which is fabricated using RT/Duroid 5880
dielectric substrate with a height of 0.81 mm and a dielectric constant of 2.2. The structure is printed
on a compact size of 0.32 λ0 × 0.30 λ0, where λ0 is the free-space wavelength at the centre frequency.
From Figures 6, 7 and 10, it should be noted that there is a significant and noticeable effect of the DGS
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and the SOLR on the overall performance of the filter-antenna response. The designed filter-antenna
operates at a centre frequency of 2.4 GHz and has a relatively wide-band impedance bandwidth of
about 1.22 GHz and a fractional bandwidth (FBW) of about 50%. The measurement results show the
design also has a maximum realised gain of 4.9 dB at the operating frequency.

 
Figure 10. The performance of the proposed filter-antenna design: (a) simulated performance,
(b) measured performance with a photograph of the fabricated prototype structure.

Moreover, Figure 11 shows the simulated and measured far-field radiation patterns of the proposed
filter-antenna design at a centre frequency f0 = 2.4 GHz. It is clear that the design offers stable and
good radiation patterns at phi = 0 and 90 degrees. The simulation results from the CST simulator and
the measurement results from the vector network analyzer (HP 8510C) and the anechoic chamber [41]
show a reasonably good agreement.
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Figure 11. The far-field radiation patterns for the proposed filter-antenna design.

Table 4 shows a performance comparison between the proposed microstrip filter-antenna and some
designs from the literature that have similar structures and performances. The proposed filter-antenna
design has a compact size with a simple structure; it offers higher gain, wider fractional bandwidth,
and good reflection coefficient characteristics.

Table 4. Comparison between the proposed design and others.

Ref.
Centre

Frequency
(GHz)

Fractional
Bandwidth

(%)
Size (λ0 × λ0) RL (dB) Gain (dB)

Extra
Structure

[24] 2.6 2.6 0.31 × 0.27 >13 2.2 Multilayer
[25] 11.65 4 2 × 1.1 >14 5.6 SIW *
[27] 1.85 5.4 0.74 × 0.74 >12 6.2 Multilayer
[28] 3.6 15 0.92 × 0.86 >14 10 Metasurface
[30] 2.5 22.8 1.7 × 1.3 >20 5 balun
[31] 2.5 15 0.76 × 0.76 >15 2 Multilayer
[32] 5 2 0.37 × 0.32 >15 4 None
[33] 2.45 6.4 0.72 × 0.70 >15 6 None
[35] 2.5 16.3 0.3 × 0.25 >20 2.4 None
[36] 2.5 8 0.45 × 0.45 >14 4.5 None

Prop. 2.4 50 0.32 × 0.30 >16 4.9 None

* Substrate integrated waveguide.

5. Conclusions

This article presents a compact wide-band microstrip filter-antenna design for 2.4 GHz ISM band
and 4G wireless communications. The filter-antenna has been designed, measured, and studied in
three different dielectric substrate materials, which are Rogers RT5880, Rogers RO3003, and FR-4.
The analysis was performed by using CST microwave studio software. A performance comparison for
the designed filter-antenna with different dielectric substrate materials and heights has been presented
and discussed using the same design configuration. The results obtained from each design indicate
that the most suitable characteristics for a specific application can be achieved by using Rogers RT5880
dielectric substrate material. According to the results, a filtering antenna that consists of a four-pole
band-pass filter, integrated with a monopole patch antenna, was designed, fabricated, and measured.
The simulation results generated by using the CST software package and the measurement achieved
by using a vector network analyzer and an anechoic chamber show a reasonably good agreement.
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Abstract: Reconfigurable and tunable radio frequency (RF) and microwave (MW) components have
become exciting topics for many researchers and design engineers in recent years. Reconfigurable
microstrip filter–antenna combinations have been studied in the literature to handle multifunctional
tasks for wireless communication systems. Using such devices can reduce the need for many RF
components and minimize the cost of the whole wireless system, since the changes in the performance
of these applications are achieved using electronic tuning techniques. However, with the rapid
development of current fourth-generation (4G) and fifth-generation (5G) applications, compact and
reconfigurable structures with a wide tuning range are in high demand. However, meeting these
requirements comes with some challenges, namely the increased design complexity and system
size. Accordingly, this paper aims to discuss these challenges and review the recent developments
in the design techniques used for reconfigurable filters and antennas, as well as their integration.
Various designs for different applications are studied and investigated in terms of their geometrical
structures and operational performance. This paper begins with an introduction to microstrip filters,
antennas, and filtering antennas (filtennas). Then, performance comparisons between the key and
essential structures for these aspects are presented and discussed. Furthermore, a comparison between
several RF reconfiguration techniques, current challenges, and future developments is presented and
discussed in this review. Among several reconfigurable structures, the most efficient designs with
the best attractive features are addressed and highlighted in this paper to improve the performance of
RF and MW front end systems.

Keywords: reconfigurable; tunable; radio frequency; filter; antenna; filter–antenna; filtenna; fourth
generation (4G); fifth-generation (5G)

1. Introduction

The increasing demand for compact, simple, and efficient transceivers continues to impact
the development of microwave (MW) and radio frequency (RF) applications [1–5]. Some of
the essential elements in such devices are the planar antennas and filters [6–9], which significantly
affect the whole performance of the wireless communication systems. Generally, RF interference is
a big issue in the current and future wireless systems, such as the green RF front ends and wideband
applications [10,11]. Microstrip bandpass filters (BPFs) are commonly used in several applications,
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mainly in RF and MW wireless communications, due to their effective role in suppressing interference
and noise signals [12–14]. Recently, the office of communications (Ofcom) has identified a low
bandwidth at 700 MHz, mid bandwidth (3.4–3.8 GHz), and an upper millimeter-wave bandwidth
(24.25–27.5 GHz) for possible use with fifth-generation (5G) systems [15]. However, microstrip BPFs
are utilized to attenuate the harmonic signals in fourth-generation (4G) and 5G applications [16–20].
For microstrip BPFs, the number of poles and zeros, input and output external quality factors, coupling
coefficients, and the configuration of the resonators are important parameters that define the filter
performance [21]. Most microstrip filter miniaturization approaches aim to analyze, control, or optimize
these parameters [22]. Additionally, several design techniques have been introduced in the literature,
such as stepped-impedance resonator (SIR), combline, open-ring, coupled-line, and stub impedance
filters [23–27].

On the other hand, reconfigurability can also be utilized using RF electronic components, such as
varactors and PIN diodes, which allow for the current distribution on the patches to be modified and then
for the reflection coefficient and radiation patter characteristics to be adapted. Micro-electro-mechanical
switches (MEMS) can also be considered, however these involve additional costs and extra circuits.
In recent years, several reconfigurable microstrip BPFs have been introduced [28–36]. However, with
the rapid development of current 4G and 5G applications, compact, efficient, and reconfigurable planar
filters with a wide tuning range will be urgently needed [37].

In addition to reconfigurable microstrip filters, frequency-reconfigurable microstrip antennas
have been investigated and developed for many years to provide important features to enhance
the innovation and development of RF systems [38–41]. Another important factor to be considered by
antenna designers and researchers these days, especially when designing antennas for mobile devices,
is the geometrical size and design complexity of the RF elements. Therefore, antenna miniaturization
techniques are continuously under review and study by many researchers and engineers. However,
there are always new developments and updates in the literature related to these aspects. Due to
the high demand for very small structures, the construction of more compact components is required,
while the gain and radiation pattern properties should be maintained at the same time and for
the same configuration [38]. Compact frequency-reconfigurable microstrip antennas have been
introduced for several applications, such as mobile communication devices. Furthermore, these
antennas are also needed for other applications, such as global systems for mobile communication
(GSM), digital communication systems (DCS), personal communication systems (PCS), universal mobile
telecommunication systems (UMTS), Bluetooth, wireless local area networks (LAN), and long-term
evolution (LTE) [42–52].

In recent years, the microstrip filter–antenna integration designs have become some of the most
desired structures because of their low profile, compact size, light weight, and ease of fabrication [53–71].
Microstrip filtering antennas are also beneficial because they can be printed directly onto the dielectric
substrate materials [53]. Filtering antenna designs have many applications, mostly in modern
wireless communication systems, where filtering and efficient radiation pattern responses can be
obtained simultaneously [55]. Furthermore, reconfigurable microstrip filtering antennas have attracted
increasing interest nowadays as they can deliver more efficient and multiple functionalities [72–86].
These designs do not implement microstrip antennas and filters separately, rather the filter is loaded
onto the radiating patch instead, resulting in more compact structures and improving the entire
performance of the RF and MW systems.

Few review papers discuss the reconfigurable filtering antenna designs that have been presented
in the literature [87–89]. In [87,88], the papers focus on passive filtering antenna configurations
with ultra-wideband characteristics. These papers do not present an extensive up-to-date review of
the recent technologies utilized to implement the RF components (filters, antennas, and filtennas).
In [89], a review of various integrated reconfigurable filter and antenna combinations was presented
in 2015. Many design techniques have been investigated in recent years, achieving structures with
compact sizes and simple configurations, which need further study.
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Unlike other review papers, up-to-date reconfigurable microstrip filters and antennas and their
integration are investigated in this paper by focusing on the latest development and design challenges
for these components. According to the literature review carried out in this paper, performance
comparisons between the key and essential reconfigurable structures are also presented and discussed.
We point out the most efficient designs with the most attractive features for researchers and engineers
for reconfigurable microstrip filters, antennas, and filtering antennas (filtennas). Additionally, Figure 1
shows a graphical summary of the reviewed design techniques in this paper. This manuscript is
organized as follows. Section 2 discusses the latest updates in the reconfigurable microstrip filter design.
Section 3 presents and reviews some efficient frequency-reconfigurable microstrip antennas. Section 4
surveys filter–antenna integration, as well as reconfigurable filtering antennas. All these sections
are followed by performance comparisons to summarize the main characteristics and advantages
for each structure. Section 5 provides a comparison between several RF reconfiguration switches.
Section 6 presents the main challenges and recommendation for future research work. Finally, Section 6
summarizes the conclusions of our review.

Figure 1. Graphical summary of the surveyed designs [28–86].
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2. Reconfigurable Microstrip Filters

In recent years, several reconfigurable BPFs have been introduced [28–37]. A reconfigurable
microstrip BPF using a varactor diode was designed and analyzed to achieve a constant impedance
bandwidth in [29]. Reconfigurability is obtained by tuning the resonance frequencies for both the odd
and even modes, where there is no mutual coupling between these two modes. Figure 2 shows
the proposed tunable BPF with the obtained performance. The practical BPF performance depicts
a good roll-off skirt on the low edge of the transmission band, with an insertion loss of less than 2.2 dB
and a return loss of more than 10 dB. A 2.2–22.0 V reverse bias voltage is applied across the varactor
diode to achieve a tuning rate of 40% for the 0.60–1.0 GHz range, with 91 MHz impedance bandwidth
for all configurations.

 
(a) 

  
(b) 

Figure 2. The reconfigurable filter reproduced from [29]. 2020, IEEE: (a) prototype structure;
(b) S-parameter performance.

In [30], a reconfigurable microstrip BPF utilizes two varactors to tune two finite transmission
zeros (TZs). The center frequency and the bandwidth are controlled to cover a wide range of about
600 MHz (1.4 GHz to 2.0 GHz) by altering the reverse bias voltage across the varactors (as seen
in Figure 3). The measurement results show that the filter has an insertion loss of less than 4 dB,
a return loss of more than 18 dB, and a fractional bandwidth of about 10%. A stopband rejection level
of more than 25 dB is obtained by using the two transmission zeros. A 0.21–30.02 V bias voltage is
applied across the diodes to tune the resonance frequency. In [31], a compact tunable planar BPF
with a constant fractional bandwidth is introduced. By increasing the reverse bias voltage across
the switches, the center frequency of the filter is tuned from 3.4 GHz to 3.8 GHz, with a fractional
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bandwidth of about 11%. The presented tunable filter has the advantages of having a compact size and
simple structure, using only one varactor diode switch.

 
(a) 

(b) 

Figure 3. The reconfigurable filter reproduced from [30]. 2020, IEEE: (a) prototype structure;
(b) S-parameter performance.

Ebrahimi et al. [32] proposed a notch dual-mode tunable bandstop planar filter using two varactor
diodes. The proposed filter is implemented by loading inductive and capacitive coupling into the input
and output transmission lines of the microstrip filter. The inductors were designed by using thin
inductive strips. As illustrated in Figure 4, the second-order filter has a compact size of 0.13 λg × 0.17 λg
and offers a continuous tuning range for the resonance frequency that ranges from 0.8 GHz to 1.1 GHz,
with a stopband fractional bandwidth of about 17%. The measurement results show that the filter has
0.9 dB stopband return loss and 0.6 dB passband insertion loss over the entire tuning range. Apart
from the other designs, the inductive coupling is achieved using an inductor in the bottom layer of
the patch filter. This configuration avoids the need for a more complicated three-layered structure,
provides more degrees of freedom in controlling the coupling coefficient factors, and maintains the top
layer configuration, resulting in a more compact design.

Moreover, Chen et al. [33] introduced a 2-pole fully tunable planar filter with a small structure,
continuous frequency tuning range, and constant impedance bandwidth. Two varactors are utilized
to tune the resonance frequency between the high and low resonating modes. The tunable filter
has a simple configuration that consists of a pair of reversed biased varactor diodes. Each resonator
contains two transmission lines, which are connected together via a varactor diode. A 0.4–18 V bias
voltage is applied to provide 0.3–2.4 pF capacitance. The tuning range for the resonance frequency was
from 1.2 GHz to 1.9 GHz, with an operational impedance bandwidth of about 39 MHz. The proposed
filter offers a compact size of 0.06 λg× 0.27 λg, continuous tunability, simple structure, and a wide-tuned

23



Electronics 2020, 9, 1249

spectrum, which make the designed BPF suitable for recent and future wireless communications.
The proposed tunable filter with the achieved insertion and return losses is shown in Figure 5.

 
(a) 

  
(b) 

Figure 4. The reconfigurable filter reproduced from [32]. 2020, IEEE: (a) prototype structure;
(b) S-parameter performance.

  

Figure 5. S-parameter performance of the reconfigurable filter reproduced from [33]. 2020, IEEE with
a photograph of the fabricated prototype.

In [36], a very compact microstrip reconfigurable filter for fourth-generation (4G) and sub-6
GHz fifth-generation (5G) systems using a new hybrid co-simulation method is presented. The basic
microstrip design uses three coupled line resonators with λ/4 open-circuit stubs. The coupling
coefficients between the adjacent and non-adjacent resonators are used to tune the filter at the required
center frequency to cover the frequency range of 2.5 GHz to 3.8 GHz. Figure 6 shows the simulated
insertion and return losses of the proposed reconfigurable filter.
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Figure 6. S-parameter performance of the reconfigurable filter reproduced from [36]. 2020, IEEE with
a photograph of the prototype.

However, with the rapid development of current 4G and 5G applications, compact and
reconfigurable planar filters with a wide tuning range are needed. To this end, several tunable filters
have offered some attractive features that are essential for current and future wireless communications.
Table 1 shows the comparative performance of the reviewed reconfigurable microstrip BPFs. It is clear
that the proposed filter in [36] has a wider tuning range, wider impedance bandwidth, smaller
insertion losses, and smaller size compared to the designs presented in [29,30,32–35]. The tunable
filters presented in [29,33] have an impedance bandwidth of only 40 MHz. Additionally, the tunable
filter proposed in [35,36] only use two varactor diode switches and a simple basing circuit to achieve
the tunable frequency and efficient characteristics. As a result, the filter presented in [36] has very good
performance in terms of the S-parameter group delay and the phase of S21, along with other attractive
features, such its compact size, relatively few tuning diodes, and simple structure; thus, it is a good
option for many 5G systems.

Table 1. Performance comparison between the surveyed reconfigurable filters.

Ref. Year Topology
Tuning Range

(GHz)
BW

(MHz)
No. of

Switches
IL * (dB) Filter Size (mm3)

Challenges/
Limitations

[29] 2010 Dual-Mode 0.6–1.0 85–95 3 2.2 30 × 23 × 1.27 Low tuning range
[30] 2011 Coupled lines 1.5–2.0 110 4 4 36 × 30 × 0.80 High loss
[32] 2018 Dual-Mode 0.66–0.99 108 4 0.75 72 × 70 × 1.6 Low tuning range
[33] 2018 Ring-resonator 1.1–2.1 40 7 6 52 × 12 × 1.6 Number of switches
[34] 2018 Dual-Mode 1.7–2.9 40 7 4 36 × 35 × 0.8 Number of switches
[35] 2018 Multimode 0.76–2 75–150 2 1.2 100 × 8 × 0.50 Size
[36] 2019 Coupled lines 2.5–3.8 95–115 2 0.8 13 × 8 × 0.80 Constant bandwidth

* IL: Insertion loss.

3. Frequency-Reconfigurable Microstrip Antennas

This section focuses on the frequency-reconfigurable microstrip antennas. It introduces
reconfigurable antennas with multislots distributed in the patch and ground in order to cover
wireless local area network (WLAN) and worldwide interoperability for microwave access (WiMax)
applications. Positive-intrinsic-negative (PIN) diode switches are used to change the effective electrical
length of the antenna to cover the most important frequency ranges between 2 GHz to 6 GHz.
Peroulis et al. demonstrated a tunable antenna using four PIN diode switches that change the effective
length and S-shaped slot to operate in one of four selectable frequency bands ranges from 530 MHz
to 890 MHz. Reconfiguration over such a wide frequency band is often accompanied by changes to
the input impedance. However, the analyses of the antenna found the best position for the switches and
adjusted the slot geometry such that the four frequency bands were obtained through the switching
process, without a need to update the matching network or feed point position [42].
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Panagamuwa et al. designed and proposed a balanced dipole antenna using a high-resistivity
silicon. This design was equipped with two silicon photoconducting switches. Light from infrared laser
diodes guided with fiber-optic cables was used to control the switches. When both switches are closed
the antenna operates at a lower frequency of 2.16 GHz, while when both switches are open the antenna
operates at 3.15 GHz. The researchers also noticed that the antenna gain changes with different optical
power levels used to activate the switches [43], which is a disadvantage of this configuration.

Yang et al. proposed a U-slot frequency-reconfigurable microstrip antenna with a 50 Ω transmission
line feed. By loading the slot to the radiating layer, flat and linear input impedance is achieved.
Controlling the input impedance affects the operating frequency of the antenna. It has been shown
that a trimmer can also adjust the input impedance of the microstrip antenna, such that the frequency
ratio between the highest and lowest frequency is about 1.32 [45]. The presented reconfigurable
antenna delivers a tuning range from 2.6 GHz to 3.35 GHz. On the other hand, Valkonen et al.
presented a frequency-reconfigurable mobile terminal microstrip antenna using radio-frequency
micro-electro-mechanical system (RF-MEMS) switches. The reconfigurability is obtained using
a capacitive coupling element (CCE) to switch between two separate matching lines and then to adjust
the state of the RF-MEMS switches [46]. The antenna is tunable between two configurations at 0.92 GHz
and 1.8 GHz center frequencies. The design is printed on a PCB with a size of 24 × 20 × 3 mm3.

Moreover, Yu et al. introduced a very compact frequency-reconfigurable microstrip antenna
with a very wide tuning range. Three varactor switches were used to provide tunable impedance.
Using a new feeding technique, the obtained tunable frequency of the prototype design ranges from
458 MHz to 895 MHz, while the tuning bandwidth improvement was analyzed and discussed using
the equivalent circuit parameters [47]. Figure 7 illustrates the prototype of the designed frequency
tunable antenna with the achieved S-parameter performance.

 
Figure 7. The reconfigurable antenna prototype and performance reproduced from [47]. 2020, IEEE.

Majid et al. introduced a compact, reconfigurable, frequency-agile, narrowband patch slot antenna.
Six different center frequencies tunable from 2.1 GHz to 4.8 GHz were obtained in this design using
five RF-PIN diode switches. To obtain the reconfigurability property, all the switches are placed in one
slot, while the DC biasing circuit is built in the ground plane. The transmission line feeding circuit
and the slot are bent to reduce about 35% of the original size of the structure, meaning a compact
size is achieved [48]. In [49], Majid et al. also proposed a frequency-reconfigurable microstrip patch
slot antenna using five RF-PIN diodes for cognitive wireless radio communications. Nine different
operating frequencies covering the bandwidth from 2 GHz to 3.7 GHz are observed. To achieve
the tunability property, the RF switches are also placed in the slot of the ground layer. Figure 8 shows
a prototype of the designed antenna with the measured s-parameters.
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(a) (b) 

Figure 8. The reconfigurable antenna reproduced from [48]. 2020, IEEE: (a) prototype structure;
(b) measured S-parameter results.

Recently, the new differential-fed technology was applied to design a frequency-reconfigurable
microstrip antenna for sub-6 GHz 5G and WLAN wireless communications [50]. The antenna was
designed based on pairs of vertical transmission lines to form two dipoles. Four RF-PIN diode switches
are used to tune the antenna between 3.5 and 5.5 GHz. As seen in Figure 9, the proposed antenna offers
impedance bandwidths of 2.9–4.2 GHz (fractional bandwidth of about 34%) and 5.0–6.2 GHz (fractional
bandwidth of about 20%) for the two configurations for 5G and WLAN applications. The radiation
pattern results are maintained for both configuration states. Table 2 compares the performance of
this recently proposed technique with other studies from the literature. It should be noted that this
technique offers excellent performance for the frequency-reconfigurable antenna designs, and thus is
a good candidate for current and future wireless applications.

 
(a) 

 
(b) 

Figure 9. The reconfigurable antenna with the vector network analyzer (VNA) reproduced from [50].
2020, IEEE: (a) prototype structure; (b) S-parameter performance for the two states.
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Table 2. Performance comparison between the surveyed reconfigurable antennas.

Ref. Year Topology
Antenna

Size (mm3)
Tuning Range

(GHz)

Type of
Switches/DC

Bias (V)

No. of
Switches

No. of
Achieved

Bands

Constant Radiation
Patterns (Challenges/

Limitations)

[45] 2008 U-Slot 150 × 150 × 1.6 2.6–3.35 Varactor
(10.8–1.5) 1 6 No

[46] 2010 Inverted F 40 × 98 × 5 0.920–1.8 RF-MEMS
(0.5–0.9) 1 2 No

[47] 2011 Capacitive
loaded loop 200 × 200 × 0.5 0.45–0.89 Varactor

(0.6–1.2) 3 5 No

[48] 2012 Patch slot 50 × 46 × 1.6 2.2–4.75 PIN Diode
(0.9) 5 6 No

[49] 2013 Patch slot 50 × 50 × 3.04 1.98–3.59 PIN Diode
(1.2) 5 9 No

[50] 2020 Differentially fed 50 × 50 × 0.81 2.9–6.2 PIN Diode
(0.8) 4 2 Yes

It is shown that the designs presented in [45–49] provide variable radiation pattern characteristics
for each state or band. This issue is one of the main challenges in the design of frequency-reconfigurable
antennas, which has not been tackled yet for these structures. The structure presented in [50] not only
offers a wide tuning range, but also keeps a constant radiation pattern performance over the tuned
frequencies from 2.9 GHz to 6.2 GHz. The design presented in [49] has a smaller size than the antenna
proposed in [50], despite this design using five PIN diodes. Nevertheless, the deigned antenna provides
nine different bands with only five configurations, which makes the structure suitable for a wide range
of wireless applications.

4. Microstrip Filter–Antenna (Filtenna) Integration

Recently many microstrip filter–antenna designs using different types of substrate materials
have been proposed [53–71]. In [56], a co-design of a filter–antenna using a multilayered substrate
is introduced for future wireless applications. The design consists of three-pole open-loop ring
transmission lines and a T-shaped microstrip antenna. The multilayer technology is utilized to achieve
a compact size structure. A Rogers RT5880 substrate with a relative dielectric constant of 2.1 and
a thickness of 0.5 mm is used in this structure. The filter–antenna design operates at 2.6 GHz, with
a fractional bandwidth of around 2.8% and a measured gain of 2.1 dB. While the main advantage of
this structure is the compact size, it has a complex structure due to the use of a multilayer substrate
configuration. The design presented in [57] also used the same design procedures and achieved similar
performance, having a circular polarization characteristic. However, the filter–antenna design can
involve different design techniques based on substrate-integrated waveguide (SIW) technology.

In [58], a dipole microstrip filter–antenna with quasi-elliptic gain performance using parasitic
resonators is presented. The parasitic elements were designed based on the stepped-impedance
resonators and utilized to generate two transmission zeros in the in-band transmission, as well as two
radiation nulls in the out-of-band bandwidth. The design was fabricated using an F4B-2 substrate
with a dielectric constant of 2.4 and a thickness of 1.1 mm. The design also has an air layer located
between the radiator and the ground layers, with a height of 9 mm. The deigned filter–antenna
works at 1.85 GHz and has a fractional bandwidth of 4.2%. The design offers not only good radiation
in the passband region but it also efficiently attenuates the noise signals in the stopband spectrum.
Moreover, a wideband balun filter–antenna design with a high roll-off skirt factor is presented in [61].
The design is composed of a fourth-order quasi-Yagi radiator cascaded with a multilayer balun
microstrip filter. The balun filter is formed by five stepped impedance resonators, which improves
the rejection ratio of the passband. The designed filter–antenna operates at 2.5 GHz with a fractional
bandwidth of 22.9% and generates two transmission zeros at both edges of the passband. The design
has achieved 5.4 dBi realized gain, with a high roll-off rejection level. Although the design has shown
some advantages, such as the wide bandwidth and high suppression level, it also requires the use of
multilayer substrate technology.
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Recently, a very compact wideband microstrip filter antenna design with high gain and high
selectivity was proposed in [71]. The design consists of a rectangular microstrip, four parasitic lines,
two strip lines, and three shorting vias. The design is printed on an 80 × 80 mm2 F-4B substrate
with a dielectric constant of 2.6, loss tangent of 0.003, and a height of 4 mm. The center frequency
of the design is 2.4 GHz, with an impedance bandwidth range of 2.19 GHz to 2.68 GHz (fractional
bandwidth of 20.1%). The filter antenna has a realized gain of 9.5 dBi and flat radiation efficiency of
more than 90%. Figure 10 shows the simulated and measured results with a prototype of the fabricated
filtering antenna.

g

  
(a) (b) 

Figure 10. The filtering antenna design reproduced from [71]. 2020, IEEE: (a) S-parameter and gain;
(b) efficiency and a photograph of the fabricated prototype.

However, design complexity and system size are other challenges facing designers of filtering
antenna structures. As explained in the literature, many design approaches have been carried out
to offer a simple structure and compact size, which can be easily integrated with other RF front end
systems. The multilayer structures presented in [56,58,59,62] have not managed these requirements.
Moreover, substrate integrated waveguide (SIW) technology and the balun configuration were other
notable attempts, as presented in [57] and [61], respectively. To summarize these approaches, Table 3
shows the performance comparison between the surveyed microstrip filter–antenna designs from
the literature, which have similar performance. It should be noted that the filter–antenna design
proposed in [71] has a compact size with a simple structure and offers higher gain, higher selectivity,
a wider fractional bandwidth, and good reflection coefficient characteristics. In summary, without
a need for extra filtering circuits, the design presented in [71] offers a new solution for current and
future filtering antenna designs.

Table 3. Comparison between the presented filter–antenna designs.

Ref. Year Topology f0 (GHz) FBW (%)
Size

(λ0 × λ0)
RL (dB) Gain (dBi)

Extra Structure
(Challenges/Limitations)

[56] 2020 Coupled lines 2.6 2.6 0.31 × 0.27 > 13 2.2 Multilayer
[57] 2019 SIW 11.65 4 2 × 1.1 > 14 5.6 SIW
[58] 2019 Quasi-elliptic 1.85 5.4 0.74 × 0.74 > 12 6.2 Multilayer
[59] 2019 Patch slot 3.6 15 0.92 × 0.86 > 14 10 Metasurface
[61] 2016 Quasi-Yagi 2.5 22.8 1.7 × 1.3 > 20 5 balun
[62] 2014 Ring slot 2.5 15 0.76 × 0.76 > 15 2 Multilayer
[63] 2011 Quasi-elliptic 5 2 0.90 × 0.90 > 15 4 None
[64] 2017 Open-loop 2.45 6.4 0.72 × 0.70 > 15 6 None
[66] 2011 Coupled lines 2.5 16.3 0.70 × 0.70 > 20 2.4 None
[67] 2015 Ring slot 2.5 8 0.75 × 0.75 > 14 4.5 None
[71] 2020 Coupled lines 2.4 20.1 0.60 × 0.60 > 16 9.5 None

FBW: Fractional bandwidth; RL: Return loss; SIW: substrate integrated waveguide.

Additionally, many reconfigurable microstrip filter–antenna structures have been presented
and discussed [72–86]. In [79], a multiband tunable filter cascaded with a monopole antenna for
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cognitive radio communications is presented. The reconfigurable design covers four useful applications,
including 1.9 GHz (GSM), 2.5 GHz (Bluetooth), 3.6 GHz (WiMAX), and 5.3 GHz (WLAN). Additionally,
the deigned multiband filter–antenna provides a gain range from 1.2 dBi to 3.5 dBi in the four operating
bands, with small variations of about 0.5 dBi between the adjacent bands, delivering a radiation
efficiency above 60%. Table 4 compares some of the similar reconfigurable filtering antenna designs
in the literature with the design presented in [79]. However, it is shown that the reconfigurable
filtering antenna presented in [79] has a smaller size and wide tuning range, covering four discrete
configurations for four important wireless applications.

Table 4. Comparison between some reconfigurable filter–antenna designs.

Ref. Year Topology
Switches

Number/Type
Size (mm)

Frequency
Range (GHz)

Gain (dBi)
Advantages/Challenges/

Limitations

[72] 2012 Hexagonal slot 1/Varactor 30 × 59 6.2–6.5 5.7–6.7 Band-limited control
[73] 2016 E-shaped patch 2/PIN diodes 36 × 14 2.1, 2.4 - Dual-band only
[74] 2014 Slot resonator 2/PIN diodes 103 × 120 1.6–6 2.3 Large size
[75] 2017 Open-loop resonator 5/PIN diodes 40 × 45 2.2–11 2.1–2.3 Needs more diodes
[77] 2019 4 Distinct resonators 4/PIN diodes 30 × 60 1.8–5.2 1.1–3.4 Compact, discrete tuning

A filter–antenna design with a reconfigurable frequency and bandwidth using an F-shaped feeding
network is presented in [77]. The new feeding technique generates a multipath coupling scheme
and provides the cross-coupling required to improve the out-of-band characteristics. Additionally,
two varactor diodes are used and designed within the feeding network. The achieved performance
shows that the proposed reconfigurable filter–antenna design has tunable frequency ranges from
2 GHz to 2.52 GHz, a fractional bandwidth that is tunable from 2.2% to 21.3%, a measured maximum
gain of about 7.6 dBi, and a measured peak total efficiency of 85%. Figure 11 shows a photograph
of the implemented reconfigurable filtering antenna design with simulated and measured reflection
coefficients and boresight gain. Table 5 presents the performance comparisons between some recently
published reconfigurable filtering antenna designs.

  
(a) 

  
(b) (c) 

Figure 11. The reconfigurable filtering antenna reproduced from [77]. 2020, IEEE: (a) prototype
structure; (b) S-parameter performance; (c) boresight gain performance.
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Table 5. Performance comparisons between reconfigurable filter–antenna designs.

Ref. Year Topology
Size
λ0

Number of
Switches

Frequency
Range
(GHz)

Gain
(dBi)

Pattern
Reconfiguration

(Challenges/
Limitations)

Advantages

[81] 2015 Ring slot 0.7 × 0.3 × 0.1 1 PIN Diodes +
2 varactors 3.7–4.7 3 No Wideband,

tunable bandpass

[82] 2017 Coupled lines 0.4 × 0.2 × 0.01 2 PIN diodes 3–4.5 3.6 No Wideband,
tunable bandpass

[83] 2016 S-shaped
split-ring 0.4 × 0.3 × 0.002 2 PIN diodes 3.1–3.8 1–2 No Tunable bandpass,

tunable bandstop

[84] 2019 Quasi-Yagi–Uda 0.7 × 0.7 × 0.008 2 PIN Diodes +
4 varactors 3.4–5.4 5–9 No Tunable bandpass,

tunable bandstop

[85] 2018 Coupled lines 1.2 × 1.2 × 0.17 4 PIN diodes 1.7–3.7 8–10 Yes Wideband

[86] 2019 Coupled lines 1.2 × 1.6 × 0.007 4 PIN diodes 2.5–6.5 4.8 Yes
Wideband, tunable

bandpass,
tunable bandstop

It should be noted that considering both filter–antenna integration and reconfigurability properties
at the same time will lead to some more advantages. However, this will also pose some challenges for
both the biasing circuit and the structure configuration. In [48], two PIN diodes and four varactors are
utilized in the basing circuit. Despite this configuration adding more complexity to the structure, it also
results in a compact size and good performance in terms of the tuning range and the realized gain.
It is also shown that wideband and tunable bandpass performance can be achieved by using the filter
antenna integration design presented in [86]. This configuration has a high degree of freedom in terms
of controlling the S-parameter characteristics and the radiation pattern behavior using a compact size
structure. Thus, this makes the designed reconfigurable filter antenna a good candidate for current
and future wireless applications.

5. Comparison between Switching Techniques

The common types of reconfiguration techniques that can be utilized to implement reconfigurable
structures are illustrated in Table 6 [90–99]. Structures based on RF-MEMS [91], PIN diodes [92],
and varactors [93] that redirect their surface currents are called “electrically reconfigurable.”
RF structures that use photoconductive configuration switch components are called “optically
reconfigurable” [95]. Electronically reconfigurable or tunable elements are the best option when
size and efficiency are required. However, the power handling capability and the lifetimes of these
reconfiguration techniques cause some essential issues. PIN diodes operate in two configurations.
The “on” state is where the diode is forward biased and the “off” state is where the diode is not biased
or reverse-biased, while RF-MEMS uses mechanical movement to obtain a short circuit or an open
circuit in the surface current path of RF elements. Unlike PIN diodes and RF MEMS, varactors can
provide a continuous tuning range, with typical capacitance values range from tens to hundreds
of picofarads. Moreover, unlike electrical reconfiguration, the photoconductive technique does not
require the use of bias circuits and can be loaded in the RF PCB board without adding a complex
design to modify the radiating elements. Additionally, the activation–deactivation mechanism for
the switch does not create harmonic issues or intermodulation distortion. Conversely, in contrast with
active switches, the optical switches are less common because of lossy characteristics and the need for
complex activation approaches [99]. A description of the operation of the switches and comparisons
between them are summarized in Table 6.
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Table 6. Comparison between switching techniques [90–99].

Properties PIN Diode Varactor RF MEMS Photoconductive

Speed (μsec) 1–100 × 10−6 0.1 1–200 3–9
Quality factor 50–85 25–55 86–165 -

Voltage (V) 3–5 0.1–15 20–100 1.8–1.9
Current (mA) 3–20 1–25 0 0–87
Power (mW) 5–100 10–200 0.05-0.1 0–50

Temperature sensitivity Medium High Low Low
Cost Low Low Medium High

Loss at 1 GHz (dB) 0.3–1.2 0.5–3 0.05–0.2 0.5–1.5

Fabrication complexity Commercially
available

Commercially
available

Low fabrication
complexity Complex

6. Current Challenges and Future Developments

Over the last few years, RF designers, researchers, and engineers have made a huge effort to explore
reconfigurable filters and antennas and their integration as alternatives to the existing approaches and
topologies, along with developing high-RF front end performance. Compared to the classical and
passive filters and antennas, some essential challenges accompany the integrated and reconfigurable
filters and antennas, which are efficient, compact, and multifunctional. Although recent researches
show that microstrip planar configurations are capable of reducing the structure size, having the ability
to produce a wider and flexible tuning range with low power and low loss is currently an important
issue. As can be observed from the previous sections of this review, filter–antenna integration with
reconfigurable characteristics requires a complex configuration, which can be considered as a common
challenge for all reconfigurable transceivers. To overcome this challenge, some reconfigurable or
tunable planar filters employing dual-mode ring resonators were introduced in [29,32,35]. Furthermore,
the reconfigurable filter introduced in [36] has excellent performance in terms of the S-parameter group
delay and S21 phase. Other features were also observed for this design, such as having a compact size,
limited number of tuning diodes, and a simple structure.

Additionally, the realization of reconfiguration approaches in RF and MW components improves
the multifunctional performance of the entire system. In the literature, several studies have stated
the importance of reconfiguration techniques. For instance, an E-shaped microstrip wideband antenna
with polarization diversity was presented in [100] to work in the frequency range of 2.3 GHz to 2.6 GHz.
In a similar way, radiation pattern reconfigurable wideband microstrip antennas are also introduced
in [101,102] to operate in the spectrum ranges of 2.3 GHz to 2.55 GHz and 1.6 GHz to 4 GHz, respectively.
As shown in these papers, the integration of slots, lumped elements, and surface mount components
in the radiating patch penetrates the radiation pattern performance. To overcome these problems,
several papers in the literature utilize the feed line of the antenna to achieve filtering performance
with reconfigurable characteristics. Some of the recent research studies in the literature that apply this
technique to obtain filtering performance include [61–64]. Additionally, a filter–antenna design with
a reconfigurable frequency and bandwidth using an F-shaped feeding network was presented in [103].
This technique generates a multipath coupling scheme and provides the cross-coupling required to
improve the out-of-band characteristics.

Additionally, wideband filtering antenna designs are essential components of future wireless
applications used to tackle high-speed and high data rate transmissions. For these designs, it is
noticed that the size, insertion loss, and differential-mode bandwidth should also be taken into
consideration and carefully investigated by the designers. Most of the introduced wideband and
ultra-wideband filtering antenna configurations are designed based on a single-layer substrate.
Therefore, it should be pointed out that using liquid crystal resonators and low-temperature co-fired
ceramics can enhance the out-of-band rejection, thus improving and enhancing the performance of
the wideband communication systems [104–106].
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Reconfigurable filtering antennas based on substrate-integrated waveguide (SIW) technology can
also be used for mmWave and 5G wireless communications to provide lower losses, higher quality
factors, and more power handling capability when compared with the other surveyed approaches [107].
Additionally, using these techniques offers some advantages, such as enhancing the bandwidth and
reducing the losses and sizes of the configurations. According to what is shown in this review,
the design technique proposed in [86] can also overcome the challenges facing these technologies
by using only one single-layer, half-mode, substrate-integrated waveguide resonator loaded with
four slot lines. Furthermore, and with as any RF or microwave element, reconfigurable filters and
antennas and systems combining both of these can also be designed, analyzed, and optimized
using artificial intelligence, neural networks, and bio-inspired optimization algorithms [108–111].
These approaches can be utilized for future reconfigurable structures, since these designs require
more analysis and parameter studies than classical and passive configuration. Therefore, using these
approaches in the future could lead to overcoming several issues and challenges by processing many
variables at one time. It is anticipated that new design techniques with high efficiency and fully
reconfigurable characteristics will be seen shortly.

7. Conclusions

With the rapid development of 4G and 5G wireless communications in recent years, compact
and reconfigurable or tunable structures with a wide tuning range have attracted more interest.
Reconfigurable microstrip filters, antennas, and filter–antenna integration designs have been surveyed
and discussed in this paper by focusing on the recent developments and challenges facing the researchers
and engineers when dealing with these structures. It has been shown that integrating reconfigurable
filters with the antennas can provide excellent interference suppression and maintain the fundamental
radiation properties for the antennas. Performance comparisons between the main important
reconfigurable designs have also been presented and discussed. The designs with the best performance
were addressed and highlighted for possible future development and further studies to serve RF/MW
front end systems. As seen in this paper, the reconfigurable filter proposed in [36] has a wider tuning
range and a wider impedance bandwidth, smaller insertion losses, and a smaller size compared to
the designs presented in [29,30,32–35]. As a reconfigurable antenna, the design presented in [49]
has a smaller size than the antenna proposed in [50], despite this design using five PIN diodes.
Nevertheless, the deigned antenna provides nine different bands with only five configurations, which
makes the structure suitable for a wide range of wireless applications. It is also noted that wideband
and tunable bandpass performance can be achieved by using the filter antenna integration design
presented in [86]. The RF switches have also been discussed, summarized and compared. Finally,
the paper has presented the current challenges and future developments for the three RF reconfigurable
components, namely filters, antennas, and filtennas.
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Abstract: This paper presents an isolation enhancement of two closely packed multiple-input
multiple-output (MIMO) antenna system using a modified U-shaped resonator. The modified
U-shaped resonator is placed between two closely packed radiating elements resonating at 5.4 GHz
with an edge to edge separation distance of 5.82 mm (λ◦/10). Through careful adjustment of
parametric modelling, the isolation level of −23 dB among the densely packed elements is achieved.
The coupling behaviour of the MIMO elements is analysed by accurately designing the equivalent
circuit model in each step. The antenna performance is realized in the presence and absence of
decoupling structure, and the results shows negligible effects on the antenna performance apart
from mutual coupling. The simple assembly of the proposed modified U-shaped isolating structure
makes it useful for several linked applications. The proposed decoupling structure is compact in
nature, suppress the undesirable coupling generated by surface wave and nearby fields, and is easy
to fabricate.

Keywords: isolation enhancement; surface waves; gain; circuit model; line resonators; MIMO antennas

1. Introduction

Multiple-input multiple-output (MIMO) antennas have been given the centre of attention due
to their higher performance characteristics. Planar antennas (PA) are unique minute elements, when
assembled in multiple elements array form can deliver beam forming, pattern and spatial diversity,
focused directivity, and higher gain characteristics [1–3]. In the MIMO arrays system when two or
more than two radiating elements are excited simultaneously for better performance, their proximity
in near fields and surface wave currents give rise to a coupling, which can alter MIMO array results
consequentially, leading to system failure and undesired results.

Several techniques have been reported in the literature to reduce mutual coupling. The isolation
techniques include the insertion of slots or ground irregularities [4–7], uniplanar, mushroom type, and
various shapes of electromagnetic bandgap structures (EBG) [8–12], split-ring resonators (SRRs) [13–15],
metamaterials [16] and meander line resonators [17–19]. Not only these techniques but several antenna
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configurations such as superstrate configurations of photonic bandgap structures [20] and orientations
have been reported to be useful in minimizing coupling effects. Applying a 90-degree phase difference
have resulted in enhanced isolation among driven and parasitic patch [21–24]. In [14], an efficiently
folded split ring resonator (FSRR) is presented, minimizing near field coupling effects up to great
extent, however, with the insertion of the proposed structure, an increase in backward radiation is seen
which resulted in a reduced gain, front to back ratio and radiation efficiency. A novel EBG structure
is presented in [25], consisting of an in-house package of four EBG structures. The insertion of the
periodic structure at one half wavelength frequency reduced coupling up to 22.7 dB without disrupting
gain; however, it has lower antenna efficiency with a slight increase in the back lobe radiation. The use
of EBG has shown active capability in suppressing surface waves in MIMO systems [26] but they
usually require larger distances (up to half wavelength in free space) and give rise to undesirable radio
leakage complications. Similarly, a dual negative photonic bandgap structure is proposed in [27] in
which the coupling energy is confined by superstrate orientation of the proposed structure which
reportedly reduced the coupling up to 23 dB, however, the design and fabrication process increases
complexity, stability issues and overall cost of the system. The DGS presented in [28,29] show a
significant decrease of up to 40 dB in isolation level however with the drawback of more back lobe
radiation patterns and reduced gains. A modified serpentine structure is used between two elements
of MIMO antenna to reduce the coupling up to 10–34 dB in the operating bandwidth [30].

In this paper, a simple modified U-shaped resonator is presented. A two-element MIMO system
is designed at a close distance of 5.82 mm (edge to edge). The isolation of more than 20 dB is achieved
after insertion of the proposed isolating structure. Furthermore, the input impedance of the equivalent
circuit of the model with and without the proposed model matches well with the Electromagnetic
(EM) model. The proposed line resonator inhabits a very low occupying area and so is simple and
easy to implement. The proposed antenna has advantages over existing antennas in terms of small
size of decoupling structure, lower edge to edge distance, high FTBR value, lower ECC and CCL
values. The high FTBR value of the antenna make this structure suitable for beam scanning and other
applications where high directivity is required. This paper is organized as following: Section 1 covers
a detail literature review on isolation enhancement among MIMO antenna elements. Section 2 covers
the proposed antenna design with and without isolation structure. In the Results and Discussion,
scattering parameters with surface current distribution and radiation patterns, along with other MIMO
performance characteristics are presented, which is followed by the Conclusion.

2. Design Methodology

The proposed MIMO antenna is printed on an FR4 substrate with relative permittivity of
4.4 and a thickness of 1.6 mm. A unit antenna is designed by using standard equations [31] at a
resonance frequency of 5.4 GHz and is transformed into MIMO separated at less than half-wavelength
apart. The proposed antenna is excited through a 50 Ω transmission line having 3.1 mm width.
Figure 1 shows geometry of the proposed MIMO Antenna. The design dimensions of proposed
antenna are: ap = 16.8 mm, bp = 12.91 mm, gap = 5.82 mm, Ws = 3.1 mm, g = 0.7 mm, and lg = 4.5 mm.

The radiation resistance of an antenna plays a vital role in the performance of the antenna. It is
one of the key performance elements of the antenna. The study of radiation resistance of the antenna
as a function of inset feeding width (g) and length (lg) is presented in Figure 2. It is observed that by
increasing the feeding width (g), the radiation resistance decreased. Similarly, radiation resistance
decreased as we increased the length (lg) of the inset feed.
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Figure 1. Geometry of the initially designed MIMO antenna (ap = 16.8, bp = 12.91, gap = 5.82, Ws = 3.1,
g = 0.7, and lg = 4.5 [unit = mm]).
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Figure 2. Radiation resistance of the antenna with varying g (when lg = 4.5 mm) and lg (when g = 0.7 mm).

2.1. Unit Antenna

The electrical model is helpful to understand the operating of the antenna in terms of equivalent
lump elements for better illustration. From the open literature presented in [28,32,33], a resonator can
be modelled as a parallel RLC circuit. Using the same theory, a single element equivalent circuit model
is designed. The patch antenna is approximated by an RLC circuit, where R is the radiation resistance
of the radiating mode of the antenna, and L and C describe the resonant circuit that are responsible
for the desired resonant frequency. The circuit model of the antenna system based on the circuit
theory is shown in Figure 3a. The transmission line is modelled as an impedance transformer with the
coupling ratio of X:1 in the circuit model. The equivalent circuit model was optimized in Keysight
Advance Design System (ADS). The values of each component in the circuit model are depicted in
the Figure 3a. The results obtained from the circuit model are verified with the full-wave simulation
analysis, as shown in Figure 3b. We observed a close match between the input impedance result of
both circuit.
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Figure 3. (a) Equivalent circuit model of the single-unit antenna, and (b) input impedance (resistance
and reactance) comparison of the EM model (solid lines) and circuit model (dashed lines).

2.2. MIMO Antenna without Decoupling Structure

In this section, the coupling behavior of the antenna elements is analyzed in detail with the exact
electrical model description. The main challenge for the MIMO antenna is port isolation or low mutual
coupling due to the integration of multiple radiating elements on the small footprint area of the printed
circuit board. The two main phenomena namely surface wave propagation inside the substrate and
space wave propagation related to near-field/reactive coupling contributes to a large extent in the
coupled patch antennas [34]. The after-mentioned limiting factors for MIMO antenna ports isolation
can be easily understand via coupled-resonator theory with equivalent resonant circuits.

As mentioned above, the resonators can be represented in the RLC parallel circuit. The circuit
model of a two-element MIMO antenna without a decoupling network is presented in Figure 4a.
As discussed earlier, the antenna patches and the two transmission lines are modelled using RLC
circuits and impedance transformers, respectively. The details of each component are depicted in the
table. The coupling depends on the distance between the antenna elements. Since the two antenna
elements are near, they are coupled, and the coupling is represented by coupling coefficient (K12) which
is calculated as given in [35]. Strong reactive coupling of around -9 dB within the desired bandwidth
is observed. An excellent agreement between the computed circuit model results with the full-wave
analysis results is shown in Figure 4b.
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K12

Component Value Component Value Component Value

Ra 497.2 Ω Ca 1.02 pF La 0.89 nH
X1 0.338 X2 0.338 K12 0.046
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Figure 4. (a) Equivalent circuit model of the two-element MIMO antenna without decoupling structure,
and (b) S-parameters comparison of the EM model (solid lines) and circuit model (dashed lines).

2.3. MIMO Antenna with Decoupling Structure

A novel shaped decoupling structure is used to eliminate the coupling between the MIMO
antennas as shown in Figure 5. The dimensions of the decoupling structure are as c = 5 mm, d = 22 mm,
e = 20 mm, and f = 2 mm. After the insertion of the decoupling structure, the isolation of −23 dB for
the MIMO antenna is accomplished.
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Figure 5. Geometry of the proposed MIMO antenna with decoupling structure (ap = 16.8, bp = 12.91,
Ws = 3.1, g = 0.7, and lg = 7, a = 44, b = 37, c = 5, d = 22, e = 20, f = 2 [unit = mm]) and fabricated prototype.
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The circuit model of a two-element MIMO antenna with a decoupling network is presented
in Figure 6a. A parallel combination of RLC is used as a decoupling network, and impedance
transformers and RLC circuits are used to model two transmission lines and the antenna patches
respectively. The values of each component in the design are depicted in the table. The coupling
between the antenna elements is reduced by generating a modified U-shaped resonator, which in turn
suppress the undesirable coupling in the frequency range. By the introduction of a modified U-shaped
resonator, a strong coupling between the antenna elements is suppressed and a high reduction of
coupling around −23 dB is achieved. The validation of the circuit model with the EM analysis is
shown in Figure 6b.

K12

Component Value Component Value Component Value

Ra 497.3 Ω Ca 1.02 pF La 0.89 nH
Rdc 25.6 Ω Cdc 1.92 pF Ldc 1.34 nH
X1 0.338 X2 0.338 K12 0.015
K1dc 0.013 K2dc 0.013 --- ---

K1dcK2dc

(a)

-30

-25

-20

-15

-10

-5

0

4.6 4.8 5 5.2 5.4 5.6 5.8 6 6.2

(b)
Figure 6. (a) Equivalent circuit model of the two-element MIMO antenna with decoupling structure,
and (b) S-parameters comparison of the EM model (solid lines) and circuit model (dashed lines).

We performed many simulations to show the impact of decoupling structure’s dimensions on
the reflection and mutual coupling of the antenna. Initially, parameter c was analysed between 4 and
5.5 mm. The parametric analysis of c is shown in Figure 7a. The mutual coupling between the MIMO
elements increased when the value of c was reduced or increased from 5 mm. The resonant frequency
of the antenna remained unchanged. If we compare the results with circuit model of the decoupling
structure, it can be observed that parameter c mainly contribute in K1dc and K2dc and has small impact
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on Rdc, Cdc and Ldc. The parametric analysis of d is shown in Figure 7b. We see that the coupling value
is inconsistent with variation in d. Analysing the results in context of circuit model, it can be noted that
parameter d has impact on K1dc and K2dc as well as on Rdc, Cdc and Ldc.
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Figure 7. Parametric analysis of the decoupling structure by varying (a) c and (b) d.

3. MIMO Parameters

3.1. Envelop Correlation Coefficient (ECC) and Diversity Gain (DG)

Envelop Correlation Coefficient (ECC) and Diversity Gain (DG) are the important MIMO
antenna parameters. ECC is the measure of how well antennas are correlated to each other in
terms of performance characteristics like return loss and far-field results while diversity gain is the
selection of strongest signal for N number of signals. The ECC can be calculated using S-parameters
(see Equation (1)) or far-field patterns (see Equation (2)). We calculated the ECC using far field.
The ECC and DG are calculated using the following formula given in [11].

ECC =
|S∗

11S12 + S∗
22S21|2

[1 − (|S11|2 + |S12|2)][1 − (|S22|2 + |S21|2)] (1)

ECC =
| ∫∫4π(

�Bi(θ, φ))× (�Bj(θ, φ)) dΩ|2∫∫
4π |(�Bi(θ, φ))|2 dΩ

∫∫
4π |(�Bj(θ, φ))|2 dΩ

(2)

where S11/S22 and S21/S12 are the reflection and transmission coefficient of the antenna. �Bi(θ, φ) is
the three dimensional radiation pattern upon excitation of the ith antenna and �Bj(θ, φ) is the three
dimensional radiation pattern upon excitation of the jth antenna. Ω represents the solid angle.

DG = 10
√

1 − (ECC)2 (3)

The ECC and DG of the MIMO Antenna after the insertion of the proposed isolating structure is
given in Figure 8. From the figure, it can be seen that ECC based on far-field results is less than 0.1 and
DG is 9.95 dBi at 5.4 GHz with greater than 9.94 dB value for a complete band of interest.
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Figure 8. ECC and diversity gain of the antenna.

3.2. Channel Capacity Loss (CCL)

The channel capacity loss (CCL) is an important parameter of MIMO antenna. From Figure 9,
it can be seen from simulated and measured results that CCL value is equal to 0.07 at 5.4 GHz and less
than 0.09 in the whole operating band.
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Figure 9. Simulated and measured CCL of the antenna in the presence of decoupling structure.

4. Results and Discussions

Surface currents distribution explains the performance analysis of isolating structure over the
desired frequency band. Figure 10 shows the current distribution of the MIMO antenna with and
without decoupling structure. From Figure 10, it is clear that without the proposed decoupling
structure the currents from one antenna upon excitation is seen with high concentrations to another,
consequentially leading in high coupling levels whereas with the insertion of decoupling structure,
the concentration of currents is focused on the edges of the decoupling structure, resulting in
higher isolation.
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Figure 10. Surface current distribution of the antenna at 5.4 GHz in the presence and absence of
decoupling structure.

The proposed antenna was designed and simulated in ANSYS HFSS and was fabricated and
tested. The Reflection coefficient and isolation level parameters of the two-port MIMO antenna were
measured using a Vector Network Analyzer (VNA) and the radiation patterns were measured in an
anechoic chamber. The VNA was calibrated using calibration kit and the two antennas were connected
with the two ports for S-parameter measurements. The simulated and measured results were in slightly
shift which can be due to cable and environmental losses and errors. Figure 11 shows the simulated
and measured S parameters of the MIMO antenna with a decoupling structure as well as simulated
S parameters without decoupling structure. It can be seen from the figure that after the insertion of
decoupling structure the isolation improvement of more than 14 dB is achieved. We can observe that
the reflection coefficient of the MIMO antenna with and without decoupling element is same.
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Figure 11. Simulated (with and without decoupling structure) and measured (with decoupling
structure) S-parameters of the antenna.

The antenna efficiency and maximum gain over frequency are given in Figure 12. The gain of
two-port MIMO antenna with and without decoupling structure is 4.24 dBi and 4.25 dBi, respectively
at 5.4 GHz and greater than 4.24 in the whole operating band. Similarly, the efficiency of the MIMO
antenna is 81.2% at 5.4 GHz and >80.8% in the whole operating band without decoupling structure.
With decoupling structure, the efficiency was 82.4% at 5.4 GHz and >81.1% in the whole operating
band. The results shows that the efficiency and gain of the antenna parameters have not been affected
after the isolation enhancement.
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Figure 12. Simulated (with and without decoupling structure) and measured (with decoupling
structure) gain and efficiency of the antenna.

The radiation patterns of the antenna in two main planes were measured inside an anechoic
chamber. One port of the antenna was connected with spectrum analyser and the second port was
terminated with a 50 Ω load. A high gain horn antenna was used as a transmitter. The simulated and
measured radiation patterns of the proposed MIMO antenna are shown in Figure 13. The Elevation
and Azimuth (E and H) plane patterns are slightly misaligned as compared to simulated results
which can be justified due to environmental losses and errors. However, it can be observed that the
radiation patterns both in E and H planes have remained the same before and after the insertion of the
decoupling structure. The proposed system has uni-directional radiation pattern with high front to
back ratio of 22.1 dB at 5.4 GHz.
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Figure 13. Simulated (with and without decoupling structure) and measured (with decoupling
structure) radiation pattern (E- and H-plane) of the antenna at 5.4 GHz.

A comparison between our proposed antenna and other antennas is listed in Table 1. It can
be observed that the proposed antenna has advantages over existing antennas in terms of small
size of decoupling structure, lower edge to edge distance, high FTBR value, lower ECC and CCL
values. The high FTBR value of the antenna make this structure suitable for beam scanning and other
applications where high directivity is required.
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Table 1. Comparison table (where λ◦ is the wavelength at centre frequency).

Ref. Technique
Centre Frequency

(GHz)
Edge to Edge

Distance
Isolation

Improvement
FTBR
(dB)

ECC
CCL

(bps/Hz)

[7] Slotted ground 5.8 0.33λ◦ 40 NA NA NA

[9] EBG 7.5 NA 4 NA NA NA

[10] UC-EBG 5.56 0.5λ◦ 10 NA NA NA

[11] Metamaterial 5.8 0.135λ◦ 9 NA <0.1 <0.05

[17]
I-shaped
resonator 2.8 0.056λ◦ 8–10 NA NA NA

[26] EBG 6 0.5λ◦ 8 NA <0.01 NA

[30]
Serpentine
structure 2.45 0.05λ◦ 10–34 NA <0.007 NA

[34]
metamaterial

polarization-rotator 60 NA 16 NA <0.1 × 10−6 NA

This
Work

U-Shaped
resonator

5.4 0.1λ◦ 14 22.1 <0.1 0.07

5. Conclusions

We presented a simple and efficient technique to reduce the mutual coupling between nearly
packed MIMO elements. We used a modified U-shaped resonator as decoupling structure between
the MIMO elements to reduce the undesired associated coupling between them. The MIMO elements
were kept at a distance of λ◦/10 (edge to edge) and the coupling suppression of 14 dB was
achieved. The coupling behaviour of the MIMO elements was studied using coupled resonator
theory. The proposed system has uni-directional radiation pattern with high front to back ratio of
22.1 dB at 5.4 GHz.
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Abstract: The narrow bandwidth and low gain performances of a reflectarray are generally improved
at the cost of high design complexity, which is not a good sign for high-frequency operation. A dual
resonance asymmetric patch reflectarray antenna with a single layer is proposed in this work for 5G
communication at 26 GHz. The asymmetric patch is developed from a square patch by tilting its one
vertical side by a carefully optimized inclination angle. A progressive phase range of 650◦ is acquired
by embedding a circular ring slot in the ground plane of the proposed element for gain improvement.
A 332-element, center feed reflectarray is designed and tested, where its high cross polarization
is suppressed by mirroring the orientation of asymmetric patches on its surface. The asymmetric
patch reflectarray offers a 3 dB gain bandwidth of 3 GHz, which is 4.6% wider than the square patch
reflectarray. A maximum measured gain of 24.4 dB has been achieved with an additional feature of
dual linear polarization. Simple design with wide bandwidth and high-gain of asymmetric patch
reflectarray make it suitable to be used in 5G communications at high frequencies.

Keywords: 5G; asymmetric patch; dual polarization; dual resonance; reflectarray; unit cell

1. Introduction

Antennas for 5G can be divided into two categories, one that is required at the user end and
a second that is needed at the base station. In both of these categories, Multiple Input Multiple
Output (MIMO) antennas have been seen as potential candidates to fill the requirement [1,2]. MIMOs
are actually the combination of many same types of antennas to produce a required beam pattern,
which is not easy to get with a single antenna. This combination of many antennas increases the
design complexity and cost of the system. The user end, due to its limited space, is a suitable place to
be designed with a MIMO antenna. The base station, on the other hand, can be seen as a potential
place where different types of antennas can be tested for a required 5G performance. The selection
of an antenna at the base station mainly depends on the range of its acquired parameters that are
needed for 5G communication [3]. Apart from a selected operating frequency range, a gain of more
than 20 dB and a bandwidth of more than 1 GHz are required for a 5G antenna that is supposed to be
used as a transmitter at the base station [4,5]. The additional and optional features of a 5G antenna
also include polarization diversity and adaptive beamsteering [6]. Polarization diversity could be
handy to overcome the flaw of narrow bandwidth, while swift electronic beamsteering can reduce the
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number of antennas on the base station. The antenna operating frequency for 5G operation is mainly
considered in the range of either millimeter wave or sub-millimeter wave [7]. The common millimeter
wave frequency ranges that are used for 5G-based research are mostly above 22 GHz. Array antennas,
due to their ability of acquiring high-gain, have been widely proposed by the researchers to be used in
the millimeter wave frequency range for 5G communication [8]. Phased arrays and reflectarrays both
can be good candidates for a 5G base station antenna. Between them, reflectarray does not require
a phase shifter circuit, which significantly reduces its cost and design complexity as compared to a
phased array antenna.

A microstrip reflectarray is generally considered as a planar phased array with performance
features of the parabolic reflector [9]. It was introduced to overcome the flaws of the curvy design of
the parabolic reflector and the high complexity of the phased array [10]. The collimation of incident
signals from the surface of the reflectarray is performed by properly designing its unit cell element.
Most of the recent works proposing 5G reflectarrays have worked on the enhancement of its bandwidth
performance. However, in reality, acquiring a bandwidth performance of more than 1 GHz at millimeter
wave range with reflectarray antenna is not a big issue. Its gain can also be increased by using a
large aperture size. The main issue with a reflectarray antenna that limits its progression for 5G
communication is its design complexity. The enhanced performance of a reflectarray antenna and its
design complexity are complementary to one another. A simple design would also reduce its cost and
make it suitable to be produced in large quantities.

Reflectarray performance can be enhanced by considering the modification in the design of its
unit cell element [3]. A unit cell is comprised of a conducting patch element printed on a grounded
dielectric substrate. The substrate and patch both can be considered for possible design adjustments for
performance improvement [11]. A wide reflection phase (S11 phase) range of unit cell element ensures
a good bandwidth performance. The substrate of the unit cells can be used as stacked layers, or an air
gap can be inserted in it before the ground plane to cope with the narrow bandwidth issue [12–14].
However, this could increase the design efforts and make it difficult to be fabricated, especially at
millimeter wave frequencies. On the other hand, different patch element designs, such as a combination
of elements [15], fractal elements [16], and multiple phase tuning stubs [17] can also be used for the
performance enhancement. Among them, the last two designs are only suitable for low frequency
operation due to their design complexity, and the first one can face mutual coupling issues due to more
than one element being used in it [3].

The primary purpose of this research work is to produce a reflectarray unit cell element with dual
resonance response without using a dual patch or dual layer structure. This dual resonance response is
further utilized for an extended reflection phase range to acquire a wider bandwidth performance.
Dual resonance response with a single layer can also be acquired with a Fractal type element. However,
Fractal elements have a very complicated design structure; that is why it is challenging to implement
them at very short wavelengths of high frequencies [3]. Additionally, it is normal to use an air gap in
the substrate of a reflectarray antenna for bandwidth improvement, which increases the design efforts.
The addition of this air gap with a minor fabrication error can cause a huge deflection in the resonance
of the reflectarray antenna at high frequencies. Therefore, this type of air gap is not used in this design
of asymmetric patch reflectarray antenna, which relies totally on a new shape of the patch element to
generated dual resonance response.

A similar work published in [4] also proposes a reflectarray antenna for 5G communications.
The work reported in [4] contains reflectarray of conventional circular ring elements with full ground,
whereas this work offers a novel asymmetric patch reflectarray element with ground ring slots for
bandwidth and gain enhancement for 5G application. Moreover, this work also offers an improved
reflectarray operation especially in terms of a smaller size, wider reflection phase range and additional
polarization as compared to the work published in [4]. The detailed comparison between this work
and [4] has been presented alongside with many other related works in Section 5 of this paper.
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The design complexity is always a major factor if a reflectarray antenna is proposed for 5G
operation. Therefore, a simple design of the unit cell patch element is required with a wide reflection
phase range and suitable aperture size for reflectarray compatibility with 5G communication. In this
work, a single layer asymmetric patch unit cell element is first time introduced to enhance the reflectarray
performance at 26 GHz frequency. The main novelty of the proposed work is the introduction of a
new asymmetric patch reflectarray element that can produce two close resonances for reflection phase
range enhancement without using an extra resonant layer or resonant element. A simple design of
the proposed asymmetric patch element that can be easily fabricated at short wavelengths of high
frequencies is also considered as a huge advantage. The asymmetry in the design of the patch element is
used as a tactic to enhance its reflection phase range. Asymmetry also creates a high level of unwanted
cross polarization [18], which is tackled by selecting a proper element orientation on the reflectarray
surface. Simulations of unit cell element and full reflectarray are performed by CST Microwave
Studio within a frequency range of 24 to 28 GHz. The selected frequency range is considered due
to its application in 5G communications [4,19]. The proposed design of the reflectarray antenna has
also been experimentally verified. In the end, the proposed reflectarray antenna with its acquired
parameters has been used as an indoor base station to measure its signal strength at various locations
for 5G communication.

2. Asymmetric Patch Unit Cell Element

The asymmetric patch element has been developed from a square patch element that is taken as the
primary structure to construct it. A low loss Rogers Rt/D 5880 material with a dielectric constant of 2.2
and a thickness of 0.254 mm is selected to hold the grounded asymmetric patch element. The substrate
length and width have been set to be λ/2, which is 5.77 mm at 26 GHz resonant frequency. The evolution
of an asymmetric patch element from a standard square patch is demonstrated in Figure 1a. It can
be seen from Figure 1a that a vertical side of the square patch element is tilted to some optimized
inclination angle (θ). Due to the tilting of a side of the patch element, two different lengths (L1 and
L2) have been introduced in the same patch element. The resonance of a microstrip patch elements
depends on the dimension of its length. Therefore, in the case of an asymmetric patch element, two
different resonances can be generated from a single element as given in the following equation [20].

f1 =
c

2L1
√
εe f f

and f2 =
c

2L2
√
εe f f

(1)

Here, c is the speed of light, εeff is the effective dielectric constant of the substrate, while f 1 and f 2

are the two resonant frequencies associated with the two different lengths L1 and L2 of the asymmetric
patch element.

A standard procedure for the simulation of a reflectarray unit cell element is adopted that is based
on the large array approach, as explained in [21]. In the simulation method, the reflectarray unit cell
is enclosed by the periodic boundary conditions to generate a large array approach. The periodic
boundaries are comprised of pure magnetic and pure electric walls on right-left and top-bottom sides
of the unit cell element respectively. A waveguide port is placed in front of the unit cell element
at a distance of quarter wavelength to observe the reflective characteristics of the unit cell element.
The boundary at the ground plane of the element is kept open as it backs the free space behind the
reflectarray unit cell element. The dual resonance phenomenon of the asymmetric patch element
can be seen from Figure 2a, where simulated reflection loss (S11 magnitude) of the asymmetric patch
element has been plotted with respect to the inclination angle (θ). It can be observed that when the
inclination angle is decreased beyond 86◦, an extra second resonance has been formed in the frequency
response of the asymmetric patch element. The two resonances shown in Figure 2 are occurred due to
the asymmetric design of the unit cell patch element. At this optimization stage the center frequency
of the first resonance is 25.5 GHz. Both the resonances offer their respective reflection phases of more
than 300◦ and a collective reflection phase span of more than 600◦. The asymmetric patch element
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without an inclination angle (θ = 0◦) would be a square patch element with an ordinary frequency
response of a single resonance.

 

(a) 

 

(b) 

 

(c) 

Figure 1. (a) Development of asymmetric patch element from a square patch element; (b) Ground ring
slot; (c) Alignment of the asymmetric patch with ground ring slot.

 

(a) 

 

(b) 

Figure 2. Simulated frequency response of the asymmetric patch element with variable inclination
angle and full ground plane: (a) Reflection loss; (b) Reflection phase.

The dual resonance response, as driven in Figure 2, still lacks the linearity in the reflection phase
that is an important factor in getting an enhanced bandwidth performance. In order to get this linearity
in the reflection phase, optimization has been performed with the variable length (L = L1) and variable
width (W) of the asymmetric patch element. The simulated results of this optimization have been
shown in Figure 3. It can be analyzed from Figure 3a,b that the slope of the reflection phase is a function
of change in length and width of the asymmetric patch element, respectively. Additionally, a linear
reflection phase curve can be obtained with the asymmetric patch element if its dimensions are selected
properly. These dimensions can be varied a little further to achieve the same resonant frequency when
a ring slot is embedded in the ground plane. The optimized parameters of the asymmetric patch
element at 26 GHz with the full ground and with circular ring slot in the ground are summarized in

58



Electronics 2020, 9, 1450

Table 1. Values in the second column of Table 1 belong to the optimization performed in Figure 3,
and values in the third column of Table 1 are obtained by varying values of the second column when a
ring slot is added in the ground plane.

 

(a) 

 

(b) 

Figure 3. Optimization of the slope of the reflection phase curve of the asymmetric patch element with
respect to: (a) Variable length (L1); (b) Variable width (W).

Table 1. Optimized dimensions of the asymmetric patch element at 26 GHz.

Parameter With Full Ground With Ground Ring Slot (r = 1 mm)

L1 (mm) 3.59 3.15
L2 (mm) 3.61 3.18
W (mm) 3.77 3.33
θ (◦) 83.5 82.6

The progressive phase distribution in the reflectarray can normally be acquired with the variable
size of its patch elements or by applying the element rotation technique [22,23]. However, it would
be difficult to change the overall size of the asymmetric patch element or rotate it while keeping
its shape intact. Therefore, a circular ring slot, as depicted in Figure 1b, has been embedded in the
ground plane of the asymmetric patch element. The variable radius (r) of this grounded embedded
ring slot has been used to progressively vary the reflection phase response of the asymmetric patch
element [24]. Additionally, the ground ring slot can easily support the dual linear polarization response
of the symmetric patch reflectarray that is an essential parameter for 5G communications. The same
dual linear polarization could also have been obtained by a square ring slot, but the square ring slot
attains a larger defecting area than a circular ring slot. A larger defecting area in ground plane would
result in an increase in the reflection loss performance, which is not good for a high-gain reflectarray
operation. The width of this ground ring slot should be kept as minimum as possible in order to
suppress the generation of the back radiations [24,25]. As depicted in Figure 1b, the width of the ring
slot is kept constant at 0.15 mm, because it is the minimum possible dimension that can be fabricated
using available laboratory resources. Figure 1c shows the alignment of the asymmetric patch element
with the ground ring slot. It can be seen from Figure 1c that the patch is situated in the center of the
substrate that aligns directly with the center of the ring slot. All the control parameters that affect the
results of asymmetric patch element have been mentioned in Figures 1–3 and Table 1. The remaining
parameters have been kept constant throughout the simulation process as they are not used to perform
any change in the response of the asymmetric patch element. Those constant parameters include
boundary conditions, waveguide port distance, substrate properties and substrate dimensions.

2.1. Asymmetry and Cross Polarization

The asymmetric patch element has an inclined side instead of a vertical one. In this scenario,
a vertically polarized incident electric field (Ei) generates a diagonally flowing surface current (J),
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as shown in Figure 4a. The diagonal movement of surface current breaks it up into a vertical (Jy) and a
horizontal (Jx) component. These surface current components induce a reflected electric field (Ery and

Erx) in the same manner. The reflected electric field component
→
Ery is called as co-polarized reflected

electric field because it is in the same polarization with the incident electric field. Alternatively, Erx is
called as cross-polarized reflected electric field because it is in the orthogonal polarization with the
incident electric field.

 

(a) 

 

(b) 

Figure 4. (a) Surface current flow on asymmetric patch element; (b) Two asymmetric patch elements in
mirror orientation.

The effect of high cross polarization can be eliminated by mirroring the orientation of the elements
on the reflectarray surface [26]. The depiction of two mirror elements, which are horizontally flipped,
is shown in Figure 4b. As illustrated in Figure 4b, the two horizontal components of surface current

(+Jx and −Jx) are in the opposite direction to one another. The positive and negative signs of
→
Jx are

assigned to represent their opposite directions. In this scenario, the reflected electric field for two
asymmetric patch elements can be calculated as described in the following derivation.

→
Er +

→
Er =

→
Erx +

→
Ery −

→
Erx +

→
Ery

2
→
Er = 2

→
Ery→

Er =
→

Ery = Er sinϕ

(2)

Equation (2) shows that the cross-polarized component of the reflected electric field can be
eliminated if the asymmetric patch elements are arranged in mirror orientation to each other on the
surface of reflectarray.

2.2. Experimental Results of Asymmetric Patch Element

The experimental verification of the asymmetric patch unit cell element with embedded ground
ring slots has been performed using scattering parameter measurements. The fabricated unit cell
elements that have been used for the experimental purpose are shown in Figure 5a. There are total of
10 different fabricated samples of the unit cells that have been used for the measurements. Change
in the ground ring radius for the fabricated unit cells can be spotted from Figure 5a, while all the
asymmetric patch elements have the same size. The unit cell element contains two asymmetric patches,
which makes it suitable to be aligned with the open end of the waveguide simulator. The waveguide
simulator is a piece of the standard equipment used for the scattering parameter measurements of a
reflectarray unit cell element [27]. The rectangular dimensions of the waveguide simulator are obtained
by considering it for the wave propagation of TE10 mode. The unit cell element cannot be displaced or
moved during the measurement as it is fixed within the open face cavity of the waveguide. Therefore,
no deflection in the measured results is supposed to happen due to the mounting or placement of the
unit cell element. The unit cell measurement setup is depicted in Figure 5b, where the waveguide
simulator is connected with a Vector Network Analyzer (VNA) through a standard WR-34 coaxial to
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waveguide adapter. A standard process of the VNA calibration using open, short and load connectors
has been performed to properly calibrate the measurement system. The predefined dimensions of the
waveguide simulator and WR-34 adapter make them suitable to be used from 22 to 33 GHz frequencies.
Although, the scattering parameter measurements have been performed from 24 to 28 GHz.

 

(a) 

 

(b) 

Figure 5. (a) Fabricated unit cells of asymmetric patch element with a variable radius of ground ring
slots; (b) Unit cell measurement setup.

Figure 6a,b show the graphs of the reflection response of the asymmetric patch element with the
full ground and with ground ring slot, respectively. A dual resonance response can be spotted in both
the mentioned cases. Asymmetric patch with full ground is observed to offer measured resonances at
25.5 GHz and 26.25 GHz, whereas its counterpart with embedded ground ring slot attains measured
resonances at 25.5 GHz and 26.75 GHz. The asymmetric patch element with and without ground ring
slot has the dimensions that have been mentioned in Table 1. However, as expected, a higher reflection
loss performance has been observed from the asymmetric patch element with the ground ring slot as
compared to a full ground element. The leakage currents in the ground ring slot are the main reason
behind this higher reflection loss. Additionally, a higher measured loss as compared to a simulated
one and a small deflection in the measured resonant frequencies are observed that occurs because
of the unavoidable effects of the fabrication errors, waveguide, connectors and cables used during
the measurements process. The full ground and slotted ground asymmetric patch elements attain a
measured linear reflection phase range of 480◦ and 510◦, respectively. This wide reflection phase range
is essential for wideband performance in reflectarray antenna.

The progressive phase distribution of the asymmetric patch element at 26 GHz with the full
ground and with the slotted ground is depicted in Figure 7a,b, respectively. It can be analyzed that,
the asymmetric patch element with the full ground does not acquire a wideband performance for
the frequencies other than 26 GHz. It is because of the sensitive nature of the asymmetric patch
element, as a full phase span requires just a change of 0.2 mm in length (L1), which is practically hard
to differentiate. Alternatively, a ground ring slot serves the same purpose with a change in radius of
0.9 mm, which is less sensitive than its counterpart. Figure 7c shows the reflection phase response of
the asymmetric patch element with the ground ring slot for different incident angles. A full phase
swing can be observed up to 32◦ of incident angle, which is the maximum value in the proposed design
of the reflectarray antenna of this work.
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(a) 

 

(b) 

Figure 6. Simulated and measured reflection response of asymmetric patch element with: (a) Full
ground; (b) Ground ring slot with r = 1 mm.

 

(a) 

 

(b) 

 

(c) 

Figure 7. Reflection phase response of asymmetric patch element: (a) Measured with full ground;
(b) Measured with ground ring slot; (c) Simulated with the different incident angle at 26 GHz.
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3. Reflectarray of Asymmetric Patch Elements

A standard procedure of designing the microstrip reflectarray antenna with its proper experimental
validation is explained in [10,22,28,29]. The same process has been followed to design and validate the
asymmetric patch reflectarray antenna with a variable radius of its ground ring slots. The elements of
a reflectarray are needed to be properly designed with an accurate progressive phase distribution to
get proper collimation of its reflected signals. The progressive phase distribution on the surface of a
reflectarray antenna is calculated using Equation (3) [10].

Δϕ = ϕ−ϕi =
2π
λ
( f − fi) (3)

where Δϕ is the change in reflection phase, ϕ is the progressive phase center, ϕi is the reflection phase of
a selected element, f is the focal length of the feed and fi is the distance of the selected element from the
center of the feed. This mathematical relation has been used to design a 332 element asymmetric patch
reflectarray antenna with a variable radius of its ground ring slots that are responsible for attaining an
accurate progressive phase distribution. The distance between the asymmetric patches is λ/2, which is
uniform for all the elements on the reflectarray. The variability in the ring slot radius is responsible
for making the design periodicity in reference to the feed position to properly eliminate the effect of
variable path delays that occur due to a flat surface of the reflectarray. The feed power is selected as
10 dB, which offers a maximum aperture illumination at an f/D of 0.8 [11]. A common wet etching
fabrication process with high precision is used to make the proposed designs of the asymmetric patch
reflectarray antenna. The fabricated designs with different element orientations that are shown in
Figure 8 have been used for experimental verification. Figure 8a,b depict the two fabricated designs of
the asymmetric patch reflectarray without and with mirror orientation of the elements, respectively.
Figure 8b also depicts the progression of the reflection phase on the surface of the reflectarray that
is acquired by a variable ring radius for proper collimation of the reflected signals. The ring radius
values are also depicted alongside its respective phase values. The size of all the asymmetric patch
elements has been kept constant in both of the designs, which is previously mentioned in Table 1.

The experimental results in comparison with the simulated ones are plotted in Figure 9.
The radiation patterns with the measured graphs of cross polarization of non-mirror and mirror
orientation of the asymmetric patch elements have been shown in Figure 9a,b, respectively.
An improvement in the cross polarization level has been noticed from −5 dB to −20 dB when
the asymmetric patch elements are mirrored on the surface of the reflectarray. The cross polarization
level of −20 dB or lower can be referred to as good isolation between the co-polarization and cross
polarization of an antenna [30]. Simulated cross polarization graphs are ignored here for graph clarity;
however, their values are provided. The simulated and measured results are easily comparable with
minor discrepancies.

Figure 9c contains measured E-plane graphs for mirror element orientation at different frequencies
to show the reliability of the radiation patterns. These results of the asymmetric patch reflectarray
antenna have been taken using a vertically polarized incident electric field. Gain versus frequency
curves of asymmetric patch reflectarray antenna with vertical polarization are plotted in Figure 10.
It can be seen that the reflectarray without mirror orientation of elements offers higher gain than
the reflectarray with mirror orientation of elements. This is due to a higher magnitude of the tilted
reflected electric field as compared to a lower magnitude of the vertical electric field, as explained
in Section 2.1. However, this high-gain performance is idle due to a high cross polarization when
elements are not mirrored to each other. A significant improvement in gain is also noticed when a full
ground plane is replaced with the circular ring slots. In this case, the gain has been improved from
18.8 dB to 24.4 dB, with increment in aperture efficiency from 7.7% to 28%. The measured 3 dB gain
bandwidth of asymmetric patch reflectarray with mirror element orientation is 3 GHz, which covers
75% of the selected frequency band of operation.
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(a) 

 

(b) 

 

(c) 

Figure 8. Asymmetric patch reflectarray antenna: (a) Non mirror orientation of elements and ground
ring slots; (b) Mirror orientation of elements; (c) During measurements.

 

(a) 

 

(b) 

 

(c) 

Figure 9. Vertically polarized radiation pattern results of asymmetric patch reflectarray with embedded
ground slots for: (a) Non mirror elements at 26 GHz; (b) Mirror elements at 26 GHz; (c) Measured
E-plane with mirror elements at different frequencies.
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Figure 10. Gain versus frequency response for vertical polarization of asymmetric patch element
reflectarray with and without embedded ground slots (NM = Non-Mirror and M = Mirror
element orientation).

In order to analyze the polarization diversity performance of the asymmetric patch reflectarray
antenna of ground ring slots, it is also measured with a horizontally polarized incident electric
field. Simulated and measured radiation pattern graphs with mirror orientation of asymmetric patch
elements have been plotted in Figure 11a. The reduction in cross polarization due to mirror orientation
of asymmetric patch elements has also been observed in Figure 11a. Figure 11b shows gain with respect
to the frequency of the asymmetric patch reflectarray antenna with horizontal polarization. A minor
reduction in the maximum gain performance of the reflectarray antenna has been observed due to
change in its polarization operation. The measured gain with horizontal polarization is 23.9 dB, which
is 0.5 dB less than its orthogonal polarization counterpart and offers an aperture efficiency of 25%.
Alternatively, the 3 dB gain bandwidth is increased up to 3.6 GHz that is 13.8% at 26 GHz. Moreover,
an improvement in the measured side lobe level has also been noticed, as depicted in Figure 11a.
The attained results of the asymmetric patch reflectarray antenna with horizontal polarization also
falls well within the range of required parameters needed for 5G communication. It can be said that
the proposed reflectarray antenna supports the polarization diversity in its operation and offers good
performance with both vertical and horizontal polarization.

 

(a) 

 

(b) 

Figure 11. Horizontally polarized results of asymmetric patch reflectarray with embedded ground
slots for mirror elements (a) Radiation pattern at 26 GHz (b) Gain versus frequency response.

4. Receive Signal Strength (RSS) Measurement

In 5G communications, the received signal strength (RSS) and received signal quality (RSQ) are
measured to determine the probability of cell selection and handover [31]. A high value of RSS would
mean to have a high power cell with low interference from neighboring cells and low noise level.
Therefore, it can also increase the chances of high quality signal reception at the user equipment.
A detailed analysis of RSS measurement for 5G base stations with signal coverage improvement is
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provided in [32], where two high power horn antennas are used as the transmitter (Tx) and receiver
Rx. It is believed that a high value of RSS can provide a high RSQ that is essential for better signal
reception in an indoor microcell environment. Therefore, the use of a wideband and high-gain antenna,
such as reflectarray, at 5G base station would definitely improve the quality of signal detection at the
user equipment. Therefore, the proposed asymmetric patch reflectarray antenna is measured here as
an indoor 5G base station and its results are compared with a conventional horn antenna to a draw a
fair comparison between them.

The proposed asymmetric patch reflectarray antenna is tested as an indoor base station to measure
the receive signal strength at a variable distance. The overall setup for the measurement is explained
in [31], where a horn antenna was used as a transmitter at the base station, which is replaced here
with the reflectarray antenna. Table 2 summarizes the characteristics and values of the measurement
setup. An operating frequency of 26 GHz is selected to measure the dual linear polarized response
of the reflectarray antenna. A standard 20 dB horn antenna (CB-28-20-C-KF) is used as a receiver
(Rx). The distance between transmitter (Tx) and receiver is varied from 1 m to 16 m with a constant
height of 2 m. The minimum distance of 1 m is greater than the minimum far-field distance, which is
2λ, of the Tx antenna. The maximum distance of 16 m is the longest indoor corridor in the Wireless
Communication Centre building. Figure 12 shows the Tx and Rx antennas during the measurements.

Table 2. Characteristics of RSS measurement setup.

Parameter Value or Characteristic

Tx Power 23 dBm
Carrier Frequency 26 GHz

Tx Antenna Reflectarray (This Work)
Rx Antenna 20 dB Standard Horn

Tx/Rx Height 2 m
Tx Polarization Dual Linear

Distance 1 m to 16 m
Tx Antenna Beamwidth 6◦
Rx Antenna Beamwidth 14◦

 

Figure 12. Indoor RSS measurement setup for asymmetric patch reflectarray antenna.

A signal generator (Anritsu MG3694C) is used before the Tx antenna and a spectrum master
(Anritsu MS2720T) is connected to the Rx antenna for signal generation and detection, respectively.
The main purpose of this study is to analyze the improvement in RSS for an urban indoor microcell
sector with a reflectarray antenna. Measured RSS of the asymmetric patch reflectarray antenna and a
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standard horn antenna as Tx is plotted with respect to the change in distance in Figure 13. It is observed
from Figure 13 that a significant improvement in RSS is achieved when asymmetric patch reflectarray
antenna is used as a Tx. An average of −42 dBm of RSS is observed with asymmetric patch reflectarray
antenna, which is almost 5 dBm higher than that of a standard horn antenna. This improvement in
RSS is due to the higher gain of asymmetric patch reflectarray antenna as compared to a standard horn
antenna. Moreover, the asymmetric patch reflectarray antenna offers almost the same RSS response
with dual linear polarization operation.

Figure 13. Comparison of measured RSS of asymmetric patch reflectarray antenna with standard horn
antenna at a variable distance.

A higher RSS than a conventional horn antenna could also make device discovery easier in an
urban microcell environment [31]. This measurement has also been repeated with the operating
frequencies of 25 and 27 GHz, where a similar RSS response has been found. This analysis proves
that, a good signal reception and detection at user equipment is expected if the proposed asymmetric
patch reflectarray antenna is used as the 5G base station antenna. The only limitation associated
with asymmetric patch reflectarray antenna is its narrow beamwidth, which tends to increase the
number of sectors in a microcell. This limitation could be avoided by using a beamsteering strategy
in the reflectarray antenna [6,19]. A wide reflection phase range, as in asymmetric patch reflectarray,
would be beneficial for acquiring wide angle beamsteering operation.

5. Comparison of Asymmetric Patch Reflectarray Antenna with Other Related Works

The proposed design of asymmetric patch reflectarray antenna can also fall into the category
of matasurface or frequency selective surface (FSS) due to its slotted ground structure. The latest
technological advancement in metasurfaces with enhanced features are reported in [33,34]. The reported
works of metasurfaces apply patch based dual layer technique to acquire beamsteering in reflection
and transmission of the incident signals. Alternatively, this work proposes a single reflecting layer
of asymmetric patches of ground ring slots for fixed beam operation. The two layer structure of
metasurfaces are designed in such a way to improve the transmission of the incoming signals from
the metasurface layer in both directions with minimum reflections. On the other hand, the proposed
design of the reflectarray antenna offers maximum possible reflections from the patch based layer.
The proposed asymmetric patch reflectarray antenna have ring slots in its ground plane, which could
still pass some portion of the incident signals as transmission, but amount of this back radiating
transmission would be very small as the reflected signal has a very high gain. Apart from some
differences, the metasurfaces and the reflectarrays both use the same technique of patch based phase
shift to control the direction of the transmitted or reflected signals. Additionally, if further layers are
added in the proposed reflectarray design and its ground ring slots are widen further then it can be
featured as a transmitive structure to offer features like a metasurface.

The proposed asymmetric patch reflectarray antenna is developed from the square patch
reflectarray antenna. Asymmetry in the patch makes it to attain a wider reflection phase range

67



Electronics 2020, 9, 1450

and wider bandwidth performance as compared to an equivalent aperture square patch reflectarray
antenna. In order to make a fair comparison of this work with other reflectarray antennas, an equivalent
aperture square patch reflectarray antenna has been designed and experimentally tested. The square
patch reflectarray antenna offers a measured 3 dB gain bandwidth of 6.9%, which is 4.6% lower than
that of the asymmetric patch reflectarray antenna. The 5G research based on the reflectarray antenna
is still very new and in its initial stages. There are only a few related and reputable works available
in the literature that are summarized and compared with this work in Table 3. A most recent work
proposing dual band reflectarray operation for 5G communication with dual linear polarization is
reported in [35]. This dual band design uses two different elements for two different polarization
and holds four elements in one unit cell for dual band operation. The asymmetric patch reflectarray
offers a higher gain and wider bandwidth than this dual band design by using just a single patch
element in one unit cell. A similar work proposed in [36] also uses the same technique for dual band
operation, but with a single polarization. This work also has a narrower bandwidth performance than
the asymmetric patch reflectarray antenna.

Table 3. Performance comparison of asymmetric patch reflectarray antenna with other related works.

Parameter This Work [35] [4] [36] [19] [37] [38]

Technique Asymmetric Patch Dual band – Dual band – Transmitarray Full Metallic
Frequency (GHz) 26 27/32 26 28/38 26 60 26

Patches in Unit Cell 1 4 1 4 1 4 1
Phase Span (◦) 650 340/325 340 320/320 360 270 180

Array Elements 332 15 × 15 20 × 20 15 × 15 20 × 20 30 × 30 14 × 14
Array Size (λ2) 78.5 52.3/73 100 56.2/103 100 243.3 36.8

Gain (dB) 24.4 22.9/25.7 26.4 21/25.2 26.41 30.1 18.9
Max. Aperture Efficiency (%) 28 29/38 34 – 34 32.3 97.7 (Simulated)

Polarization Dual Linear Dual Linear Single Single Single Single Single
Complexity Low Moderate Low Moderate Low High High

1 dB Gain Bandwidth (%) 6.1 2.4/2.4 13.6 3.4/3.9 13.1 8.2 20 (1.5 dB) 4 (1 dB)
RSS Measurement Yes No No No No No No

Moreover, the asymmetric patch reflectarray attains a wider reflection phase span with a lower
design complexity than these two dual band designs. Two other similar works reported in [4]
and [19] offer good bandwidth and gain performance with low design complexity, but for just a
single polarization operation. Moreover, these two works present a reflectarray antenna with a
conventional type of element, such as circular ring and rectangular patch, which offer a very narrow
reflection phase range. In contrast, this work proposes a new asymmetric patch element with a wide
reflection phase range for high-gain reflectarray operation with comparatively less number of elements.
The asymmetric patch reflectarray antenna has also been compared with a transmitarray [37] and a full
metallic reflectarray [38] that were proposed for 5G operation at 60 and 26 GHz respectively. Four
different patches in five different layers make single polarized transmitarray an electrically large and
very complicated structure as compared to the current work that operated at dual linear polarization.
A full metallic design of a metallic reflectarray removes the dielectric losses and improves its efficiency
performance. However, it still attains a lower gain and narrower bandwidth performance as compared
to the asymmetric patch reflectarray antenna. This is because of a narrow reflection phase range of the
unit cell of the metallic reflectarray antenna. On the other hand, the current work of the asymmetric
patch reflectarray antenna has a wider reflection phase span with dual linear polarization operation.
Moreover, this is the first time a reflectarray antenna is tested for RSS measurements with dual linear
polarization operation for comparison with a standard horn antenna that is normally used for 5G
based microcell measurements. Consequently, it can be said that the asymmetric patch reflectarray
antenna proposed for 5G communication in this work, attains comparably better performance with
low design complexity as compared to the related works of the published literature.

6. Conclusions

An asymmetric patch reflectarray unit cell element is proposed to increase the reflection phase
range beyond its conventional range of 360◦. A wide reflection phase span of 650◦ is acquired with

68



Electronics 2020, 9, 1450

an asymmetric patch of ground embedded circular ring slot. The bandwidth performance of the
reflectarray antenna has been enhanced using asymmetric patch elements that also support high-gain
operation with dual linear polarization. The limitation of high-loss performance due to a ground
ring slot is avoided by acquiring a wide reflection phase range. On the other hand, this high-loss
performance can be avoided by using a thicker substrate or by embedding an air gap between the
substrate and the ground plane of the asymmetric patch element. The high cross polarization generated
due to the asymmetry has been suppressed by mirroring the orientation of elements on the reflectarray
surface. A maximum measured cross polarization of about −20 dB has been attained for both linear
polarizations of the reflectarray antenna. This slightly high cross polarization is due to the single
layer design with a single and geometrically asymmetric patch element. However, this value of cross
polarization is still quite lower than the maximum side lobe level, and that is why it cannot affect
the performance of the main lobe of the asymmetric patch reflectarray antenna. A circular aperture
reflectarray antenna made of 332 asymmetric patch elements offers a 3 dB gain bandwidth of 3 GHz
that is 11.5% at 26 GHz resonant frequency with a gain of 24.4 dB. The asymmetry in the patch element
does not restrain it from supporting a dual linear polarization operation. Even a better bandwidth of
13.8% is acquired with a slight reduction of 0.5 dB in the gain performance for an orthogonal linear
polarization operation. The proposed reflectarray antenna is also tested for indoor RSS measurements.
In comparison with a standard horn antenna, it offers a better signal performance with an additional
feature of polarization diversity in a microcell environment. A wider bandwidth performance, simple
design, high-gain and dual linear polarization operation at high frequency, has made this proposed
design of reflectarray suitable for 5G communications.
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Abstract: Multiple-input multiple-output (MIMO) scheme refers to the technology where more
than one antenna is used for transmitting and receiving the information packets. It enhances the
channel capacity without more power. The available space in the modern compact devices is limited
and MIMO antenna elements need to be placed closely. The closely spaced antennas undergo an
undesirable coupling, which deteriorates the antenna parameters. In this paper, an ultra wide-band
(UWB) MIMO antenna system with an improved isolation is presented. The system has a wide
bandwidth range from 2–13.7 GHz. The antenna elements are closely placed with an edge to edge
distance of 3 mm. In addition to the UWB attribute of the system, the mutual coupling between the
antennas is reduced by using slotted stub. The isolation is improved and is below −20 dB within the
whole operating range. By introducing the decoupling network, the key performance parameters
of the antenna are not affected. The system is designed on an inexpensive and easily available FR-4
substrate. To better understand the working of the proposed system, the equivalent circuit model is
also presented. To model the proposed system accurately, different radiating modes and inter-mode
coupling is considered and modeled. The EM model, circuit model, and the measured results are in
good agreement. Different key performance parameters of the system and the antenna element such
as envelope correlation coefficient (ECC), diversity gain, channel capcity loss (CCL) gain, radiation
patterns, surface currents, and scattering parameters are presented. State-of-the-art comparison with
the recent literature shows that the proposed antenna has minimal dimensions, a large bandwidth,
an adequate gain value and a high isolation. It is worth noticeable that the proposed antenna has
high isolation even the patches has low edge-to-edge gap (3 mm). Based on its good performance
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and compact dimensions, the proposed antenna is a suitable choice for high throughput compact
UWB transceivers.

Keywords: isolation enhancement; surface waves; gain; circuit model; slotted-stub; MIMO antennas

1. Introduction

In the last decade, mobile technology enables researchers to find solutions for systems consist
of multiple devices, sensors, and components [1–5]. Antennas are one of the important components
of these multi-device systems [6–8]. With MIMO technology, need for antennas that can operate
over a wide range of frequencies is inevitable [9–12]. Ultra wide band (UWB) antennas have better
channel capacity, envelope correlation, and diversity gain as compared to traditional narrowband
antennas [13].

According to Federal Communication Commission (FCC) protocol, the UWB ranging from 3.2 to
10.6 GHz covering indoor applications and handheld devices [14]. Several designs have been proposed
and researched in [15–19] for UWB services. In [15] a V shape monopole antenna with staircase shaped
defected ground structure is proposed having realized gain of 4 dB with size of 25 × 26 mm for
UWB applications. The Multiple Input Multiple Output (MIMO) technology offers higher data rates
with better propagation response in multipath propagating environment and noise immunity [20–22].
Enhanced Isolation is desirable in MIMO antenna systems as the lower coupling ensures the better
antenna performance characteristics [23,24]. In order to suppress surface waves of MIMO radiating
elements the use of defected ground structures (DGSs) [25,26], electromagnetic band gap structures
(EBGs) [27,28], and line resonators [29] are commonly used.

In [30] an UWB MIMO antenna having dual notch response is investigated by using several metal
strips with modified ground plane to reduce mutual coupling between the radiating elements. In [31]
an UWB MIMO antenna with compact size (25 × 40 mm2) and polarization diversity is presented.
The design is complex because of two different ground planes. In [32] a bio inspired leaf shaped
antenna is presented for wideband and sensing applications, however with a large dimensional size of
314 × 121 mm. The design is not suitable for MIMO configuration for handheld devices. The use of
black carbon film on the UWB MIMO reduced the coupling effects in [33] due to absorption losses,
however the cost of the system with such an approach increases.

In this paper, an UWB MIMO antenna system for 2–13.7 GHz is presented. The system is composed
of two radiating elements. The mutual coupling between the antennas is reduced by using slotted stubs.
The isolation is improved and is below −20 dB for the whole operating range. The system is fabricated
on an easily available, inexpensive, and widely used FR4 substrate. The system is designed using a
EM full-wave commercial software HFSS. A detailed study regarding the antenna design, decoupling
network, and other parameters of the design is presented. The circuit model is presented to verify the
EM model. A prototype is fabricated to verify the simulated results. The comaprison between the
simulated and measured results is presented and it is found that they are in good agreement. The effects
of decoupling network over the performance of the antennas and the MIMO system is also studied.
It is found that ECC and Diversity Gain (DG) for the proposed system are 0.15 and 9.85 dBi respectively.
The channel capcity loss (CCL) is less than 0.06 bps/Hz for the whole operating bandwidth.

2. Design Methodology

The design and prototype models of the proposed UWB MIMO antenna system are presented
in Figure 1. The system is designed on an FR4 substrate with a thickness of 1.6 mm. The dielectric
constant of the substrate is assumed to be 4.4. The top side includes two radiating stepped-shaped
elements with a 50 Ω feed line. The stepped shape is designed to increase the path for the flow of
current. By increasing the path for the current, a wide bandwidth is achieved. The two rectangles
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are designed at the top of each element to achieve wide-band matching. A rectangular ground plane
with a rectangular slot is designed at the back side of the substrate. The antenna elements share a
common ground plane. The upper edge of the common ground is stepped and incorporated with
the plus-shaped slotted stubs to improve isolation between the antenna elements. The stubs act as a
bandstop filter for the desired frequency range. It produces transmission zeros within the radiating
elements that in turn disturb the flow of current, surface waves, and near fields. The dimensions of the
antenna elements, slotted stubs, ground plane, and feed lines are shown in Figure 1.

Figure 1. Top and bottom view of the proposed ultra wide-band multiple input multiple output
(UWB-MIMO) antenna.

2.1. Single Unit Antenna

A detailed evolution procedure for the proposed setup is presented in Figure 2. In Step 1,
a stepped-shaped single element with a slotted ground plane is designed. The ground plane covers
the area between the lower edge and the feed line. In Step-2, two radiating elements with a common
ground plane is designed. In other words, step-1 is replicated along the x-axis to get a MIMO antenna
system. The edge to edge distance between the antenna elements is 3 mm. In the final step, slotted
stubs are incorporated at the back side within the antenna elements to reduce the mutual coupling
between the radiating elements. The slotted stubs suppress the surface waves and the near fields
reducing the coupling between the antennas keeping it below −20 dB for the whole desired frequency
range. The step-by-step evolution of the proposed setup is shown in Figure 2. To understand the
proposed MIMO antenna system, an equivalent circuit model for a single antenna using lumped
elements is presented. In Figure 3 the transmission line is modeled as an impedance transformer with
the coupling ratio of X1:1 in the circuit model. Since patch antenna is a resonating circuit, one can use
circuit theory to model the radiating element approximately by the RLC circuit [34]. Where R is the
radiation resistance of the radiating mode of the antenna, and L and C describe the resonant circuit that
is responsible for the desired resonant frequency. The proposed antenna setup is a wide-band, therefore
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the desired response is a combination of different radiating modes. In addition to the combination
of these radiating modes, the coupling between the modes should also be included to model the
system accurately. The equivalent circuit model for a single element is shown in the inset of Figure 3.
The radiating modes are modeled by RLC combinations while the two LC (tank-circuits) combinations
represent inter-mode coupling [35,36]. The circuit model is studied in Keysight Advance Design
System (ADS). The values of each component and the comparison of S-parameters between the EM
and the circuit model are depicted in Figure 3. The results are in good agreement.

Figure 2. Design evolution stages of the proposed UWB-MIMO antenna.
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Figure 3. Lumped element equivalent circuit model (Ra1 = 295 Ω, Ra2 = 54.45 Ω, Ra3 = 60 Ω,
Ca1 = 3.45 pF, Ca2 = 3.82 pF, Ca3 = 4.8 pF, La1 = 1.55 nH, La2 = 7.42 nH, La3 = 3.85 nH, La12 = 0.6 nH,
Ca12 = 1.5 pF, La23 = 0.7 nH and Ca23 = 1.22 pF) and comparison of EM and circuit model results.

2.2. UWB-MIMO Antenna System without Slotted Stub

In this section, the circuit model for the proposed MIMO antenna system is presented.
As discussed in the previous section, each antenna element can be modeled as a combination of
the RLC circuit, and a feed line can be modeled as an impedance transformer. Since our antennas
exhibit wide-band response, many radiating modes are contributing. In other words, a combination

76



Electronics 2020, 9, 1582

of radiating modes makes it a wide-band antenna. From circuit theory, it is evident that inter-mode
coupling affects the response of the circuit. Therefore, to model the MIMO antenna system accurately,
one should not only consider the radiating modes but also the inter-mode coupling. In this paper,
for simplicity, three radiating modes and inter-mode coupling between antennas are considered for
corresponding modes only. For instance, the coupling between mode-1 of antenna-1 with mode-1
of antenna-2 is considered but the coupling of mode-1 of antenna-1 with the coupling of mode-2 of
antenna-2 is not discussed. The equivalent circuit model of the proposed system without slotted stubs
is shown Figure 4. The feed lines of the radiating elements are modeled by impedance transformers
with a coupling ratio of X1:1. Each antenna element radiating modes are modeled by a combination of
RLC circuits while the tank circuits represent the inter-mode couplings. The mutual coupling between
the corresponding radiating mode of antenna elements is represented by M1, M2, and M3. The circuit
model is designed in ADS. The comparison for S-parameters results between the EM and the circuit
model and the values of each component are shown Figure 5. It can be seen from Figure 5, the results
are in a good agreement for the desired frequency band.

M1M2M3

Component Value
Ra1 1546 Ω
Ra2 1861 Ω
Ra3 47 Ω
Ca1 0.5 pF
Ca2 0.5 pF
Ca3 10.45 pF
La1 0.5 nH
La2 0.5 nH
La3 0.93 nH
La12 19.4 nH
La23 9.6 nH
Ca12 20 pF
Ca23 3.23 pF
X1 0.92
M1 1.575
M2 1.22
M3 1.02

Figure 4. Lumped element equivalent circuit model of the UWB-MIMO system without decoupling structure.
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Figure 5. Lumped element equivalent circuit simulation comparison with EM simulation without
decoupling structure.
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2.3. UWB-MIMO Antenna System with Slotted Stub

In this section, the equivalent circuit model for slotted stubs is presented. The slotted stubs are
added within the antenna elements at the ground plane side to reduce the mutual coupling between
the antennas, suppress the surface waves and near fields. To model accurately the proposed MIMO
antenna system with the decoupling structure, the same assumptions regarding the radiating modes
and inter-mode coupling are considered. In other words, three radiating modes and corresponding
inter-mode couplings are modeled for the radaiting structures. The radiating modes are modeled
by the combination of RLC circuits, transmission lines are modeled by impedance transformers,
and inter-mode coupling is modeled by LC-tank circuits. Since the mutual coupling can be reduced by
a band stop response by introducing transmission zeros within the operating range. The decoupling
structure is modeled by the combination of RLC circuits. These RLC circuits are coupled with the
radiating modes by M1dc, M2dc, and M3dc coupling ratios. By using the coupling structure, the isolation
for the proposed system is well below 20 dB for the whole bandwidth. The value of each component
and the equivalent circuit model are depicted in Figure 6. The simulated results of the EM model and
the circuit model are in good agreement, as shown in Figure 7.

Component Value
Ra1 849.5 Ω
Ra2 1891 Ω
Ra3 47 Ω
Ca1 0.5 pF
Ca2 0.5 pF
Ca3 10.45 pF
La1 0.5 nH
La2 0.5 nH
La3 0.93 nH
La12 19.4 nH
La23 9.5 nH
Ca12 20 pF
Ca23 3.23 pF
X1 0.59
M11d 0.79
M22d 1.14
M33d 1
R1 56 Ω
R2 69.5 Ω
R3 38 Ω
C1 10.25 pF
C2 7.32 pF
C3 4.2 pF
L1 0.92 nH
L2 0.87 nH
L3 0.94 nH

M3dc

M3dc M2dc

M2dc
M1dc

M1dc

Figure 6. Lumped element equivalent circuit model of the UWB-MIMO system with decoupling structure.
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Figure 7. Lumped element equivalent circuit simulation comparison with EM simulation in the
presence of decoupling structure.

3. Results and Discussion

The proposed MIMO antenna system with an isolation network was fabricated using the LPKF
machine. The system was measured using a two-port vector network analyzer. The radiation patterns
were measured in an anechoic chamber. By introducing the decoupling network, key performance
parameters of the antenna were not affected. The simulated and measured S-parameters results for the
proposed system are shown in Figure 8. The results were in good agreement. It can be seen that the
isolation between the radiating elements was below −20 dB within the whole operating range.

The slotted stubs were used to improve isolation between the antennas. When there was no
decoupling network, the surface waves were coupled to the non-excited radiating element resulting in
high mutual coupling. On the other hand, when the decoupling structure was incorporated within
the elements, one can see that the surface waves and near fields were suppressed in the non-excited
antenna. The surface waves and the near fields were concentrated within the decoupling structure
resulting in high isolation between the antenna elements. This phenomenon can be observed in
Figure 9. The surface current distribution with and without the slotted stubs at 10 GHz is shown
in Figure 9.
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Figure 8. Simulated and measured S-parameters of the antenna.
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Figure 9. Surface current distribution with and without slotted stub at 10 GHz.

Gain is one of the key parameter of the antenna. The simulated and measured gain of the antenna
is greater than 1.1 dBi with a maximum value of 4.3 dBi at 12 GHz. The simulated and measured gains
are in good agreement for the whole operating bandwidth as shown in Figure 10. The far-field patterns
of the proposed system is shown in Figure 11. The radiation patterns are shown for three different
frequencies, i.e., 2.4, 5, and 10 GHz. The comparison between the simulated and measured xz- and
yz-plane radiation characteristics are shown in Figure 11. The results were in good agreement.
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Figure 10. Simulated and measured peak gain of the antenna.
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Figure 11. Radiation pattern of the antenna at 2.4, 5 and 10 GHz.
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4. MIMO Parameters

In this section, key performance parameters of a MIMO system are discussed. Envelope
Correlation Coefficient (ECC) and Diversity Gain (DG) are one of the vital parameters of the MIMO
system. ECC defines the effect of one antenna over the performance of the other antenna within a
multiple antenna system. In other words, it measures how a member is affecting the performance of
the other member within a system. ECC can be calculated either by using the S-parameters or radiation
characteristics as represented in Equations (1) and (2) respectively. In this paper, ECC is calculated
using Equation (2).

ECC =
|S∗

11S12 + S∗
22S21|2[

1 − (|S11|2) + |S12|2
][

1 − (|S22|2) + |S21|2
] (1)

ECC =
| ∫ ∫

4π(Bi(θ, φ))× Bj(θ, φ))dΩ|2∫ ∫
4π |Bi(θ, φ))|2dΩ

∫ ∫
4π |Bj(θ, φ))|2dΩ

(2)

where S11/S22 and S21/S12 are the reflection and transmission coefficient of the antenna. Bi(θ, φ)

is the three dimensional radiation pattern upon excitation of the i-th antenna and Bj(θ, φ) is the three
dimensional radiation pattern upon excitation of the j-th antenna, and Ω represents the solid angle.

On the other hand, the DG is the selection of the strongest signal from N number of signals. It is
calculated through the following equation.

DG = 10
√

1 − (ECC)2 (3)

The simulated ECC and DG for the proposed system is shown in Figure 12. It can be seen that the
DG was more than 9.85 dBi and the ECC was less than 0.15 within the band of interest. One of the
important MIMO system parameters is Channel Capacity Loss (CCL). The measured and simulated
CCL of the proposed system is depicted in Figure 13. It is observed that CCL was less than 0.06 bps/Hz
for the whole operating bandwidth.
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Figure 12. Envelope correlation coefficient (ECC) and Diversity Gain (DG) of the UWB-MIMO
antenna system.

A detailed comparison between the proposed and published UWB-MIMO antenna is tabulated in
Table 1. It is noticeable that the proposed antenna cover minimal dimensions, has large bandwidth,
adequate gain value and high isolation. It is worth noticeable that the proposed antenna has high
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isolation even the patches has low edge-to-edge gap (3 mm). Moreover, we extracted circuit model in
each step. The isolation and bandwidth enhancements phenomena is discussed using circuit theory.
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Figure 13. Simulated and measured CCL of the UWB-MIMO antenna system.

Table 1. Performance comparison with UWB-MIMO antennas.

Ref.
Size

(mm2)
Edge-to-Edge

Gap (mm)
Operating Frequency

Range (GHz)
Isolation (dB) Gain (dBi)

Common
Ground

Circuit
Model

[6] 40 × 80 NG 4.5–8 >25 2–4 No No
[7] 27 × 47 NG 3.1–10.6 >20 2.8–5.4 Yes No
[8] 18 × 36 21.5 3–40 >15 0–9 Yes No
[9] 68 × 35 NG 3.1–10.6 20 1.7–4.2 No No
[10] 81 × 81 NG 3.1–11.14 >18 4–8.48 No No
[11] 37 × 45 3 3.1–5 >20 >−2 Yes No
[12] 40 × 68 34 3.2–10.6 >15 3–5.5 Yes No
[13] 50 × 30 NG 2.5–14.5 >20 0.3–4.3 Yes No

This Work 33 × 48 3 2–13.7 >20 1.1–4.3 Yes Yes

Designing a UWB-MIMO antenna has many challenges. The main challenges include achieving a
wide bandwidth with omnidirectional patterns, high gain and acceptable isolation within radiating
elements. Moreover, it is necessary to maintain the parameters of antenna before and after the
decoupling structure. In this work, the isolation between the antennas is improved by etching
slots in the ground plane and omnidirectional patterns are achieved for the whole frequency range.
The proposed antenna cannot be used for the base station because the base station requires high gain
antennas. In other words, this antenna is suitable for mobile devices due to its miniature nature and
omnidirectional patterns. One of the limitations is that the phase and magnitude of the radiated fields
are frequency dependent. UWB antennas are a combination of different resonances within a frequency
range. The impedance, surface waves, and radiated fields vary and affect the performance of the
antenna. This makes the response of the antenna unpredictable. By deploying different techniques like
DGS, EBG, and slots within the antenna and/or ground plane, the response can be controlled.

5. Conclusions

In this article, an UWB MIMO antenna system with an isolation of −20 dB is presented. The UWB
response is achieved by designing a stepped-shaped antenna while the isolation is improved by using
slotted stubs etched in the ground plane within the radiating elements. The system is fabricated on an
FR4 substrate. The circuit theory is used to model the circuit model and compared the results with the
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EM model. The simulated design is fabricated and key performance parameters are calculated and
measured. The simulated, measured, and the circuit model results are in good agreement. It is found
that ECC and DG for the proposed system are 0.15 and 9.85 dBi respectively. The CCL is less than
0.06 bps/Hz for the whole operating bandwidth. Future work will focus on increasing the number
of transmitting and receiving antennas to enhance the throughput. Moreover, the coupling effect
between the antenna elements can be enhanced by combining the proposed method with any other
method. In fact, such a decoupling method will be helpful to develop universal guidelines for compact
UWB-MIMO antenna systems.
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Abstract: In this paper, a compact rectifier, capable of harvesting ambient radio frequency (RF) power
is proposed. The total size of the rectifier is 45.4 mm × 7.8 mm × 1.6 mm, designed on FR-4 substrate
using a single-stage voltage multiplier at 900 MHz. GSM/900 is among the favorable RF Energy
Harvesting (RFEH) energy sources that span over a wide range with minimal path loss and high
input power. The proposed RFEH rectifier achieves measured and simulated RF-to-dc (RF to direct
current) power conversion efficiency (PCE) of 43.6% and 44.3% for 0 dBm input power, respectively.
Additionally, the rectifier attained 3.1 V DC output voltage across 2 kΩ load terminal for 14 dBm and
is capable of sensing low input power at −20 dBm. The work presents a compact rectifier to harvest
RF energy at 900 MHz, making it a good candidate for low powered wireless communication systems
as compares to the other state of the art rectifier.

Keywords: RF energy harvesting; impedance matching network (IMN); power conversion efficiency;
rectifier; IoT

1. Introduction

The ubiquitous nature of wireless communication technology has over the years attract and
gained much attention and contribution from researchers globally [1,2]. Additionally, GSM900/1800,
3G, 4G, Wi-Fi, and the evolving auspicious 5G are among a few dominant wireless technology
generation operating daily to cater for human needs and demand [3,4]. Recent development in wireless
communication technology gave birth to new and evolving technological innovations. The increasing
demand of such invention led to one or more application driver in the areas of IoT, industrial IoT,
autonomous driving, smart farming, smart cities, and many more [5,6]. Uninterrupted power supply
over remote places limits the potential of wire-based ultra-low powered IoT devices and sensor nodes.
which directly restricts their capabilities for security surveillances, smart farming, and other related
applications besides a copper loss [5–7]. One of the main challenges with the evolving ultra-low
powered IoT devices is energy storage limitation. These, in turn, increase the need for RFEH systems.
To over come the major challenges with traditional battery-based systems to charge/maintain/replace a
battery. RFEH is believed to be a promising technology through direct power or battery recharging from
abundant electromagnetic (EM) energy radiating in the environment. The technology can be deployed
in low-powered devices for security surveillance, smart farming and many more [5–8]. Initially,
the concept of energy harvesting started to evolve in the 1990s along with Tesla finding’s on electrical
energy conversion from an EM wave [5]. RF power system typically comprises an antenna, IMN,
a rectifying diode, a storage element (DC pass filter), and a terminal load. A combination of five circuit
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elements gives rise to rectenna. A rectenna without the antenna component is categorized as a rectifying
circuits. Figure 1 provides a block diagram containing the key components of rectenna. The matching
network (MN) and the rectifier circuit play an important role in the RFEH system. MN is aim at
ensuring optimum energy transfer between the receiving antenna and the load, and the latter transform
the scavenged RF EM signals into a usable DC output voltage. RFEH module can be deployed in a
sensitive and critical environment such as autonomous driving, security surveillance, and healthcare
systems, for their capability to operate under both environmental and nonenvironmental condition
unlike the other forms of energy harvesting system [5]. The operation of rectifying circuit and RFEH
system are generally assessed through (PCE). Several RFEH circuits design have been studied and
proposed to achieve significant PCE through the use of wide-band, multi-band, dual and single band
rectifiers. Among the designs, single-band rectenna used to be more efficient as compared to their wide
or broad band counter parts [5,8]. The broadband rectifiers are generally associated with much more
circuits complexity, which reduces the overall circuit performance because of parasitics capacitance
at the junction of the diode and other lumped elements [8,9]. The authors of [10,11] designed a
rectenna with maximum PCE at 37.8% and 28% using −1.5 dBm and −15 dBm input power. To recycle
ambient RF signal, a rectenna with 20% efficiency is described in [12] using 62 μW/cm2 (13.27 dBm)
input power with a total geometry of 342.55 cm2. Several research projects have been developed to
accomplish efficient rectenna at relatively low input power [13,14]. An RF rectifier is proposed in [15],
the design can achieve up to 33% efficiency at −10 dBm input power at the cost of complex circuit
with large electrical length. A maximum PCE of 47.8% and 38% is highlighted in [16,17], using an
input power between (5–14 dBm), respectively. The authors of [13] also worked on rectifier circuit and
realized 50% maximum PCE using 21 dBm solar panel. A rectenna that achieved up to 24% PCE is
proposed in [14], using −20 dBm input power with help of an antenna array and rectifier with a total
geometry of 32.4 cm2.

Figure 1. Block diagram of RF energy harvesting circuits.

Many foregoing types of research in the RFEH system focused on a much higher frequency
between GSM/1800 to WLAN/5200 to achieve compactness. The operational frequency contributed
significantly to achieving a compact RFEH circuit [7–18]. The RF spectral survey from the open
literature and the one carried out in this work, using (Aim TTi PSA6005 6 GHz RF spectrum analyzer),
come out with a notable result surrounding the lower GSM/900 band towards generating higher
available ambient RF power [14,15]. This paper, proposed a compact 3.51 cm2 rectifier at 900 MHz
using simple L-section MN. Conversely, the designed is a good candidate for harvesting RF energy
in ambient environment with capability of sensing RF input power below −20 dBm integrable with
low powered IoT devices. In the remaining sections of this work, Section 2 presents a rectifier circuit
design and analysis, Section 3 highlights the result of a finding of the proposed rectifier and Section 4
provides the concluding remarks. The following outlines the main contribution of this work:
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• To the best of our knowledge, this is the compact RFEH rectifier as compares to state of the art
rectifiers at 900 MHz.

• This research targets an energy harvesting rectifier that works over GSM/900 to cover long and
remote places suitable for low powered IoT devices and sensor nodes.

• The proposed design can receive an RF input signal at less than −20 dBm and also provides
detailed circuit and performance analysis.

2. Rectifier Circuit Design and Analysis

The voltage appears at the end of an RFEH antenna is considerably of small quantity and as
well analogous to sinusoidal signal.A conditioning circuit across the load terminal is an important
figure to improve the output DC signals of the RFEH module. Diode(s), MN, and load terminal are
primary components to the rectifying circuits. The diode(s) is playing a vital role in converting the
accessible ambient RF power into a usable DC supply. The MN minimizes the reflection losses for RF
input power received by the antenna. The low powered RFEH MN need to be simple in design with
minimum losses.

2.1. Transmission Line and Input Impedance Matching Network

A 50 Ω microstrip transmission line width and length to match the antenna with MN and voltage
multiplier was first to design using FR-4 substrate (εr = 5.4, h = 1.6 mm, and tanδ = 0.02). The substrate
is chosen for its low cost, light weight, and ease of fabrication [7]. ADS LineCal operator is applied to
compute and optimized the proposed width and length of the line at 2.7 mm and 30 mm, respectively.
MN is significant part of the rectifier circuits. The design process of MN is a challenging task because
the rectifier input impedance (Zin) is controlled by: operating frequency ( fc), input power (Pin), diode
inconstant internal resistance (Rd) and terminal load (RL) [19].

Figure 2 shows L-section MN to match the impedances between the source and the load.
The proposed model reduces circuit complexity using two simple inductive (Lm) and capacitive
(Cm) reactive elements. The inductor (Lm) plays a vital role towards enhancing the input signal getting
into the rectifier and the capacitor (Cm) enhances the rectifier matching [19]. The MN parameters can
be computed by negating source and load imaginary part and equating their real part at the design
frequency as illustrated in Equations (1)–(5). The equivalent power source from the antenna (Ps) is
analogous to the antenna available power (Pav) passing through the transmission line and the MN.
Other related reference power notation in the circuit model includes rectifier input power (Pin) and the
output power consumed by the load terminal (PL).

Equating the real part of the antenna with the rectifier input impedance we get:

Rant=Rin .

(
1

1 + Q2

)
(1)

where Rin = rectifier input impedance, Rant = source impedance, and the quality factor Q is given by:

Q=

√√√√ Rin
Rant

−1 (2)

To determine the reactance parameters, the quality factor Q can be express as the ratio of imaginary
(reactive) part of the impedance to the respective real (resistive) components as:

Q= Im(Z)
Re(Z)=

Im

(
1

1
Rin

+jωoCin+
1

jωoLm

)
Re

(
1

1
Rin

+jωoCin+
1

jωoLm

)
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=
Rin

ωo Lm −ωoCinRin (3)

where Cin = reactive components of the load impedance operating at frequency ωo, using Equation (3)
the inductance Lm of the network is given as:

Lm =
Rin

ωo(Q + ωoCinRin)
(4)

L-section capacitance Cm can be computed by setting the imaginary part of Equation (3) to zero as:

Cm =
Rin

Lm(Rin − Rant)
.

1
(ω2

o − 1
LmCin

)
(5)

A two-element MN (L1 and C1) is designed at 900 MHz using a 50 Ω transmission line as (Rant),
terminated with a 2 kΩ load. The numerical values of L1 and C1 were computed at 55 nH and 0.5 pF,
respectively. The parameters were transfer into ADS simulation software using ideal component
palette. Because of the effects of the transmission line in the circuits, the lumped elements need to be
tune and optimize. (L1) and (C1) were compensated with −10 nH and +0.5 pF, and the rectifier is
matched at 45 nH and 1 pF, respectively. The circuit is further tuned by replacing the ideal elements
with muRata equivalent surface mount device (SMD) in the ADS library at 27 nH and 2 pF.

Figure 2. Detailed circuit configuration of the proposed rectifier.

2.2. Rectifier Design

Rectifying circuits are of different configuration layout. The circuits can be achieved as a single
series or shunt rectifier diode, voltage doubler rectifiers, up to the level of multistage and cascaded
rectifiers. The authors of [9] highlights an extensive study on various types of rectifier circuits topology.
Rectifier selection to operate at high frequency need to have: reliable power response, and the ability to
manage power with minimal dissipation [7] for efficient and effective power harvesting. A single-stage
voltage multiplier configuration is a suitable candidate to be deployed in RFEH circuits as compared
to a single series/shunt half-wave configurations. An RF rectifier circuit with a single-stage voltage
multiplier is more efficient with higher output power compares with single series/shunt half-wave
rectifiers. Single-stage voltage multiplier rectifiers also offer fewer losses in contrast to multistage
rectifiers for a low-powered RF harvester [9]. The proposed rectifier is built based on a voltage
multiplier topology with a pair of HSMS-2850 diode (SOT-323 layout), as shown in Figure 2. The diode
is a suitable candidate for low power RF application with a small junction capacitance of 0.18 pF
and a minimum detectable voltage of 150 mV at 0.1 mA [5]. The rectifier junction capacitance (C) is
controlled by the operating frequency fc and voltage as express in Equation (6).

C = I · dt
dV

(6)

90



Electronics 2020, 9, 1614

where C is the capacitance of the capacitor with current I passing through junction diode at the rate of
non linear voltage “V”.

The antenna then receives and transmits the reactive AC power into the rectifier as express by
the equivalent wave Equation (7) [9]. During the negative half-wave AC circle diode D1, become
forward bias and charges (C) in label (1) to (VSMAX). At the positive half-wave AC cycle, diode D1 is
reverse bias blocking the DC voltage in label (1) from discharging, and diode D2 in label (2) change
into forward bias. The reserve (VSMAX) in label (1) and diode D2 synchronously sum up the output
DC voltage to (2VSMAX) onto the capacitor (C) in label (2), which discharges through the load terminal
(RL) as describe in Equations (8) and (9).

VS = VSMAXsinωt (7)

where VSMAX is the amplitude of the RF input signal received at the output of the MN operating at
frequency ω [20].

− VSMAX − VC1 + VC2 + 2Vd = 0 (8)

where Vd is the forward bias voltage of the rectifying diode, and

VC2 = VSMAX + VC1 − 2Vd, and

VC1 = VSMAX

VC2 = 2VSMAX − 2Vd (9)

3. Results and Discussion

The propose rectifier is fabricated on a low-cost commercial FR-4 board with a total dimension
45.4 mm × 7.8 mm × 1.6 mm connected via 50 Ω SMA probe. A pair of small crocodile clip is used to
connect the rectifier across the load terminal to measure the output parameters as seen in Figure 3b.
Figure 3a also provides layout model of the rectifier prototype.

Equation (10) provides a wheeler’s transmission line width equation that portrays the effects of
(W) on the rectifier matching [21]. Decreasing (W) below the designed value causes a direct rectifier
mismatch at the proposed frequency. Increasing (W) above the designed value shifted the rectifier
operating frequency by 20 MHz in addition to impedance mismatch. The transmission line length is
computed through a guided wave at λg/4 = 42.5 mm and is optimized at 30 mm.

Zo =
120π√

εe

[
W
h

+ 1.393 + 0.667 ln(
W
h

+ 1.444)

]−1

(10)

where Zo is the characteristic impedance of the line, W = width of transmission line, h = height of the
substrate, and εe gives the effective dielectric constant of the substrate.
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(a)

(b)

Figure 3. Rectifier proposed topology: (a) EM model layout, (b) fabricated prototype.

To evaluate the rectifier performance at the design frequency, L-section MN undergo a parametric
study. Figure 4a depicts the simulated reflection coefficient versus frequency at different values of the
inductor (L1). The design frequency shifted to about 1.1 GHz for an inductance value from 27 nH to
18 nH. Following the inductive reactance properties, frequency increases the current flowing through
the inductor, which lowers the inductance value in the circuits [3–5,13]. Figure 4b also shows the effect
of capacitance (C1) in the MN, varying the capacitance from 2 pF to 10 pF deteriorates the rectifier
matching. Hence, lowering or increasing the capacitance value leads to rectifier mismatched which
can render the rectifying circuit inefficient [9,20].

(a)

Figure 4. Cont.
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(b)

Figure 4. Simulated reflection coefficient of the rectifier for: (a) Inductance (L1) (b) Capacitance (C1).

To analyze the PCE of the proposed rectifier, Figure 5a presents the result of the load terminal (RL)
sweep at various input power levels (from −15 dBm to 10 dBm in step of 5 dBm). The result shows
that the efficiency increases with an increase of input power across the load which agreed well with
Equation (7) [5–22]. The rectifier achieves a maximum PCE along the 2–4 kΩ load terminal in both
cases. The design shows a low PCE for −15 dBm with an efficiency greater than 20% for a load above
2.5 kΩ. A 60% high efficiency is also observed around the 2–4 kΩ load for +10 dBm input power.

Figure 5b presents the simulated and measured reflection coefficient (S11) of the proposed
rectifier at 900 MHz. The design achieved a simulated and measured −10 dB bandwidth of 45 MHz
(880–925 MHz) and 46 MHz (870–916 MHz) respectively. A vector network analyzer (E5062A) from
Agilent Technologies is used to measure the (S11) of the rectifier for −20 dBm input power level.

Equation (12) provides a relation that describes the rectifier ability in converting the received RF
signal in to a usable output DC signal known as (PCE) in terms of output and input power. To determine
the simulated output DC voltage and efficiency over a range of frequency, input power and a terminal
load. A large signal s-parameter (LSSP) and harmonic balance (HB) simulation modules’s that coexist
in ADS is deployed into the design owing to the non-linear characteristics of the rectifying diode [5–11].
A 12 GHz APSIN12G signal generator sweep from −30 dBm to 10 dBm input power is used to measure
the rectifier output DC voltage across the 2 kΩ load terminal. The measured result is in good agreement
with simulation, as depicted in Figure 6a. The rectifier can receive an RF input signal at −30 dBm with
the capability of harvesting 3.1 V for both simulated and measured results at 14 dBm and 16 dBm,
respectively. Equation (11) provides the rectifier output DC voltage from Equation (9) [9,23].

VDC = VC2 (11)

ηPCE% =
PDC
Pin

× 100% = (
V2

DC
RL

)× (
1

Pin
)× 100% (12)

where ηPCE is the power conversion efficiency, PDC is DC output power across the load RL and VDC
gives the output DC voltage.
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(a)

(b)

Figure 5. (a) Simulated efficiency sweep against load terminal (RL) at various input power (Pin).
(b) Simulated and measured reflection coefficient of the proposed rectifier for −20 dBm input power.

Figure 6b presents the simulated and measured PCE across the 2 kΩ load terminal, and the rectifier
achieves a PCE of 44.3% and 43.6% for 0 dBm input power, respectively. The rectifier experiences
a drop in measured efficiency because of nonlinear characteristics of the diode as reported in the
datasheet, in connection with other losses from the circuit board (Such as SMA connector probe,
interconnecting transmission lines, soldering, and chip-component tolerant losses) [3].

Table 1 provides a comparison table of the proposed design with other related works in the
literature. The authors of [10,11] presents an energy harvester with about times larger in electrical
length than the proposed design. The authors of [13] did not record the amount of input power at
which the rectifier achieves its maximum PCE, but uses a solar antenna [24] with 21 dBm capacity
and a much larger rectifier. The authors of [14] also comes out with a harvesting circuit without
describing the MN used besides rectifier large electrical length. A much lower PCE at high input
power is reported in [16,17]. The proposed design in the open literature target high-frequency band
rectifier starting from GSM/1800—WLAN/5200 which contributes to achieving rectifier compactness.
The proposed design in this work offers a compact size rectifier capable of harvesting RF signal over a
long-range cover by GSM/900.
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(a)

(b)

Figure 6. Simulated and measured: (a) Output DC voltage sweep against the input power (b) PCE
sweep over an input power Pin at 900 MHz.

Table 1. Comparison of the proposed rectifier and related.

Ref Electrical Size (λg) ηPCE (%) @Pin (dBm)
Frequency

(GHz)
Diode

[10] 1.03λg × 1.03λg 37.8%@-1.5 2.45 HSMS286C

[11] 0.76λg × 0.84λg 28%@-15 2.45 HSMS2850

[13] 3.86λg × 4.89λg 50%@NA 1.8/2.1 SMS7630

[14] 0.88λg × 0.57λg 24%@-20 1.8/2.5 HSMS2850

[16] 0.34λg × 0.21λg
(47.8, 37, 46.7, 42)%

@(14, 12, 13, 12)
0.87/1.27/
2.02/2.38

HSMS2860

[17] 0.38λg × 0.22λg
(38, 37, 18, 12.5)%

@5

1.3/1.7/
2.4/3.6

SMS7630

This work 0.31 λg × 0.05 λg 50.2%@2 0.90 HSMS2850
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4. Conclusions

This paper, proposes the design and construction of a compact rectifier at a 900 MHz GSM band,
using HSMS-2850 Schottky diode. A transmission line and an L-section impedance matching network
are designed from the closed-form equations, to match the input impedance of the rectifier with
50 Ω. The circuit undergoes parametric tuning from an ideal to model component to achieve better
performance and minimizes the effects of the transmission line in the network. The fabricated prototype
can receive an ambient RF signal below −20 dBm and achieved 50.2% and 49.1% maximum PCE for
both simulated and measured results at 14 dBm and 2 dBm, respectively. Similarly, the circuit reaches
an output DC voltage of 3.1 V for simulated and measured results at 14 dBm and 16 dBm, respectively
using a 2 kΩ load terminal. The proposed rectifier occupies a total of 351 mm2 (0.31λg × 0.05λg) on
the PCB circuit board, offering efficiency and compactness improvement as compares to other recent
designs making it suitable for various compact energy harvesting applications.
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Abstract: In this paper, a novel single layer Multiple Input–Multiple Output (MIMO) antenna
for Fifth-Generation (5G) 28 GHz frequency band applications is proposed and investigated. The
proposed MIMO antenna operates in the Ka-band, which is the most desirable frequency band for
5G mm-wave communication. The dielectric material is a Rogers-5880 with a relative permittivity,
thickness and loss tangent of 2.2, 0.787 mm and 0.0009, respectively, in the proposed antenna
design. The proposed MIMO configuration antenna element consists of triplet circular shaped rings
surrounded by an infinity-shaped shell. The simulated gain achieved by the proposed design is
6.1 dBi, while the measured gain is 5.5 dBi. Furthermore, the measured and simulated antenna
efficiency is 90% and 92%, respectively. One of the MIMO performance metrics—i.e., the Envelope
Correlation Coefficient (ECC)—is also analyzed and found to be less than 0.16 for the entire operating
bandwidth. The proposed MIMO design operates efficiently with a low ECC, better efficiency
and a satisfactory gain, showing that the proposed design is a potential candidate for mm-wave
communication.

Keywords: 5G antenna; shell; gain; 5G; devices; directivity; bandwidth

1. Introduction

Fifth Generation (5G) communication has now become the most discussed technology.
The reason for the great attraction of 5G is the continuously progressing demand for higher
data rates and bandwidth, which is not possible to fulfill with the current standards below
the 5G technology [1,2]. The limited bandwidth availability in the microwave region and
highly busy portion of the spectrum have forced a move towards a new spectrum range
which can offer data rates in the range of multi-gigabits per second (Gbps) [3]. 5G is
currently divided into sub-6 GHz and mm-wave regions to achieve the required data
rates and bandwidth targets [4–7]. In this portion of the spectrum, the 28 GHz band has
attracted a great deal of attention from the research community due to the low atmospheric
attenuation, which is one of the most important and non-ignorable issues in mm-wave
communication [8,9]. Because these attenuations make the signal weak when traveling
from the transmitter to the receiver side, a low-quality and weak strength signal is received
by the user [10,11]. A high gain antenna with a Multiple Input Multiple Output (MIMO)
configuration can resolve these issues and improve the user communication experience
by using the multi-path property [12–15]. In the literature, several antennas have been
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reported for mm-wave applications. A study [16] reports a 5G antenna with a MIMO
configuration possessing a 23–40 GHz wide response. The area of the proposed design is
noted to be 80 × 80 mm2. Although a huge bandwidth is achieved by the proposed MIMO
design, the size of it is observed to be quite large. Similarly, a circular, polarized MIMO
antenna with four ports is presented in [17]. An antenna element is placed within a center
of a large number of parasitic elements to improve the radiation characteristics; however,
the complexity of the proposed MIMO design is increased due to the use of parasitic
elements. In Reference [18], the authors present a single antenna element with an overall
size of 10 × 6 mm2 with a 6.59 dB maximum gain. Although the gain achieved by the
antenna element is sufficient, the implementations of electromagnetic band-gap structures
(EBG) make the coupling issues severe and the fabrication task difficult. Likewise, array
antenna operation at two frequency bands—i.e., 28 GHz and 38 GHz—is proposed in [19].
The high gain of the reported antenna makes this option attractive, but it lacks the MIMO
property. An 8 × 8 MIMO configuration with a total volume of 31.2 × 31.2 × 1.57 mm3 is
proposed in [20], giving a resonance at 25.2 GHz with a 8.7 dB maximum gain, while large
numbers of back and side lobes are observed in the proposed antenna radiation response.
In Reference [21], an antenna for 4G and 5G applications is presented, giving a resonance
of 28 GHz with a total antenna size of 75 × 85 mm2. The gain yielded at the mm-wave
band is 5.13 dB, while large numbers of back and side lobes are found in the radiation
response, which make the proposed antenna undesirable for mm-wave communication.
Similarly, a mm-wave antenna design with a T-shaped structure covering the frequency
band approximately from 25.1 GHz to 37.5 GHz is proposed in [22], while a four-element
antenna with an area of 30 × 35 mm2 and a peak gain of 8.3 dB and a MIMO antenna
working in the 28 GHz frequency band are proposed in [23,24], respectively.

With the announcement of 5G sub-6 GHz and mm-wave potential bands, the mm-
wave 28 GHz band has been seen as a potential candidate for future mm-wave smartphones.
Several studies [25–28] have reported reserved space for mm-wave antennas, and some
have included mm-wave designs. In Reference [26], a multi-band four-port antenna system
is reported with an overall length and width of 158 × 78 mm2 with a gain of 5.1 dB at
28 GHz frequency. The mm-wave antenna generated three different resonances of 28 GHz,
37 GHz and 39 GHz. The four antennas are placed on the central edges of the board, but
their individual dimensions limit them to a maximum of four elements. In Reference [27],
a novel T slot four-element antenna system consisting of two element-feed networks is
presented, with each resonating at two distinct bands: one below sub-6 GHz and the other
in the mm-wave band from 24 GHz to 29 GHz with a peak gain of 5 dB at 28 GHz. Although
the study reported stable radiation patterns and performance parameters, the ground plane
assembly and larger dimensions of radiating elements prevent the structure from being
used with higher numbers of elements. An eight-port tapered slot antenna system with
overall dimensions of 104 × 104 × 0.501 mm3 is reported in [28]. The antenna exhibited
dual-band frequency response on a lower frequency band of 2.45 GHz and higher mm-
wave mode of 28 GHz, providing an isolation level of 16 dB among two radiating elements
and an efficiency of 80%. The reported multi-band antenna system with a tapered slot
increases the overall complexity of the system. In these studies, it is observed that mm-
wave resonating structures are complex and large in dimension. As 5G mainly focuses on
high data rates with less latency as compared to 4G systems, the mm-wave currently has a
huge bandwidth to be occupied and to be used since the sub-6 GHz spectrum is already
congested. From the reported literature, single element structures have been observed,
as well as those in linear array forms without MIMO assemblies. This work focuses on
developing an MIMO antenna with fewer coupling phenomena for 28 GHz mm-wave
applications. Therefore, the development of novel-shaped antenna with a circular ring-
shaped radiating structure for the mm-wave applications with high isolation without the
addition of a defected ground slot (DGS), tapered slot or electromagnetic band gap (EBG)
structures is presented. The proposed shape is transformed into an MIMO configuration
of four elements, and good impedance bandwidth and gain is achieved. The proposed
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structure can easily be embedded in smart phones as it provides and satisfies pattern
diversity and all essential MIMO characteristics.

2. Antenna Design

The proposed antenna design was printed on a 0.787 mm thick Rogers 5880 substrate
with a relative permittivity of 2.2 and loss tangent of 0.0009. The front view of the single
element is shown in Figure 1. The proposed design comprised five ring structures fused in
such a way that a modified novel spiral shape was formed. The dimensions of proposed
element were as follows: Circle 1 = 4 mm, Circle 2 = 1.5 mm and feed length = 10 mm
with a feed width of 0.76 mm. The width of the circular slots was kept at 0.4 mm, and the
distance between larger and smaller rings was also kept 0.4 mm. The length and width of
the substrate was an LS of 14 mm and WS of 14 mm, while the length of the ground plane
was kept at 7 mm only. The ground plane was incorporated with a half circle with an outer
radius of 3 mm and inner radius of 2.6 mm, respectively.

Figure 1. Proposed single-element antenna.

MIMO Configuration

The proposed structure was transformed into a four-port MIMO array with an overall
length and width of 30 mm × 30 mm as shown in Figure 2. The MIMO assembly was
arranged in such a way that the radiating elements were at a 90◦ distance from each other.

(a) (b)

Figure 2. Multiple Input–Multiple Output (MIM) configuration. (a) View of the front; (b) view of
the back.

Such a MIMO configuration has been found useful as it offers fewer coupling effects
and provides much better spatial and pattern diversity. Copper with a very stable con-
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ductivity of 5.8 × 107 S/m was used for the radiating element. Due to the very stable
conductivity of copper, its effect on the impedance matching was very low. The proposed
design was modeled in Computer Simulation Technology CST (2017) under a higher
meshing environment.

3. Results and Discussion

The proposed MIMO antenna was designed in CST microwave studio 2017 and fabri-
cated using an LPKF (Leiterplatten–Kopierfrasen) machine. Figure 3 shows the proposed
design fabricated model.

Figure 3. Fabricated prototype of MIMO array.

3.1. S Parameter Analysis

The S-parameter response is discussed in this section. The single-element reflection co-
efficient response was tuned at 28 GHz with an impedance bandwidth of 2 GHz, as shown
in Figure 4. In the MIMO configuration, the reflection co-efficient responses of Antenna 1
and Antenna 2 were slightly shifted but sufficiently covered the required bandwidth.
Due to the perpendicular placement of radiating elements, the isolation of MIMO ports
was found to be better than −29 dB. The simulated S-parameter response is shown in
Figure 5a,b, while measured results are shown in Figure 5c,d. The measured coefficient
results are slightly shifted, which can be attributed to human and measuring environment
error. The measured isolation levels of the antenna were also found to be better than
−29 dB levels, confirming the performance characteristics of the proposed structure.

Figure 4. Simulated S-parameter of the single element.
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(a) (b)

(c) (d)

Figure 5. (a) Reflection coefficient of the proposed MIMO configuration, (b) simulated port isolation,
(c) measured reflection coefficient of the proposed MIMO configuration, (d) measured port isolation.

3.2. Radiation Pattern

The simulated and measured radiation patterns were taken at a central frequency of
28 GHz on two principal planes, which were E and H planes, or at φ = 0◦ and φ = 90◦ as
shown in Figure 6. The main lobe direction of antenna 1 in φ = 0◦ was between 90◦ and 150◦,
while at φ = 90◦, the main lobe was between 60◦ and 90◦. Similarly, antenna 3 was the mirror
image of antenna 1, and the radiation patterns of antenna 3 showed the main lobe between
210◦ and 270◦; at φ = 90◦, the main lobe was between 240◦ and 300◦. Regarding the radiation
characteristics of antenna 2 and antenna 4, the main lobe was found to be in a reverse order
to that of antenna 1 and antenna 3. This can be attributed to the perpendicular MIMO
assembly of radiating elements, thus providing unique pattern diversity characteristics that
are helpful for mitigating the multipath effect for communication systems. The variations
in the simulated and measured radiation patterns can be attributed to the presence of
attenuation and cable losses with probability of error in measuring the far-field setup.
Although slight variation exists, the proposed MIMO structure gives a good impression
of the simulated and measured radiation patterns. The antenna’s efficiency is given in
Figure 7, which clearly shows that proposed structure is highly efficient throughout the
band of interest. Figure 8 shows the 3D radiation patterns of the proposed MIMO antenna
system. The 3D figures shows that the proposed antenna system provides pattern diversity
from each port.
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(a) (b)

(c) (d)

Figure 6. Simulated and measured radiation patterns: (a) AE-1 (b) AE-2 (c) AE-3 (d) AE-4. The polar
coordinates show degrees, the y-axis is plotted in dBi.

Figure 7. Antenna Efficiency and Simulated Gain of MIMO configuration.
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(a) (b)

(c) (d)

Figure 8. Simulated and measured radiation patterns (a) AE-1 (b) AE-2 (c) AE-3 (d) AE-4.

3.3. Surface Current Distributions

Figure 9 shows the distribution of the surface current for the proposed design op-
erating at the 28 GHz band of interest for each antenna element, respectively. From the
distribution of the surface current, it can be seen that the intensity of the current is high
around the connected circle-shaped rings, showing that the contribution of these circular-
shaped rings is more significant in the mm-wave band. Moreover, the level of the coupling
among the elements is quite ignorable according to the distribution pattern of the current,
which is achieved by the assembly of the elements with a shift of 90◦ per element.
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(a) (b)

(c) (d)

Figure 9. Distribution pattern of current at 28 GHz for (a) antenna 1, (b) antenna 2, (c) antenna 3, (d)
antenna 4.

4. Mimo Parameters

4.1. Envelope Correlation Coefficient

To check the level of the coupling among elements of the proposed MIMO antenna,
the envelope correlation coefficient (ECC) is evaluated. The S-parameter method is utilized
to evaluate the response of the ECC [29]. A low value of the ECC—i.e., below 0.16—is
observed in Figure 10 across the desired band, showing that the level of interference is low
among the elements.

ECC =
| ∫∫4π(

�Bi(θ, φ))× (�Bj(θ, φ)) dΩ|2∫∫
4π |(�Bi(θ, φ))|2 dΩ

∫∫
4π |(�Bj(θ, φ))|2 dΩ

(1)

where �Bi(θ, φ) denotes the 3D radiation pattern upon the excitation of the ith antenna and
�Bj(θ, φ) denotes the 3D radiation pattern upon the excitation of the jth antenna. Ω is the
solid angle.
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Figure 10. Envelope correlation coefficient for the MIMO antenna.

4.2. Mean Effective Gain (MEG)

The mean effective gain (MEG) is an important MIMO performance parameter which
evaluates power imbalances in the MIMO system over a propagation environment. To fulfill
the balance power standard and for optimal diversity performance with a good channel
characteristic, the alteration of the MEGs of any two antennas in the MIMO system should
be less than 3 dB. The calculated MEG value of the proposed MIMO antenna is shown in
Table 1 and is calculated through the standard equation presented in [5].

MEG =
∫ π

−π

∫ π

0
[

r
r + 1

Gθ(θ, φ)Pθ(θ, φ) +
1

1 + r
Gφ(θ, φ)Pφ(θ, φ)]sinθdθdφ (2)

where Gφ(θ, φ) and Pθ(θ, φ) are angle of arrival and r is the cross polar ratio which can be
expressed as Equation (3).

r = 10log10(
Pvpa

Phpa
) (3)

where the powers received by the vertically polarized antenna and horizontally polarized
antenna are represented as Pvpa and Phpa, respectively.

Table 1. Calculated mean effective gain (MEG) values of the MIMO antenna.

Frequency (GHz) MEG1 (dB) MEG2 (dB) MEG3 (dB) MEG4 (dB)

28 −4.1 −3.9 −3.2 −3.1
28.5 −3.09 −2.87 −3.5 −3.4
29 −2.9 −3.02 −2.8 −3.4

Table 2 provides published work comparison with proposed four port MIMO structure.
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Table 2. Literature Comparison with the proposed MIMO antenna.

Ref. Ports Size of Antenna in mm Isolation Eff. Gain ECC
(LxW) (dB) % (dBi)

[4] 6 136 × 68 −10 50 3.9 <0.3
[5] 8 150 × 75 −12.5 70 4.9 <0.15

[30] 4 55 × 110 −28.32 88.25 8.27 <0.047
[31] 3 130 × 80 −53 80 10.3 N/A
[32] 4 26.6 × 3.25 N/A N/A 5.2 N/A
[29] 4 19.25 × 26 −25 86 5.72 <0.04
[33] 2 55 × 110 −27.3 N/A 9.49 <0.06
[34] 2 26 × 11 −25 98.6 5.7 <0.01

Proposed 4 30 × 30 <−29 92 6.1 <0.16

5. Conclusions

In this article, a novel infinity-shaped MIMO antenna is presented that resonates
at 28 GHz in the mm-wave band for future 5G communication devices. The proposed
MIMO antenna consists of four antenna elements which are arranged with a shift of 90◦.
Each antenna element radiating portion consists of four circle-shaped ring patches, which
contribute mostly to achieve the operation in the desired frequency band. Furthermore,
these four circle-shaped rings surround another circle located at the center; above the
feed line in the case of each antenna element, respectively. The isolation achieved for
the operating bandwidth is better than −29 dB, demonstrating low mutual coupling.
Moreover, the peak gain and total efficiency obtained are 6.1 dBi and 92%, respectively,
for the operating bandwidth of the proposed MIMO antenna. The lower value of ECC
(<0.16), satisfactory efficiency and gain, good return loss and decent coherence between
the simulated and measured results make the proposed design a competent candidate for
future 5G-based mm-wave communication.
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Abstract: The present work considers the investigation of the effects of both electrical and magnetic
uniaxial anisotropies on the input impedance, resonant length, and fields distribution of a dipole
printed on an anisotropic grounded substrate. In this study, the associated integral equation, based on
the derivation of the Green’s functions in the spectral domain, is numerically solved employing
the method of moments. In order to validate the computing method and the evaluated calculation
code, numerical results are compared with available data in the literature treating particular cases
of electrical uniaxial anisotropy; reasonable agreements are reported. Novel results of the magnetic
uniaxial anisotropy effects on the input impedance and the evaluated electromagnetic field are
presented and discussed. This work will serve as a stepping stone for further works for a better
understanding of the electromagnetic field behavior in complex anisotropic and bi-anisotropic media.

Keywords: green’s functions; method of moments; uniaxial anisotropy; input impedance; field distri-
butions; dipole antenna

1. Introduction

Since a few decades, theoretical and experimental studies of the interaction of electro-
magnetic waves with complex-media structures, anisotropic or bianisotropic, have been
extensively investigated for their innovative applications, including geophysical explo-
rations, communications with buried and submerged antennas, microwave/millimeter
integrated circuits, optical devices, etc. [1–7].

In general, complex media have received increasing interest from both scientists and
researchers in the context of artificial media with new and interesting properties due to
their additional degree of freedom [8]. Anisotropy is an intrinsic property found in crystals,
layered structures, composite materials, and other natural materials, in addition to artifi-
cial materials. The effect of anisotropy must be considered and cannot be ignored in the
prediction of unusual properties in engineering designs such as for sensing and antenna
applications [9–11]. They have attracted much interest and support from researchers and
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manufacturers as powerful instruments with interesting growth potential in microwave
applications [12]. Many studies have been performed to characterize microwave struc-
tures printed on complex media, ferrites, metamaterials, chiral by employing numerical
and analytical methods [11–24]. In [11], a detailed analytical model is derived for the
circularly polarized slot antenna, built on a ferrite substrate. This model is based on an
integral equation for the radial electric field on the slot. In [12], a patch antenna model is
first simulated using the finite element method-based HFSS software and then fabricated
on a multiple-ferrite-cored substrate. Recently, in [13], Karma et al. studied microstrip
transmission lines with anisotropic and uniaxial anisotropic substrates using the discrete
mode matching method. A technique for the calculation of the input impedance of a
microstrip antenna printed on chiral substrate based on the integral equation with the
Cauchy singularity is derived in [14]. This technique is used in [15] to investigate the
dependences of the input impedance, the magnitude and phase of the electric-field com-
ponents on the radiator length for different types of chiral substrates. In [16], a method
based on the volume integral equation (VIE) is used to evaluate the electromagnetic (EM)
fields scattered by general anisotropic multilayer structures. In [17,18], for a microstrip
patch antenna, the effect of a bianisotropic gyro-chiral substrate on the complex resonant
frequency, half-power bandwidth and input impedance, and on the surface waves is pre-
sented, respectively. The analysis is based on the full-wave spectral method of moments
using sinusoidal basis functions. In [19], the far field radiation of a Hertzian dipole for
two-layered uniaxial anisotropic medium is investigated using the spectral method of
moments based on the derivation of the spectral dyadic Green’s functions (DGFs) to exam-
ine the effect of anisotropy, effect of layer thickness, and effect of dipole location on the
radiation fields. The effect of the dielectric constitutive parameters on the input impedance
and resonance lengths of a dipole antenna based on stratified electrical anisotropic and
chiral substrates and a microstrip patch have been analyzed in [20–23] using the spectral
method of moments [24]. Many attempts have been made to analyze the problem of
dipole antennas on an anisotropic uniaxial media with the optical axis perpendicular to
the substrate plane [25–29] and with arbitrary optical axes orientations [30]. The input
impedance and mutual coupling of single and multilayer dipole antennas printed on
isotropic, anisotropic, and chiral materials have been studied in [29,31–34].

This work extends past research works on printed dipoles by studying a planar
dipole of arbitrary length printed on a uniaxial anisotropic dielectric structure. The electro-
magnetic field distributions and input impedance are examined by applying the spectral
method of moments based on the immittance functions derivation [35–38]. The Method of
Moments in the spectral domain is found to be a powerful numerical technique to solve
integral equations [39], and considered as rigorous and full-wave numerical technique
for solving open boundary electromagnetic problems and the employing of this method
becomes an increasingly important research issue [4–10,17–24,28–31,34–38]. To accurately
predict the electromagnetic behavior of microwave components, the method of the moment
is widely used in the spectral domain [8–10,17,18,20]. The efficient spectral Galerkin-based
method of moments (SGMoM) is extensively used to analyze microwave planar struc-
tures [34], such as microstrip lines and antennas, with perfect conductors, it was first
applied in the microwave field by Harrington in 1968 [39,40]. To accelerate convergence
and improve the computation efficient of this method, several procedures have been intro-
duced [10,34,41]. Resolving for the resonant frequency and input impedance of the printed
dipole will directly show how each individual element of the anisotropic tensor affects the
characteristics of the printed dipole, in particular, the input impedance and the electric
and magnetic field distributions. This will provide new and useful information on how
to integrate the individual anisotropic permittivity and permeability elements into the
design of printed dipoles. Clifford M. Krowne determined the magnetic and electric field
distributions, as well as the Poynting vectors, for cross-section (RHM/LHM) of a microstrip
guided wave structures [4,5], and for ferrite microstrip guided-wave structures [6,7].
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Sections 2 and 3 covers the basic equations, formulations and solution of differential
equations, Green’s functions, and components of electric and magnetic fields expressions.
The study begins with the examination of the effects of introducing anisotropy via a
permittivity and permeability tensor. The electromagnetic field distributions have been
obtained and compared with the isotropic case for different anisotropic cases.

2. Analytical Formulation

Uniaxial materials have the same element in two dimensions, permittivity or perme-
ability, and different in the third dimension. The axis along the single value direction is
called the optical axis. Figure 1 shows the structure considered in this analysis. The pre-
sented configuration will be considered to establish the electric and magnetic field distri-
butions and determine how the input impedance is affected by the uniaxial anisotropic
substrate. In this analysis, the uniaxial permittivity and permeability anisotropy is given
by the following expressions, respectively:

[ε] = ε0

⎡⎣ εt 0 0
0 εt 0
0 0 εz

⎤⎦ (1a)

[μ] = μ0

⎡⎣ μt 0 0
0 μt 0
0 0 μz

⎤⎦ (1b)

[ε] and [μ] are, respectively, the tensors of the relative permittivity and permeability,
which are assumed to be low-frequency dispersive in the microwave frequency band.

Figure 1. Printed dipole on uniaxial electrical- and magnetic- anisotropic substrate.

First, assuming the temporal dependence ejωt of the fields and applying Maxwell’s
equations in the Fourier domain with ∂/∂x ≡ −jα and ∂/∂y ≡ −jβ assumptions, we derive
the expressions of the transverse components of the electromagnetic field Ẽz and H̃z,
two decoupled homogeneous differential wave equations of the second order are obtained:

∂2Ẽz

∂z2 − γ2
e Ẽz = 0 (2a)

∂2H̃z

∂z2 − γ2
h H̃z = 0 (2b)

The dispersion relations are found to be as follows:

γe =

√(
εt

εz
(α2 + β2)− κ2

0εtμt

)
(2c)

γh =

√(
μt

μz
(α2 + β2)− κ2

0εtμt

)
(2d)

γ2
e and γ2

h represent the propagation constants of the TM and TE transverse modes,
respectively. κ0 is the free space wavenumber and ω is the angular frequency. α and
β are the Fourier variables corresponding to the space domain wavenumbers κx and κy.
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3. Method of Solution

Extensive mathematical manipulations of Maxwell’s equations result in the wave
Equations (2a) and (2b), which admit a general solution of the form (3a) and (3b). On the
other hand, for the region above the substrate (air region), the spectral components are
decreasing waves with z, for which the solutions (4a) and (4b) are assumed.

Ẽz(γe, z) = Ae cosh(γez) + Besinh(γez) (3a)

H̃z(γh, z) = Ahsinh(γhz) + Bh cosh(γhz) (3b)

with Ae, Be, Ah and Bh are complex constants

Ẽz(γ0, z) = Cee−γ0(z−d) (4a)

H̃z(γ0, z) = Che−γ0(z−d) (4b)

and
γ0 =

√
(α2 + β2)− κ2

0 (4c)

and Ce and Ch are complex constants.
The boundary conditions have been applied to obtain the dyadic Green’s functions.

In the configuration of narrow dipoles, it is assumed that the width of the strip is very
small, thus, the transverse current density in the y-direction is usually neglected [31].
Therefore, only the expression of G̃xx is presented:

G̃xx =
−j

ωε0(α2 + β2)

[
α2γ0γe

(γ0εtcoth(γed) + γe)
− β2κ2

0μt

(γhcoth(γhd) + μtγ0)

]
(5)

Mathematical development of the resulting equations lead to the formulation of the
estimated electric field at the interface between the two regions as functions of the current
densities J̃x and J̃y. The expressions of the x-, y- and z-components of the electric and
magnetic fields in the 1st and 2nd regions can be expressed as follows:

1st region:

Ẽx1(α, β, z) =
j

α2 + β2
1

ωε0

(
−αγ2

e γ0Se × Ae + βκ2
0μtSh × Ah

)
(6a)

Ẽy1(α, β, z) =
j

α2 + β2
1

ωε0

(
−βγ2

e γ0Se × Ae − ακ2
0μtSh × Ah

)
(6b)

Ẽz1(α, β, z) = −γ0γecεt

ωε0εz
Se × Ae (6c)

H̃x1(α, β, z) =
1

α2 + β2 (βγ0εtγecSe × Ae − αγhcSh × Ah) (6d)

H̃y1(α, β, z) =
1

α2 + β2 (−αγ0εtγecSe × Ae − βγhcSh × Ah) (6e)

H̃z1(α, β, z) = j
μt

μz
Sh × Ah (6f)

2nd region:

Ẽx2(α, β, z) = j
e−γ0(z−d)

α2 + β2
1

ωε0

[
−αγ0γ2

e Ae + βμtκ
2
0 Ah

]
(7a)

Ẽy2(α, β, z) = j
e−γ0(z−d)

α2 + β2
1

ωε0

[
−βγ0γ2

e Ae − αμtκ
2
0 Ah

]
(7b)
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Ẽz2(α, β, z) =
γ2

e
ωε0

Aee−γ0(z−d) (7c)

H̃x2(α, β, z) =
e−γ0(z−d)

α2 + β2

(
−βγ2

e Ae + μtαγ0 Ah

)
(7d)

H̃y2(α, β, z) =
e−γ0(z−d)

α2 + β2

(
αγ2

e Ae + βμtγ0 Ah

)
(7e)

H̃z2(α, β, z) = jμt Ahe−γ0(z−d) (7f)

where J̃x and J̃y are the Fourier transforms of the current densities, and

Ae =
α J̃x + β J̃y

(γ2
e + γ0εtγecoth(γed))

(8a)

Ah =
β J̃x − α J̃y

(γhcoth(γhd) + γ0μt)
(8b)

γec = γecoth(γed) (8c)

γhc = γhcoth(γhd) (8d)

Se =
sinh(γez)
sinh(γed)

(8e)

Sh =
sinh(γhz)
sinh(γhd)

(8f)

4. Fields Computations

The spectral domain immittance functions are used to evaluate the configuration
shown in Figure 1. In particular, we seek to determine the distribution of the electric and
magnetic fields on a printed dipole embedded on an anisotropic layer. The dipole has
length L and width W. The electromagnetic field components are deduced after satisfying
the boundary conditions on the printed dipole.

As mentioned in the section above, G̃xx represents the Green’s function in the spectral
domain and the Green’s function in the spatial domain is merely the inverse Fourier
transform. The components of the electric and magnetic fields in each region can be written
in the spatial domain as [42,43]:

Φ(x, y, z) =
1

(2π)2

∞∫
−∞

∞∫
−∞

Φ̃(α, β, z)ej(αx+βy)dαdβ (9)

With Formulation (9), a specific structure was chosen to be examined. The electromag-
netic field expressions are derived in the spatial domain via the inverse Fourier transform.
The Matlab® software [44] is used to plot the fields distributions.

5. Numerical Results

In this work, we are firstly interested in the input impedance, the resonant length of
the dipole and secondly in the distribution of the electromagnetic fields. Before discussing
the results obtained for the uniaxial anisotropy case, a validation of the calculation code,
elaborated in Matlab, is carried out through a comparison with published literature.

5.1. Validation

In this subsection, we consider the basic configuration of a monolayer 0.1060λ0 thick
substrate planar dipole antenna. The objective of this work is to analyze the effects of
different electromagnetic parameters of the anisotropic substrate on the input impedance
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of the dipole, in addition to the electromagnetic field evaluation through the plotting of the
electric and magnetic field distributions in the three principal planes XY, XZ, and YZ.

Calculations of a dipole structure on a uniaxial anisotropic structure have been per-
formed. The results have been successfully compared with published ones. We initially
considered the isotropic and uniaxial anisotropic cases (εt = εz = 3.25 and μt = μz = 1) and
(εt = 3.14, εz = 5.12 and μt = μz = 1), respectively. Figure 2 depicts the input impedance (real
and imaginary parts) of a planar dipole of width W = 0.0004λ0 as a function of normalized
length L/λ0. These results represent a validation step of the accuracy of our calculations
for both isotropic and anisotropic substrates. The representation shows good agreement
with the data reported in [29]. In [29], only cases of electrical anisotropy were considered
and no discussion of the effect of this component was conducted.

Ω

L/λ0  

Figure 2. Input impedance of the dipole printed on isotropic and anisotropic layers.

5.2. Electromagnetic-Field Distributions in Isotropic Case

Once the expressions for the transverse and longitudinal components are found,
the electromagnetic fields expressions are evaluated. Since the processing takes place in the
spectral domain, the final fields must be brought back into the spatial domain. The Matlab
functions “quiver3” and “contour” are used in plotting the field lines in their arrow and equi-
phase contour forms. It is clear from these results that the considered antenna structure
shows the well-known shape of a dipole radiated electromagnetic field. The anisotropic
results of the tangential-field lines are plotted for different planes at the equivalent resonant
dipole length compared to the isotropic case. The magnitude of the electromagnetic fields
are normalized with respect to the isotropic case for comparison.

In our case, we evaluate the electric and magnetic field distributions in a dipole
antenna structure based on media with various uniaxial anisotropies and the effect of
the different elements of the constitutive parameters. This will serve as a platform for
the treatment of other cases of microwave structures based on more complex media such
as: electric negative material (ENG), magnetic negative material (MNG), double negative
material (DNG), and chirality.

Figure 3 shows the electric and magnetic fields arrow plots for the tangential fields
components Et and Ht, in the transverse plane with respect to z-, y- and x-axis, respectively,
for the isotropic case. The arrow indicates the cross-sectional field vector direction and the
arrow length designates the field magnitude, and the lines indicates the equi-phase field
contour forms.
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. 

(a) Et (V/m) field in the XY plane (b) Ht (A/m) field in the XY plane 

 

(c) Et (V/m) field in the XZ plane (d) Ht (A/m) field in the XZ plane 

 

(e) Et (V/m) field in the YZ plane (f) Ht (A/m) field in the YZ plane 

Figure 3. (a–f): Fields distribution plots in the transverse plane for the isotropic case (εt = εz = 3.25 and μt = μz = 1).

From the plots, we can easily notice that the E- and H-plane are the XZ and the YZ
planes (Figure 3b,c), respectively. In Figure 3a, a quite rectangular shape of the E field
distribution is clearly observed due to the fringing fields close to the edge of the strip
and the electric field has a small component parallel to the dipole. The electric field is
not entirely confined within the dielectric substrate; it extends partially into the air above.
This phenomenon is commonly referred to as fringing, as shown in Figure 3a,c,e.
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The fringing E-field makes the dipole electrically longer than its real physical di-
mension. This is why the dipole physical length is chosen to be slightly less than half
the dielectric wavelength. At resonance, the dipole electrical length must equal half the
dielectric wavelength. The antenna fringing field amount is strongly related to the ra-
diating element geometry and the substrate permittivity. Substrates with low dielectric
constants allow more field fringing than do high dielectric constant-substrates [45]. It can
be seen from Figure 3e, given that the direction of propagation is along z-axis, that the
spacing between the lines at z = 0.75 m is equivalent to λ/4, this illustrates the concept
of propagation.

Figure 3d,f show a high confinement of the H field in the substrate, due to the fact
that the magnetic field is in direct relation with the electric induction, this is due to the
contribution of the two dielectric constants εr = 3.25 and μr = 1.

5.3. Effect of the Electrical Uniaxial Anisotropy on the Electromagnetic-Field Distributions

In this section, we examine the effect of the electrical anisotropy on the electromagnetic
field distributions in the three planes, and we interpret these results through the shape of
the input impedance. Figure 4a–f show the normalized tangential electric field magnitude
in a color plot superimposed on the vector plots in arrow representation for various values
of εz with εt = 3.25, μz = 1 and μt = 1 in the XY, XZ, and YZ planes.

 

(a) Normalized Et field in the XY plane ( .=zε ) (b) Normalized Et field in the XY plane ( .=zε ) 

 
(c) Normalized Et field in the XZ plane ( .=zε ) (d) Normalized Et field in the XZ plane ( .=zε ) 

Figure 4. Cont.
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(e) Normalized Et field in the YZ plane ( .=zε ) (f) Normalized Et field in the YZ plane ( .=zε ) 

Figure 4. (a–f) Normalized electric field distributions for various values of εz with εt = 3.25, μz = 1 and μt = 1 in the XY, XZ,
and YZ planes.

According to Figures 4 and 5, we roughly notice an effect reversed in shape and
different in details of the two anisotropic elements εz and εt. A decrease in εz up to 40%
leads to a slight decrease and the E-plane decreases its max by 50%, while an increase of
40% reveals a significant increase in the electric field in the E- and H-plane.

A decrease of 40% in εt leads to an almost identical increase (3 times) of the electric field
maximum, while for an increase of 40%, an identical decrease of the maximum in all three
planes is noticed (64%). As a consequence of this result, and to improve the dipole radiation,
it is necessary to strongly minimize εt and increase, in the possibility, εz. From Figure 4a,b
and Figure 5a,b, it can be seen that for the case (εt = 1.625), a maximum electric field
exceeds 0.2 m, when the element εt is reduced, this agrees well with the literature [45].

According to Figure 4c,d and Figure 5c,d, the electric field lines are condensed since
they are presented, in this case, in the E plane, and we can see that the component Ex is the
most important in the cases of Figures 4d and 5c from Figure 4e,f and Figure 5e,f, it is clear
that the most important part of the electric field is confined in the dielectric and around
the dipole.

From Figures 6 and 7, we notice that the contribution of the two electrical anisotropic
components εz and εt on the magnetic field distribution is almost the same as that on the
electric field, except that the magnetic field in the E plane undergoes more decrease in the
case (XZ plane εz = 1.625 (Figure 6c) and XZ plane εt = 1.625 (Figure 7c) compared to the
other planes) and a slight increase for the case XZ plane εz = 4.875 (Figure 6d) compared to
the other planes) and for the case εt = 4.875, the decrease is almost the same (Figure 7b,f).
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(a) Normalized Et field in the XY plane ( .=tε ) (b) Normalized Et field in the XY plane ( .=tε ) 

 

(c) Normalized Et field in the XZ plane ( .=tε ) (d) Normalized Et field in the XZ plane ( .=tε ) 

 

(e) Normalized Et field in the YZ plane ( .=tε ) (f) Normalized Et field in the YZ plane ( .=tε ) 

Figure 5. (a–f) Normalized electric field distributions for various values of εt with εz = 3.25, μz = 1 and μt = 1 in the XY,
XZ, and YZ planes.
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(a) Normalized Ht field in the XY plane ( .=zε ) (b) Normalized Ht field in the XY plane ( .=zε ) 

 

(c) Normalized Ht field in the XZ plane ( .=zε ) (d) Normalized Ht field in the XZ plane ( .=zε ) 

 
(e) Normalized Ht field in the YZ plane ( .=zε ) (f) Normalized Ht field in the YZ plane ( .=zε ) 

Figure 6. (a–f) Normalized magnetic field distributions for various values of εz with εt = 3.25, μz = 1 and μt = 1 in the XY,
XZ and YZ planes.
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(a) Normalized Ht field in the XY plane ( .=tε ) (b) Normalized Ht field in the XY plane ( .=tε ) 

 

(c) Normalized Ht field in the XZ plane ( .=tε ) (d) Normalized Ht field in the XZ plane ( .=tε ) 

 

(e) Normalized Ht field in the YZ plane ( .=tε ) (f) Normalized Ht field in the YZ plane ( .=tε ) 

Figure 7. (a–f) Normalized magnetic field distributions for various values of εt with εz = 3.25, μz = 1 and μt = 1 in the XY,
XZ, and YZ planes.

5.4. Effect of the Magnetic Uniaxial Anisotropy on Electromagnetic-Field Distributions

Figures 8–11 show the effect of the uniaxial electrical anisotropy on electric and
magnetic field distributions.

122



Electronics 2021, 10, 1050

 

(a) Normalized Et field in the XY plane ( .=zμ ) (b) Normalized Et field in the XY plane ( .=zμ ) 

 

(c) Normalized Et field in the XZ plane ( .=zμ ) (d) Normalized Et field in the XZ plane ( .=zμ ) 

 

(e) Normalized Et field in the YZ plane ( .=zμ ) (f) Normalized Et field in the YZ plane ( .=zμ ) 

Figure 8. (a–f) Normalized electric field distributions for various values of μz with εz = εt = 3.25 and μt = 1, in the XY, XZ,
and YZ planes.
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(a) Normalized Et field in the XY plane ( .=tμ ) (b) Normalized Et field in the XY plane ( .=tμ ) 

 

(c) Normalized Et field in the XZ plane ( .=tμ ) (d) Normalized Et field in the XZ plane ( .=tμ ) 

 

(e) Normalized Et field in the YZ plane ( .=tμ ) (f) Normalized Et field in the YZ plane ( .=tμ ) 

Figure 9. (a–f) Normalized electric field distributions for various values of μt with εz = εt = 3.25 and μz = 1, in the XY, XZ,
and YZ planes.
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(a) Normalized Ht field in the XY plane ( .=zμ ) (b) Normalized Ht field in the XY plane ( .=zμ ) 

 

(c) Normalized Ht field in the XZ plane ( .=zμ ) (d) Normalized Ht field in the XZ plane ( .=zμ ) 

 

(e) Normalized Ht field in the YZ plane ( .=zμ ) (f) Normalized Ht field in the YZ plane ( .=zμ ) 

Figure 10. (a–f) Normalized magnetic field distributions for various values of μz with εz = εt = 3.25 and μt = 1, in the XY,
XZ, and YZ plane.
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(a) Normalized Ht field in the XY plane ( .=tμ ) (b) Normalized Ht field in the XY plane ( .=tμ ) 

 

(c) Normalized Ht field in the XZ plane ( .=tμ ) (d) Normalized Ht field in the XZ plane ( .=tμ ) 

 

(e) Normalized Ht field in the YZ plane ( .=tμ ) (f) Normalized Ht field in the YZ plane ( .=tμ ) 

Figure 11. (a–f) Normalized magnetic field distributions for various values of μt with εz = εt = 3.25 and μz = 1, in the XY,
XZ, and YZ plane.

It can be seen from Figures 4, 5 and 8 that the effect of the permeability component
μz on the line shape and distribution of the electric field is similar to that of εz, but in
terms of value and quantity, it has the same effect as εt. However in the case of the μt
component, and according to Figures 4, 5 and 9, the effect of μt component is close in shape
and quantity to that of εt.
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From here, we can note that the four (εz, εt, μt and μz) constitutive components
have a different contribution to each other, and this is mainly due to the dipole antenna
configurations and its positioning.

From Figures 8–11, we can see that the two components μt and μz have a different
effect than the two permittivity components.

The increase of μt and μz leads to a decrease of the fields maximum compared to the
isotropic case, while when εz increases, the maximum E increases strongly. Moreover, the effect
of the two components μt and μz is close to that of εt in form and magnitude. This is due to
the lines of the magnetic field, which rotates around the dipole (YZ plane), indicating that
the maximum magnetic field interaction is through the two components μt and μz as well as
with εt.

5.5. Effect of the Uniaxial Anisotropy on Input Impedance

Figure 12a shows the effect of εz on the input impedance. It consists in shifting the
resonant length of the dipole antenna with a slight change in its peak, while εt affects
significantly the magnitude of the input impedance with an increase and decrease of its
peak, from 3 kΩ for εt = 3.25 to 5 kΩ for εt = 1.625 and 3 kΩ for εt = 3.25 to 2.5 kΩ for
εt = 4.875, all with a slight shift in the resonant length (Figure 12b).

ε

ε

ε

εΩ

L/λ0  

ε

ε

ε

εΩ

L/λ0  

(a) (b) 

Figure 12. Real and imaginary parts of the input impedance for various values of (a): εz and (b): εt.

In Figure 13a,b, the effect of the two components of permeability μz and μt does
not resemble that of the permittivity components εz and εt. An increase in μz results
in an increase in the input impedance peak, with a decrease in the resonance frequency.
The effect of the permeability component μt is reversed in this case, where an increase in
the μt component leads to a significant increase in the resonance frequency with a decrease
in the peak value of input impedance.

In the case εz = 1.625, a decrease of 35% of the maximum of the electric field is
observed in the XZ plane (E plane), according to Figure 4c, accompanied by a close
decrease in the magnetic field (27%) in the YZ plane (H plane), according to Figure 6e.
This is translated by a slight increase (5.5 and 3.5 times) of the input impedance (Figure 12a).
However, in the case for εt = 1.625, the maximum of the magnetic field in the H-plane
(Figure 7e) is almost twice that of the electric field in the E-plane (Figure 5c) and for
εt = 4.875, a ratio between the field maxima is 1.4. This illustrates the effect of εt on the
input impedance (Figure 12b). In this case, the maximum of the magnetic field is greater
than that of the electric field; this reveals the effect of the component εt on input impedance.
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Figure 13. Real and imaginary parts of the input impedance for various values of (a): μz and (b): μz.

Figure 13a,b show the effect of the uniaxial magnetic anisotropy on the dipole input
impedance. For the cases μz = 0.5 and μz = 1.5, the same ratio of increase and decrease
between the electric field E and the magnetic field H (normalized values 7 times to 9 times
(Figure 10), 0.8 to 0.65 (Figure 8), respectively) led to an almost identical decrease and
increase, respectively, in input impedance (Figure 13a).

In the case μt = 0.5, a 9-times increase of the H field maximum, in the YZ plane
(Figure 11e), compared to the isotropic case, is accompanied by a 6-times increase of the E
field maximum in the XZ plane (Figure 9c); this is translated by a strong increase of the
input impedance (Figure 13b). On the other hand, in the case μt = 1.5, an almost identical
decrease of the H- and E-field maxima (0.25 (Figure 11f) and 0.22 (Figure 9d), respectively,
in the YZ XZ plane); this is translated by a decrease of input impedance (Figure 13b).

To summarize, we notice that the choice of the optical axis of the uniaxial anisotropy
and the geometry of the printed dipole lead to an asymmetrical Green’s tensor, relating the
electric field to the current density through the four constituent parameters εt, εz, μt and μz.
This is the factor behind the difference registered between the effects of these components,
in addition to the electromagnetic field distributions.

6. Conclusions

In this paper, we presented a theoretical study for the investigation of the electromagnetic
field distributions and the input impedance of a printed dipole antenna structure loaded on
a uniaxial anisotropic medium. The presentation of the electromagnetic field distributions,
for which some examples have been shown here, provides a better understanding of the
constitutive parameters (εt, εz, μt and μz) contributions. Furthermore, the electrical and
magnetic uniaxial anisotropy offers more degrees of freedom and further flexibility to
realize a good direct matching effect on the input impedance. This show that the complex
media present a great potential in the design of innovative microwave components. It con-
stitutes a starting point for further works to a better understanding of the behavior of the
electromagnetic field in anisotropic and bianisotropic media and many more interesting
results are expected.
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Abstract: Multiple-input multiple-output (MIMO) antennas with four and eight elements having
connected grounds are designed for ultra-wideband applications. Careful optimization of the lines
connecting the grounds leads to reduced mutual coupling amongst the radiating patches. The
proposed antenna has a modified substrate geometry and comprises a circular arc-shaped conductive
element on the top with the modified ground plane geometry. Polarization diversity and isolation
are achieved by replicating the elements orthogonally forming a plus shape antenna structure. The
modified ground plane consists of an inverted L strip and semi ellipse slot over the partial ground
that helps the antenna in achieving effective wide bandwidth spanning from (117.91%) 2.84–11 GHz.
Both 4/8-port antenna achieves a size of 0.61 λ× 0.61 λ mm2 (lowest frequency) where 4-port antenna
is printed on FR4 substrate. The 4-port UWB MIMO antenna attains wide impedance bandwidth,
Omni-directional pattern, isolation >15 dB, ECC < 0.015, and average gain >4.5 dB making the MIMO
antenna suitable for portable UWB applications. Four element antenna structure is further extended
to 8-element configuration with the connected ground where the decent value of IBW, isolation, and
ECC is achieved.

Keywords: 4-elements; 8-elements; UWB; MIMO; ECC; isolation

1. Introduction

Wireless communications are getting popular at an astounding pace. The advance-
ment in technology is helping the devices in shrinking their size day by day. Wireless
communication when clubbed with various applications, such as medical, IoT, logistics,
and personal area communication, can help various groups of people in many ways. The
amalgamation can be very well-established with the deployment of WPANs that works on
the IEEE protocols.

Increasing the bandwidth of such networks allows for a higher data rate. Due to the
very broad frequency range spanning from 3.1 GHz to 10.6 GHz, ultra-wideband antennas
are the most promising way to reach large bandwidth. Designing a UWB antenna is a
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difficult challenge since it must be capable of providing a big band following Federal Com-
munications Commission (FCC) standards [1]. Multiple-input multiple-output (MIMO)
technology is a key for enhancing the channel capacity by using multiple antennas and
thus makes the antennas much more effective in densely populated areas by offering high
throughput and data rates in the order of Gigabits/s [2]. The associated challenges of
packing the elements closely while reducing the mutual coupling and achieving high
isolation are of great importance in MIMO antennas.

Separate ground helps greatly in achieving the isolation however common ground is
very much preferred to ensure the smooth operations of devices where antennas will be
embedded [3].Various 4- and 8-element MIMO antennas are proposed in [4–30]. In [4–13],
4-port MIMO antennas with separate ground are proposed however connected ground
configurations are considered for better commercial utilization of the MIMO antenna.

Researchers have proposed 4-elements connected ground UWB MIMO antennas
in [14–21]. In [14], a 4-port CPW fed orthogonally arranged MIMO antenna is proposed
having a bandwidth of 2.1–20 GHz however it has a notched band between 3.3–4.1 GHz
and 8.2–8.6 GHz frequency bands. An antenna structure with four triangular-shaped
monopole elements with a neutralization ring is proposed in [15] which spans from 138.21%
(3.1–17.3 GHz). The monopole arrangement in orthogonal and symmetrical fashion leads
to good isolation however the overall geometry gets complex due to the use of an additional
neutralization ring. A 4-port UWB MIMO antenna having IBW of 130.43% (2.8–13.3 GHz) is
proposed in [16] where rhombic-shaped identical monopoles are arranged orthogonally for
achieving polarization diversity and better isolation. However, notch bands are introduced
by using elliptical (CSRR) complementary split-ring resonator geometry. A reconfigurable
MIMO antenna (1.77–2.51 GHz) integrated with sensing antenna 164.28% (0.75–7.65 GHz)
for (CR) cognitive radio applications is proposed in [17]. The reconfigurability demands
supply voltage which makes it less useful for portable applications. A compact UWB MIMO
radiator having high isolation is presented in [18]. Stepped slots are utilized to realize the
compact structure which spans from 115.78% (3.2–12 GHz). In [19], a common ground
4-port monopole MIMO antenna is proposed. Antenna achieves good MIMO performance
however the bandwidth only spans from 58.63% (2.70–4.94 GHz). A 4-port MIMO antenna
with reduced mutual coupling by introducing a neutralization line technique spanning
from 96.47% (3.52–10.08 GHz) is proposed in [20]. The use of separate isolation techniques
leads to design and fabrication complexities. Orthogonal diversity in a 4-port UWB antenna
119.14% (3.8–15 GHz) is achieved by aligning the monopole elements towards four sides
of the substrate. The inclusion of ground stubs further helps in increasing the isolation
between elements [21].

Researchers have proposed 4-port MIMO antennas using conformable substrates [22]
and transparent materials [23,24] to make such antennas useful for their usage in locations
where space is a constraint. However, flexible and transparent antennas face problems due
to lower gain and efficiency.

The 8-port MIMO antennas may become impractical for their use in some scenarios
due to the increase in size. In [28,30], the compactness of design exceeds 0.6 λ while the
antennas proposed in [26,27,29,31] has a narrow bandwidth.

Therefore, in the proposed work, effective IBW of (117.91%) 2.84–11 GHz is achieved
which is greater than work proposed in [12,13,19,20], no notch band unlike [14,16], no com-
plex isolation mechanism [15,20,21], no active components [17], size of 0.61 λ × 0.61 λ mm2

with satisfactory MIMO diversity parameter results thus making it commercially suitable
for its use in portable applications.

In this work, a 4-port MIMO structure with microstrip feeding method is proposed
for UWB applications. The microstrip feeding method is chosen in this work as it provides
lower losses and ease of connector interfacing enabling effective use of low-cost FR-4
substrate. Further the antenna provides high isolation without using any complex isolation
techniques in a connected ground configuration. The modified ground geometry helps
in achieving wider bandwidth and more importantly enhances the antenna effectiveness.
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Here, novelty lies in designing the main radiator of each antenna element which is a
symmetrical ground-coupled antenna and is mainly composed of a circular arc-shaped
monopole on the top side with modified ground structure coupled to the other grounds
on the bottom side. Notably, the proposed 4-port MIMO antenna is realized by symmet-
rically arranging the four identical antenna elements in a sequential rotational manner
for achieving good polarization diversity which is extended for 8-port MIMO antenna
configuration. Other typical MIMO antenna performances, such as ECC and CCL, are also
explicitly shown and validated by measuring the experimental values over the fabricated
prototype.

The paper is arranged as follows: Proposed 2-port, 4-port, and 8-port antenna ge-
ometry are explained in Section 2 followed by results and discussion in Section 3, MIMO
diversity parameters are explained in Section 4, time domain analysis in Sections 5 and 6
concludes the work.

2. Antenna Configuration and Parametric Study

The antenna geometry (top and bottom) of a single element that is a part of a 4-element
antenna is visible in Figure 1a,b. A circular arc-shaped structure on the top and a modified
ground plane on the backside is simulated over the FR4 (Flame Retardant-4) substrate. The
modified ground plane consists of an inverted L strip and semi-ellipse slot over the partial
ground. The perspective view of the antenna as shown in Figure 1c shows the conductive
part (patch and ground) printed over the substrate of a thickness (T) 1.6 mm.

Figure 1. Single element antenna geometry (a) Top View (b) Bottom View (c) Perspective View
(dimension in mm). Flame Retardant (FR).

The antenna is evaluated to check the effect on the reflection coefficient by varying the
radius and position of the upper circle, as shown in Figure 2a,b. The variation of the upper
circle radius (aa) (Figure 2a) affects the reflection coefficient levels majorly near the lower
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and upper part of the frequency band; however, the middle region is slightly affected. The
value of the upper circular radius (aa) is chosen as 6 mm for wider bandwidth between the
bands spanning from the semi-ellipse slot in terms of minor and major axis.

Figure 2. Parametric Variation of top circle (a) radius (aa) (b) position (a1).

The optimized value of the upper circle position helps in attaining the required
reflection coefficient levels while achieving the wide impedance bandwidth. The variation
in the position of the upper circle will ultimately increase or decrease the arc formed over
the lower circle since the upper circle is subtracted from the lower one. The optimized
position of the upper circle before subtracting it from the lower circle is selected as 0 mm.

By variation of the ground plane length as shown in Figure 3, it is observed that the
impedance bandwidth significantly increases. The reflection coefficient of the resonating
peaks is also affected. By increasing the length of the conductive region of the ground
plane, the impedance bandwidth increases. The value of ground plane length is chosen as
13.5 mm for attaining the best performance.
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Figure 3. Parametric Variation of the ground plane (lg).a.

Figure 4 shows the top and back view of the basic antenna prototype fabricated on
economical FR4 substrate (thickness, εr and tan (δ) of 1.524 mm, 4.5, and 0.002, respectively).

Figure 4. Fabricated single element resonator (a) Front View (b) Back View.

The basic element is used for simulating a dual-element, quad-element, and eight-
element UWB antenna. First, the single element is duplicated in the vertical and horizontal
positions, and S parameters are analyzed. The element at port 2 is rotated in an anticlock-
wise direction concerning port 1 along the horizontal axis in case 1 (Figure 5a) while in case
2, the element is mirrored along the vertical axis (Figure 5b).

Figure 5. Resonator geometry of 2-element MIMO (a) case 1 (b) case 2 (dimension in mm).
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Four element MIMO design is realized by arranging the single element to form
a plus-shaped structure. Orthogonal, as well as spatial diversity, along with separate
ground is first attained as shown in Figure 6a. Since the applicability of the MIMO
antenna with separate ground is very limited, the plus-shaped structure is modified to
accomplish a connected ground 4-element MIMO. The antenna elements are symmetrically
and rotationally placed in a manner so that it occupies low surface area while achieving
pattern diversity. Concerning the element at port 1, the element at port 2 is rotated in an
anticlockwise direction along the horizontal axis while the element at port 3 is mirrored
along the vertical axis, and lastly, the element at port 4 is rotated clockwise along the
horizontal axis. The connection between the ground planes is carefully chosen for isolation
level below −15 dB, which is visible in Figure 6b.

Figure 6. Resonator geometry of 4-element MIMO (a) Without common ground (b) with the common ground (dimension
in mm).

The current geometry helps the antenna to be inserted in the systems where per-
fect square-shaped space is unavailable and can be accommodated easily between the
circuit elements. The fabricated front and back view of the UWB 4-element connected
ground MIMO antenna is illustrated in Figure 7a,b which is analyzed for MIMO diversity
performance in the next section.

Figure 7. Fabricated 4-element Compact MIMO resonator (a) Front View (b) Back View (with the common ground).
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Finally, an 8-element MIMO antenna is simulated as shown in Figure 8a,b where
Figure 8a has a separate ground plane, and Figure 8b has connected ground. Additional
four elements are added to the existing 4-element MIMO structure to achieve 8-element
MIMO where two different cases are presented. Case 1 (Figure 8a) shows an 8-element
structure without connected ground while in case 2 (Figure 8b), all the ground plane of all
the elements is connected from the bottom side by carefully choosing the connecting lines.

Figure 8. Resonator geometry of 8-element MIMO (a) Case 1, without common ground (b) Case 2, with common ground.

The analysis in terms of S parameters, current distribution, radiation patterns, gain,
efficiency, and MIMO diversity parameters are discussed in the next section for the config-
urations shown here.

3. Results and Discussion

The reflection coefficient analysis of the basic element shows that the antenna covers an
impedance bandwidth of (76.29%) 3.19–15.32 GHz where close correlation with simulated
values is observed as illustrated in Figure 9.

Figure 9. Simulated and Measured Reflection Coefficient (dB) of Single Element UWB Antenna.

The reflection coefficient of 2-element MIMO with separate ground is displayed in
Figure 10 where apparent wide bandwidth and isolation >15 dB is observed for both the
cases. The antenna resonates in the range of (134.70%) 3.01–15.43 GHz in case 1 while
(134.38%) 3.01–15.34 GHz in case 2. The greater level of isolation is visible in the orthogonal
arrangement of elements as compared to the elements arranged in a mirrored fashion along
the vertical axis.
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Figure 10. Simulated S Parameters of 2-Element Compact MIMO Antenna (dB) (a) Case 1 (b) Case 2.

The simulated reflection coefficient of four-element MIMO with the separate and
connected ground plane is displayed in Figure 11 where the antenna achieves IBW of
(135.25%) 2.98–15.43 GHz in antenna with separate ground and (136.92%) 2.84–15.33 GHz
in antenna with the connected ground plane. Isolation levels are greater in the case of an
antenna with separate ground; however, the careful selection of strip lines for connecting
the ground planes has helped the antenna in achieving the isolation levels >15 dB due
to minimum inter-element coupling. The measured results for connected ground con-
figuration (Figure 12) indicate that over a wide frequency band spanning from (136.69%)
2.86–15.21 GHz, the results are well-matched. Slight variation in reflection coefficient and
isolations levels are due to fabrication tolerances and connector losses.
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Figure 11. Simulated S Parameters of 4-Element Compact MIMO Antenna (dB) (a) without common
ground (b) with common ground.

Figure 12. 4-Element Compact MIMO Antenna’s experimental values of S Parameters with common
ground.

Figure 12 shows the experimental values of 4-element-connected ground S parameters.
The orthogonal placement of elements (1–2, 23, 34, and 41) leads to isolation >16 dB between
the proposed bands. The isolation value is >12 dB is achieved between the elements placed
in a mirrored fashion. It increases above 15 dB after 3.8 GHz. The orthogonal element
placement ensures good isolation due to lower mutual coupling and the orthogonally
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polarized patterns. Higher isolation among elements placed in a mirrored position is due
to the spatial separation. A decent agreement between simulated and experimental values
is visible from Figure 12.

To comprehend the isolation mechanism, the current distribution is observed at
3.1 GHz, 4.70 GHz, 6.90 GHz, and 9.5 GHz in 4-element-connected ground structure as
depicted in Figure 13a–d, respectively. While carrying out the analysis, Port 1 is excited
while other ports are terminated with a 50 Ω load. The field intensity at four resonant
peaks suggests that isolation is very good with a negligible amount of coupling occurring
between the inter-elements.

Figure 13. The current distribution of 4-element compact MIMO antenna with the common ground
at (a) 3.10 GHz (b) 4.70 GHz (c) 6.90 GHz (d) 9.50 GHz.

The experimental two-dimensional (2D) co/cross-polarization radiation patterns
of the UWB connected ground MIMO antenna are depicted in Figure 14 by providing
excitation at port 1 and keeping other ports terminated with matched load (50 Ω). The EH
plane patterns are plotted at resonating frequencies of 3.10 GHz, 4.70 GHz, 6.90 GHz, and
9.50 GHz. The lower cross-polarization at resonant peaks for both planes can be observed.

Figure 14. Cont.
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Figure 14. Measured Co/Cross Pol pattern of 4-element compact MIMO antenna with the common ground at (a) 3.10 GHz
(b) 4.70 GHz (c) 6.90 GHz (d) 9.50 GHz.

Figure 15 depicts gain and efficiency plots by exciting port 1 and terminating other
ports with impedance load (50 Ω). Average gain >4.5 dBi is observed for the bands of
interest which closely matches with the measured gain values.

Figure 15. Gain and Efficiency of the 4-element MIMO antenna with common ground.

The S parameters of connected ground 8-element MIMO antenna are illustrated
in Figure 16a–c. The simulated IBW of 8-port MIMO antenna is (137.47%)/2.84–15.3
as illustrated in (Figure 16a). Isolation of antenna concerning element 1 is depicted in
Figure 16b where satisfactory isolation levels are observed having a value >15 dB, and
the same is observed when isolation levels between other antenna elements are simulated
(Figure 16c).

Figure 16. Cont.
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Figure 16. 8-Element Compact MIMO Antenna (dB) with common ground (a) Reflection coefficient (b) Isolation (antenna 1)
(c) Isolation (Selected antennas).

A simulated gain and efficiency plot by exciting port 1 and terminating other ports
with impedance load (50 Ω) for an 8-port MIMO antenna is illustrated in Figure 17. Average
gain >5.6 dBi is observed for the bands of interest.

Figure 17. Gain and Efficiency of the 8-element MIMO antenna with common ground.

4. MIMO Diversity Analysis

Antenna characterization for diversity performance is carried out using the method
suggested in [31–33] as the antenna is proposed for its use in MIMO applications.

4.1. Envelope Correlation Coefficient (ECC)

ECC is a very essential parameter for measuring the diversity performance of MIMO
antenna. It indicates how radiations of each antenna element are independent of each other
in a practical environment where the signals of transmitter and receiver are multipath
fading signals.

The ECC of two antenna elements is estimated by using the below equation and
graphically illustrated in Figure 18.

ρe =

∣∣∣∣�4π

[→
F1(θ,∅) ∗ →

F2 (θ,∅)

]
dΩ

∣∣∣∣
�

4π

∣∣∣∣→F1(θ,∅)

∣∣∣∣2dΩ
�

4π

∣∣∣∣→F2(θ,∅)

∣∣∣∣2dΩ

(1)
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where
→
Fi (θ,∅) is the three-dimensional field pattern of the antenna, when the ith port is

excited. Ω is the solid angle measured over a sphere.

Figure 18. ECC of 4-element compact MIMO with common ground.

From Figure 18, it is noted that the ECC values (simulated and measured) of each
antenna element (ECC 12, ECC 13, ECC 14) are very close to zero and less than 0.02. This
validates that the MIMO antenna has uncorrelated far-field patterns and is suitable for
UWB application.

4.2. Total Active Reflection Coefficient (TARC)

The TARC articulates the total incident power to the total outgoing power in presence
of a multi-port antenna and is expressed in the below Equation (2) and shown in Figure 19.

TARC =

√
∑N

k=1|bk|2√
∑N

k=1|ak|2
(2)

where in Equation (2), |a| and |b| are the excitation and scattering vector, respectively.

Figure 19. TARC of 4-element compact MIMO with common ground.

To verify the effect of TARC on impedance bandwidth, the proposed four-port MIMO
antenna is integrated with an ideal phase shifter where a scan angle is varied from 30◦
to 180◦. From Figure 18, it is visualized that for all scanning angles the TARC value lies
below −10 dB confirming that all the delivered power is accepted by another antenna
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element without affecting the impedance bandwidth of the proposed four-port MIMO
antenna. Therefore, this also validated that the proposed four-port MIMO antenna is also
an attractive applicant for integration with a phase shifter.

4.3. Mean Effective Gain (MEG)

The MEG is another essential diversity performance parameter for the characterization
of MIMO antenna in wireless channels. MEG determines the ability of the antenna element
to accept an electromagnetic signal in the presence of affluent multipath fading signals.

Therefore, Figure 20 illustrates the ratio of the mean received power to mean incident
power of antenna elements. Each MEG ratio closer to 0 dB throughout the operating bands
confirms that each antenna element is a suitable candidate for UWB MIMO applications.

Figure 20. MEG Ratio of 4-element compact MIMO with common ground.

4.4. Channel Capacity Loss (CCL)

To achieve high data transmission, the minimum acceptable level of CCL is 0.5 bits/s/Hz.
The CCL is calculated using Equation (3) and shown in Figure 21. The CCL values are as
low as 0.4 bits/s/Hz which is well within the requirement set by the industry and matches
well with the experimental values.

Figure 21. CCL of 4-element compact MIMO with common ground.

144



Electronics 2021, 10, 1476

4.5. ECC of 8-Element-Connected Ground MIMO Antenna

From Figure 22, it is noted that the simulated ECC values of each antenna element
(ECC 12, ECC 13, ECC 14, ECC 15, ECC 16, ECC 17, and ECC 18) are very close to zero and
less than 0.02. This validates that the MIMO antenna has uncorrelated far-field patterns.

Figure 22. ECC of 8-element compact MIMO with common ground.

5. Time Domain Performance Analysis of the Proposed Antenna

In order to illustrate the time domain performance of the antenna, the time domain
characteristics including forward transmission (S21) coefficient and group delay are investi-
gated.

Figure 23 shows the experimental set-up that uses twin antennas, where one is acting
as a transmitter (Tx) and another as receiver (Rx). These antennas are placed face-to-face
at a distance of 50 cm which is five times the wavelength of lower operating frequency
(around 3.00 GHz) in order to create far field atmosphere. Twin antennas are excited by
using 5th order Gaussian pulse by using following Equation (3):

x(t) = A
(
− 15t√

2πσ7
+

10t3
√

2πσ9

t5
√

2πσ11

)
x exp

(
− t2

2σ2

)
(3)

where in (3), ‘t’ is time, ‘A’ is amplitude, ‘σ’ is spread of Gaussian pulse.

Figure 23. Test set-up for time domain analysis of the proposed antenna in CST MWS.
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In order to check the time domain response of the proposed antenna, the transmission
coefficient (S21) of experimental set-up was simulated and shown in Figure 24. It is
inspected that, proposed antenna exhibits the magnitude of the transmission coefficient
(S21) below −25 dB over the entire operating bands.

Figure 24. Transmission coefficient of the proposed antenna.

Figure 25 shows the simulated group delay response of experimental set-up. It is
observed that the group delay remains stable around 1.5 ns in operating bands of the
proposed antenna.

Figure 25. Group delay of the presented antenna.

Through the investigation of the time domain behavior of the proposed antenna, it
can be concluded that the proposed antenna has linear transmission characteristics with
lower transmission coefficient and stable group delay across the operating band’s interest.

146



Electronics 2021, 10, 1476

This confirms the applicability of the proposed antenna for UWB operations employed in
wireless devices.

Table 1 shows the comparison of the proposed 4/8-element UWB antenna with other
UWB MIMO antennas. The proposed 4/8-element antenna exhibits low profile as compared
to most of the 8-port MIMO antennas, high IBW, isolation >15 dB without using any
complex isolation or decoupling techniques, high gain as compared to all the existing state
of Arts, and permissible MIMO diversity performance that makes the antenna commercially
viable for portable UWB applications.

Table 1. Comparison of proposed 4/8 elements UWB MIMO antenna with other UWB MIMO antennas.

Ref. No
No of

Elements

Size
(mm2)

(At Lowest Freq)

Operating
Band (GHz)

Isolation
(dB)

Isolating Element
Peak Gain

(dBi)
ECC

[12] 8 0.41 λ × 0.41 λ 3.1–11 >20 Not Used 4 <0.01

[13] 4 0.41 λ × 0.44 λ 3.1–10.6 >20
Microstrip
Multimode
Resonator

4 <0.2

[15] 4 0.77 λ × 0.77 λ 3.1–17.3 >13.5 Neutralization Ring 5.6 <0.1

[16] 4 0.67 λ × 0.67 λ 2.8–13.3 >18 Rectangular Strip 6 <0.06

[17] 4 0.15 λ × 0.3 λ 0.75–7.65 >12 Not used 3.2 <0.24

[18] 4 0.45 λ × 0.26 λ 3.2–12 >22 Not used 4 <0.5

[20] 4 0.56 λ × 0.39 λ (3.52–10.08) >22 Neutralization Line 2.91 <0.04

[21] 4 0.44 λ × 0.44 λ 3.8–15 >15 Ground Stubs 3 <0.07

[26] 8 1.65 λ × 0.82 λ 4.95−5.05 >10.5 Spatial Diversity 0.8 –

[27] 8 1.24 λ × 0.62 λ 3.4−3.6 >10
CL-FSS, circular arcs,

and four parallel
strips

– –

[28] 8 0.6 λ × 0.93 λ 3−10.6 >15

square loop
radiating strip with

orthogonal
polarisation

– –

[29] 8 0.56 λ × 1.13 λ 2.5−2.6 >15 Eight grounded Slits 0.7 <0.2

[30] 8 0.75 λ × 1.5 λ 3.3−6 >11 Not used – <0.1

[31] 8 0.85 λ × 0.85 λ 3−10.6 >15 Rectangular stub 4.8 <0.2

Proposed 8 0.61 λ × 0.61 λ

2.84–11
(effective

BW)
>15 Not Used 7.2 <0.02

6. Conclusions

A four-element connected ground UWB-MIMO antenna with modified substrate
geometry, and the defected ground is presented in this article. The low profile of the
antenna is achieved using substrate shape which is different than the conventional square
shape. The key parameters of the 4-element antenna are analyzed using simulation and
experiment in terms of |S11|, radiation patterns, isolation, gain, and MIMO diversity
parameters. A decent agreement is observed between the results. Connected ground helps
the MIMO antenna for its use in commercial applications moreover defected structure
with inverted L-shaped strip, and slotted semi ellipse at the ground plane helped in
accomplishing the wideband performance. Isolation between elements >16 dB is achieved
by orthogonally placing the antenna elements. The proposed low profile 4-elements UWB-
MIMO antenna structure achieves wide IBW, stable gain, omnidirectional patterns, higher
isolation, and decent diversity properties. The extended connected ground 8-element
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MIMO antenna also illustrated wide IBW, satisfactory isolation levels, and ECC that makes
it a good candidate for portable UWB-MIMO systems.
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Abstract: The article mainly presents that a simple antenna structure with only two branches can
provide the characteristics of dual-band and wide bandwidths. The recommended antenna design is
composed of a clockwise spiral shape, and the design has a gradual impedance change. Thus, this
antenna is ideal for applications also recommended in these wireless standards, including 5G, B5G,
4G, V2X, ISM band of WLAN, Bluetooth, WiFI 6 band, WiMAX, and Sirius/XM Radio for in-vehicle
infotainment systems. The proposed antenna with a dimension of 10 × 5 mm is simple and easy to
make and has a lot of copy production. The operating frequency is covered with a dual-band from
2000 to 2742 MHz and from 4062 to beyond 8000 MHz and, it is also demonstrated that the measured
performance results of return loss, radiation, and gain are in good agreement with simulations. The
radiation efficiency can reach 91% and 93% at the lower and higher bands. Moreover, the antenna
gain can achieve 2.7 and 6.75 dBi at the lower and higher bands, respectively. This antenna design
has a low profile, low cost, and small size features that may be implemented in autonomous vehicles
and mobile IoT communication system devices.

Keywords: dual-band; mobile IoT; autonomous vehicles; B5G; 5G; V2X; DSRC; WiFi 6 band; Sir-
ius/XM Radio; ISM band

1. Introduction

The vigorous development of IoT technology has laid a solid foundation for con-
tinued growth in the 5G era [1,2]. Therefore, networking, artificial intelligence, virtual
reality (VR), and augmented reality (AR) technology can be used to provide relevant local
5G-centered services in health care, education, and other fields [3,4]. The rise of 5G com-
munications has initiated various IoT business model development. The driving factors
that trigger IoT applications include the low cost of storing and computing data on cloud
platforms. In addition, it also includes emerging edge computing trends, the decline in
data, sensors, equipment costs, and the availability of mobile application development
platforms [5]. Therefore, emerging technologies integrate intelligent roads, intelligent
vehicles, and artificial intelligence into our lives [6]. Therefore, 5G technology still has a lot
to be discussed and technical improvement, combined with other wireless communication
technologies, and continues to improve wireless communication development in Beyond
5G (B5G). Large-scale low-latency internet of things and 5G private network services focus
on the next generation of B5G/6G development. Therefore, the spectrum planning and
telecommunication service mode of B5G satellite communications will be essential in the
future. The use of low-orbit satellites is expected to supplement areas that ground base
stations cannot cover and through 5G/B5G/emerging wireless communication, vertical ap-
plication demonstrations, IoT devices, and scenarios are introduced to provide innovative
applications [7,8].

Furthermore, low-orbit satellite communication is also a key technology for future
6G commercial transformation. The development of 5G technology to 6G and satellite
communications also includes the evolution of existing technologies and the development
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of emerging technologies for terrestrial communications, which will generate demand
for spectrum planning [7,9]. In addition, the rapid progress of telecommunications in-
frastructure will affect the future development of artificial intelligence and self-driving
vehicles.

The current internet of things devices must have a good match with wireless commu-
nication. However, the antenna design requires a design with multiple frequency bands
and a large bandwidth is the same basic design principle. The main reason is that various
wireless communication design standards must be accommodated in one device [10–12].

In recent literature discussion, antenna design is mostly compact multi-band antenna
design as the main discussion topic. The superior design of coplanar waveguide (CPW)
and slot line antenna (SL) can be used to achieve antenna design goals, including easy
manufacturing and high compatibility with microwave circuits. In addition, using the
CPW architecture design, CPW line segments with different widths and gap widths are
used to achieve the ideal resonance frequency and massive bandwidth [13–15].

Multi-band antennas have integrated the applications of multiple wireless communica-
tion standards. It can be seen that the antenna design of IoT mobile devices with multi-band
operation capabilities will be in great demand in the future market. Therefore, many design
and development methods have been extended to multi-band antennas and integrated into
various wireless communication product applications. However, the antenna design can
be implemented in multiple frequency bands with antenna size minimization. Different
generating frequency bands have been proposed in a single antenna, such as double L-slit,
inductive slot [16–25].

The design of IoT electronic products requires miniaturization and compact circuit
design. Therefore, the antenna design space must be sacrificed. However, the antenna’s
effectiveness still needs to reach a certain level—no matter what kind of wireless communi-
cation product, finding any possible design practice is an important issue.

This research article mainly presented a miniaturized broadband-multiband planar
monopole antenna with a clockwise spiral shape of two branches for Beyond-5G, 5G, 4G,
V2X, DSRC, WiFi 6 band, WLAN, and WiMAX application in autonomous vehicles and
mobile IoT communication system device.

2. Recommended Monopole Antenna Construction

The recommended antenna structure is disclosed and presented in Figure 1—the
proposed antenna design with the best characteristic, including small size, broadband
bandwidth, and low-profile structure. The proposed antenna employed a clockwise spiral
shape of two branches to achieve dual-band performance covering 2000 to 2742 MHz
and 4062 to over 8000 MHz, as shown in Figure 1a,e. The proposed antenna is validated
by a mini coaxial cable with the characteristic impedance of 50 ohms and connects to an
SMA connector, as shown in Figure 1a. This design is suitable for eight novel wireless
communication systems, including Beyond-5G for LEO Device to Device (D2D) application,
5G, 4G, V2X, DSRC, WiFi 6 band, WLAN, and WiMAX systems. The antenna material is
simulated and fabricated using the most commonly used FR4 substrate in the industry, as
shown in Figure 1b. The antenna area is placed on the edge side in a device design, and
the related wireless and baseband function components for the vehicle applications will be
designed in the ground plane to combine the antenna design. The design parameters of
the FR4 substrate are with the dielectric constant (εr) of 4.4, the dielectric loss tangent of
0.00245, and the height of 0.8mm.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 1. Disclosure of recommended antenna structure: (a) view of the antenna structure and overall design of the
measurement layout, (b) schematic diagram of the layout applied to IoT devices; (c) detailed dimensions and layout of the
antenna; (d) antenna entity diagram; (e) the clockwise spiral shape of two branches (Strip 1 and Strip 2).
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The main antenna area with the dimension of 10 × 7.5 mm, and the ground for system
placement includes an integrated circuit with power, baseband, and wireless transceiver
function, which is located the dimension of 10 × 42.5 mm, as the detailed information
displayed in Figure 1a–c. The actual antenna photo produced is shown in Figure 1d. The
antenna design only needs the top surface to complete the design. Therefore, the tolerance
sensitivity of this design is low, and it is easy to adjust the accurate operating frequency
design. In addition, the clockwise spiral shape of two branches has defined Strip 1 and
Strip 2 to explain the physical phenomena of surface current distribution analysis and
resonance frequency, as shown in Figure 1e.

The surface current distribution is analyzed in Figure 2. The lower band is displayed
at 2350 and 2450 MHz in Figure 2a,b. The upper band at 5080, 5500, 5890, 6500, and
7150 MHz are in Figure 2c–g. There is a strong current on the branch of Strip 1 at the
operation frequency of 2350 and 2450 MHz. Therefore, it can be clearly understood that
the operating frequency in the low-frequency band is a quarter wavelength contributed by
Strip 1. Strip 2 mainly excites resonance at operating frequencies of 5080 and 5500 MHz, as
shown in Figure 2c,d of the current distribution diagram. Finally, the operation frequency
over 5890 MHz is affected by the parallel coupling path of Strip 1, and Strip 2 produces a
high-frequency broadband effect. The effect of the parallel coupling path of Strip 1 and
Strip 2 is demonstrated in Figure 2e–g.

 
(a) (b) 

 
(c) (d) 

Figure 2. Cont.
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(e) (f) 

 
(g) 

Figure 2. Surface current distribution analysis at: (a) 2350 MHz; (b) 2450 MHz; (c) 5080 MHz;
(d) 5500 MHz; (e) 5890 MHz; (f) 6500 MHz; (g) 7150 MHz.

3. Validation Analysis, Results, and Discussion

The characteristics and performance of the proposed antenna have been researched
in this section. The design analysis process includes the various parameters analysis,
the performance with simulation, and measurement results. Figure 3 demonstrates the
reflection coefficient’s performance with the comparison of simulation and measurement
for the proposed dual-band monopole antenna. The validation result agrees with the result
simulated and measured. The validation tool employed an EM simulator for simulation
results and a vector network analyzer as the equipment of Agilent E7071C for measurement
results. The measured impedance bandwidths are defined by 3:1 VSWR, widely used for
the internal WWAN antenna design specification [26–30]. The antenna bandwidth defined
by VSWR is 3:1 to match the CTIA specification standard with the built-in WWAN antenna
design integrated RF active circuit application. Thus, under 6 dB reflection coefficient
conduction, the operating frequency can reach the lower band of 2000–2742 MHz and the
higher band of 4062–8000 MHz. The bandwidth of the lower band can achieve 31.22%,
and the bandwidth of the upper band has an incredible bandwidth of 65.29%. Therefore,
the proposed antenna with a dual-band design is suitable for multi-functional wireless
communication system standards in autonomous vehicles’ communication system devices.
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Figure 3. The verification result of the reflection coefficient with simulation and measurement for the
proposed monopole antenna.

The progressive analysis of antenna architecture characteristics is shown in Figure 4.
Strip 1 has three types to analyze the return loss effect is presented in Figure 4a. The upper
operating band is controlled by strip 2 when only strip 2 is without the strip 1 condition as
the type 1 structure. Type 2 is with both strip layouts, which can generate the lower and
upper operating band. Moreover, the end of strip 1 has been designed with progressive
impedance change from narrow to wide, the performance of return loss can achieve a
better impedance for the suggestion antenna design as the type 3 antenna configuration is
shown in Figure 4a. Discuss that the length change of W9 has a significant influence on
the high-frequency response, as shown in Figure 4b. Therefore, the length of W9 equal to
5.5 mm is the best impedance matching response.

The antenna radiation performance verification uses the AMS-8100 model anechoic
chamber antenna measurement system manufactured by ETS-Lindgren, as shown the
Figure 5.The simulation and measurement radiation patterns are presented in Figure 6,
including four operating bands with 2450, 5500, 6500, and 7500 MHz. The radiation re-
sults reach omnidirectional modes are good agreement with simulated and measured.
Furthermore, the antenna gains and efficiencies are also shown in Figure 7. The results are
demonstrated that both performances achieve very close with simulation and measurement.
The gain can obtain about 2.7 dBi in the lower band, and the gain can get about 6.75 dBi in
the upper band. Thus, the antenna efficiency can reach 91% for the lower band, and the
antenna efficiency can achieve 93% for the upper band. In addition, the proposed antenna
was also compared with recent literature and listed the bandwidth and dimensions, as the
Table 1 The proposed antenna characteristic is shown as compact and widely operating
bands. This table uses the journal papers of the past two years for antenna design com-
parison. The proposed antenna design has a larger bandwidth than the literature [26–30].
The antenna’s gain also has a comparable measurement result to the literature [26–30]. The
antenna size of the proposed antenna is smaller than in the literature [26–30]. The system
ground size is smaller than the literature [26,30]. The overall antenna size is smaller than
in the literature [26,28,30].
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(a) 

 
(b) 

Figure 4. The evolution analysis with various types and lengths for the proposed antenna: (a) evolu-
tion analysis of antenna design with type 1, 2, and 3; (b) strip length W9.
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Figure 5. Photographs of the fabricated antenna PCB and the process of measurement.

 
(a) 

 
(b) 

Figure 6. Cont.
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(c) 

 
(d) 

Figure 6. Simulation and measurement of radiation patterns at different operating frequencies:
(a) 2450 MHz; (b) 5500 MHz; (c) 6500 MHz; (d) 7500 MHz.
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Figure 7. The results of peak gain and radiation efficiency.

This antenna design is suitable for multi-functional wireless communication system stan-
dards, covering eight systems. The first wireless communication standard supported is 5G
with 13 bands of n1/n7/n30/n38/n40/n41/n46/n47/n53/n79/n90/n95/n96 in two operat-
ing frequencies within 2110–2690 MHz and 5150–7125 MHz. The second wireless communi-
cation standard system is Beyond-5G for low earth-orbiting satellite (LEO) application, which
is operated in X band spectrum and is designed by the International Telecommunication
Union (ITU), which is the operating frequency from space to earth in 7250 to 7750 MHz and
from earth to space in 7900 to 8400 MHz. The third is the LTE system with fifteen frequency
bands, including the support bands of 7/10/16/23/30/34/38/40/41/46/47/65/67/68 in
the operating frequency of 2000–2690 MHz and 5150–5920 MHz. The fourth standard system
is V2X, and DSRC for autonomous vehicles application belongs to the IEEE Wireless Access
in the Vehicular Environment (WAVE), covering the operating frequency between 5850–
5925 MHz. The fifth, sixth, and seventh supported system is ISM band in those operating
frequencies including 2450–2483.5 MHz, 2300–2690 MHz, 3400–3590 MHz, 5170–5930 MHz,
5150–5350 MHz, and 5725–5850 MHz to correspond to the wireless communication standard
with WiFi 2.4G/5G, WiMAX, and Bluetooth. In addition, the WiFi 6 band also is designed in
the operating frequency of 5925–7125 MHz. Finally, Sirius/XM Radio has also supported
the 2320–2345 MHz band for the in-vehicle infotainment system (IVI system). The results of
the proposed antenna have been analyzed by simulation and measurement. As a result, the
proposed antenna has stable radiation and a widely broadband characteristic in this research.
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4. Conclusions

Herein, we have presented the proposed antenna structure with two branches that
can achieve dual-band and broadband bandwidth characteristics. Moreover, the antenna
performances have been analyzed, validated, and manufactured. Thus, this design is suit-
able for in-vehicle infotainment and autopilot equipment systems in autonomous vehicle
communication systems, including 5G, B5G, 4G, V2X, ISM band of WLAN, Bluetooth, WiFi
6 band, WiMAX, and Sirius/XM Radio application.
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Abstract: This paper proposes a small-slot antenna system (50 mm × 9 mm × 2.7 mm) for 4 × 4
multiple-input multiple-output (MIMO) on smart glasses devices. The antenna is set on the plastic
temple, and the inverted F antenna radiates through the slot in the ground plane of the sputtered
copper layer outside the temple. Two symmetrical antennas and slots on the same temple and series
capacitive elements enhance the isolation between the two antenna ports. When both temples are
equipped with the proposed antennas, 4 × 4 MIMO transmission can be achieved. The antenna
substrate is made of polycarbonate (PC), and its thickness is 2.7 mm (εr = 2.85, tan δ = 0.0092).
According to the actual measurement results, this antenna has two working frequency bands when
the reflection coefficient is lower than −10dB, its working frequency bandwidth at 4.58–5.72 GHz
and 6.38–7.0 GHz. The proposed antenna has a peak gain of 4.3 dBi and antenna efficiency of 85.69%
at 5.14 GHz. In addition, it also can obtain a peak gain of 3.3 dBi and antenna efficiency of 82.78% at
6.8 GHz. The measurement results show that this antenna has good performance, allowing future
smart eyewear devices to be applied to Wi-Fi 5G (5.18–5.85 GHz) and Wi-Fi 6e (5.925–7.125 GHz).

Keywords: smart eyewear antenna; slot antenna; MIMO system; Wi-Fi 6e; polycarbonate

1. Introduction

Smart wearable devices that are compact, lightweight, and ergonomic are quickly
becoming mainstream. With the development of communication technology, smart glasses
have gradually received widespread attention, such as the Google smart glasses in 2012,
smart goggles Form Swim Goggles in 2019, and the recent Facebook smart glasses in
2021. The antenna design specifications of smart glasses mostly use Bluetooth and Wi-Fi
wireless communication for indoor communication and entertainment. Moreover, they
communicate with mobile phones and wearable devices via Bluetooth [1–3]. However,
with the rapid development of smart glasses research, smart glasses devices will no longer
only use Bluetooth or Wi-Fi antenna technology, such as a WiGig array module antenna
design on the frame [4] or LTE multi-band antenna design on the temple [5].

At present, there are various types of antennas in smart wearable devices and smart-
phones. These devices usually demand ultra-wideband (UWB) operation. Due to the
limited antenna design space, slot antennas or microstrip antennas are the best choice
for these work environments [6–12]. In recent years, articles on the configuration of slot
antennas for wireless communication products have emerged. For example, a notebook
device uses the shaft block to design the slot antenna to produce a 2 × 2 MIMO antenna
system for low frequencies of 700–900 MHz and high frequencies of 1.7–2.6 GHz [7]. In [8],
the smartphone uses the coupling effect between the inverted-F antenna and the slot to
design a 2 × 2 LTE low-frequency antenna and a 4 × 4 LTE high-frequency antenna in a
tiny space. Finally, [10] proposes a smartwatch with a 2 × 2 MIMO antenna system in a
metal frame to match the frequency band to achieve the required coverage according to the
slot antenna and circuit components.

Electronics 2021, 10, 2936. https://doi.org/10.3390/electronics10232936 https://www.mdpi.com/journal/electronics

165



Electronics 2021, 10, 2936

In the fourth-generation (4G) mobile networks, 2 × 2 MIMO antenna systems have
been widely used in various wireless communication products [13]. However, for fifth-
generation (5G) mobile communications and Wi-Fi 6 wireless indoor communications, more
antennas are needed to support the ultra-high broadband transmission rate in the ultra-
high-frequency band and better transmission path reliability. Moreover, it will be a major
challenge for antenna researchers to set up a MIMO antenna system with high isolation in
space-constrained smart wearable devices, and an asymmetrical antenna architecture can
compensate for the problem of poor isolation [14–18].

The antenna of smart glasses is most often placed on the temples. When the antenna
is closer to the human body, a lower specific absorption rate (SAR) is required to comply
with the regulations of various countries [19,20]. The SAR value is limited to 1 g 1.6 W/kg
under the standard established by FCC KDB 248227 in the United States [21], while Europe
and the Institute of Electrical and Electronics Engineers (IEEE) require the SAR value to be
limited to 10 g 2 W/kg [22]. Because the Wi-Fi 6e working frequency is greater than 6 GHz,
FCC needs to measure the power density (PD), and its limit value is 10 W/m2 [23].

In the current research, articles on the application of Wi-Fi 6e frequency to smart
glasses have not yet been published. Therefore, this paper proposes a Wi-Fi 5G and Wi-Fi
6e dual-band 4 × 4 MIMO antenna system for plastic glasses. In this article, Section 2
describes the design process of the glasses antenna and simulates the slot size and circuit
matching. Section 3 observes the impact caused by the antenna approaching the head and
the simulation of the head SAR value. In Section 4, we describe a physical glasses antenna
based on the previous simulation results and provide measurements of the antenna gain,
antenna efficiency, and 2D radiation pattern; we then provide a comparison table with
other references. Finally, this paper is concluded in Section 5.

2. Antenna Design

Figure 1 shows the 4 × 4 MIMO slot antenna system applied to the Wi-Fi 6e band
proposed in this paper. The antenna system can be divided into an inverted-F antenna and
a metal ground plane. The inverted-F antenna is manufactured by Laser Direct Structuring
(LDS) on the inner side of the temple with a substrate made of polycarbonate (PC). The
substrate thickness is 2.7 mm, the dielectric constant of polycarbonate is 2.85, and the
dielectric loss tangent is 0.0092. The outside of the PC temples uses a sputtering coating
process to ensure that the antenna’s metal ground and reserve slots have a coupling effect.

It can be seen from Figure 1a that the glasses proposed in this paper refer to the
currently popular plastic glasses, and the overall size is 155 mm × 145 mm × 50 mm. The
left temple is equipped with antenna 1 and antenna 2, and the right temple is equipped
with antenna 3 and antenna 4. The left leg antenna and the right leg antenna have a
symmetrical structure. Figure 1b is a detailed size figure of a single temple antenna. For the
size code in the figure, please refer to Table 1. The slot antenna occupies an area of 50 mm
× 9 mm × 2.7 mm on the temple. The slot extends from the outside of the temple top, the
length of the SL is 5.5 mm, and the width of the SW is 2 mm. The inverted-F antenna feeds
from the ground side at 6 mm, and there is a 1 pF capacitor in series in the middle of the
antenna. The length L of the antenna is 6 mm, and it reaches the ground through the Via
hole. Therefore, the four antennas installed on the plastic glasses are not obtrusive and can
meet the requirements of the metal frame of the smart wearable device.

2.1. Slot Antenna Simulation and Analysis

The antenna design steps proposed in this paper are shown in Figure 2. In Figure 2a,
an inverted-F antenna that can be coupled to the slot is shown, which is grounded through
a Via hole with a diameter of 1 mm. The ground plane is a metal copper layer covering
the outer, top, and bottom sides of the glasses, and, according to the simulation results,
slot holes are present on the outside grounding surface. Because the temple area is large,
as Figure 2b shows, the eyewear device has another symmetrical antenna at a distance of
18 mm from the inverted-F antenna. Figure 2c shows two symmetrical inverted-F antennas
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with series capacitors, allowing the antenna to generate the resonance frequency of the
target operating frequency band and, at the same time, enhance the isolation between the
two antennas. Isolation performance is essential for MIMO antennas.

Figure 1. (a) Geometry of the proposed 4 × 4 MIMO glasses antennas; (b) the dimensions of
inverted-F antenna and slotted copper ground plane.

Table 1. The dimensions of the proposed antenna.

Parameter W L W1 W2 L1 L2 SL1

Units(mm) 50 9 10 10 6 6 5.5
Parameter SL2 SW1 SW2 A Capacitor C1 C2
Units(mm) 5.5 2 2 1 Units(pF) 1 1

Next, the simulation software High-Frequency Structure Simulator (HFSS) version
2021R1 is used. First, we simulate and analyze the capacitance change, and then simulate
and compare the length and width of the slot. The simulation results in Figure 3a show
that when the antenna is as in Figure 2a, without series capacitors, the resonance frequency
is generated by the entire slot antenna on 4.6 GHz and 6.7 GHz. However, the simulation
results cannot cover the Wi-Fi 6e frequency band completely because the overall working
frequency band cannot be continuous. Thus, we try to connect the inverted-F antenna in
series with capacitive elements and adjust the capacitance value to change the resonance
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frequency of the slot antenna. When C1 = 0.5 pF, the working bandwidth cannot cover
Wi-Fi 5G and Wi-Fi 6e. When C1 = 1 pF, the resonant points of the slot antenna can be
obtained at 5.3 GHz and 6.6 GHz, and the working bandwidth can cover the entire Wi-Fi
5G and Wi-Fi 6e. Figure 3b presents a simulation of the presence or absence of a series
capacitor. It is found that the series capacitor can improve the isolation between the two
antennas, and the S21 is lower than −10 dB.

Figure 2. The proposed slot antenna design steps. (a) Single slot antenna system; (b) Mirrored slot antenna system; (c) Series
capacitor to improve impedance matching.

Figure 3. S-parameter simulation results as: (a) capacitance change; (b) the effect of series capacitance on isolation.

In addition, we also simulate the change of slot size, and the result is shown in Figure 4a.
When the slot length SL is 4.5 mm, from the reflection coefficient |S11|≤ −10 dB, it can be
seen that the resonance frequency will move to the high-frequency direction at 5.3 GHz to
6.6 GHz, and the resonance intensity will be weakened. When the slot length SL is 6.5 mm,
the resonance frequency of 6.6 GHz will move to the low-frequency direction, and the
working bandwidth will also be reduced. Figure 4b shows that when the slot width SW is
1 mm, the resonance frequency will move to a low frequency at 5.3 GHz. When the slot
width is 3 mm, the resonance frequency of 5.3 GHz will move to 6 GHz, and the overall
operating frequency band will be weakened. In order to achieve the expected working
frequency band and resonance strength, the proposed antenna SL is 5.5 mm, and the SW is
2 mm.
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Figure 4. S-parameter simulation results as: (a) slot length SL changes; (b) slot length SW changes.

2.2. Surface Current Distributions

The operational mode of the slot antenna is based on the current entering from the
feed point and exists in the entire inverted-F antenna. At the same time, this current will
also be coupled around the slot and allow electromagnetic waves to radiate out of the slot.
By adjusting the size of the slot, the target resonance frequency can be within the expected
range. The surface current simulation results are shown in Figure 5. When the current
enters from the feed point, the proposed antenna will exhibit current coupling on the slot
at the expected working frequency band, and it can be found that the working resonance
frequency is 5.3 GHz and 6.6 GHz, and the energy is concentrated around the slot on the
outside of the temple. From the current energy distribution, it is known that there is almost
no current energy distribution between the two antennas, so the symmetrical antenna can
provide good isolation.

Figure 5. Current distribution paths at 5.3 GHz and 6.6 GHz of Ant1 and Ant2.
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3. SAR Simulation and Analysis

The human body is a high-loss material for the antenna. Therefore, the proposed
antenna needs to be hung on the human head model for simulation, and we then observe
whether the antenna’s performance is affected, so that the proposed antenna is more likely
to be used in daily life. Figure 6 shows the use of HFSS to simulate the Wi-Fi 5G and Wi-Fi
6e eyewear antenna system, which is placed on a human head model.

Figure 6. The proposed eyewear antenna on a head model.

Next, we discuss the changes in reflection coefficient and isolation when the proposed
antenna is close to the head. It can be seen from Figure 6 that antenna 1 is closer to the
head, and antenna 2 is farther from the head. Figure 7 shows the simulation by placing the
glasses on the head. However, the proposed antenna is symmetrical, so only antenna 1 and
antenna 2 are simulated. Figure 7a shows that when antenna 1 is at the head position, the
working bandwidth is shortened due to the influence of the human body, and the reflection
coefficient of antenna 2 is not significantly different between the head and the free space.
Wireless products on the market can be accepted if the reflection coefficient is lower than
−6 dB [24–26], and when the proposed antenna worn on the head that the S-parameter
is lower than −6 dB. Therefore, it matches the CTIA specification standard. Figure 7b
shows the isolation between antenna 1 and antenna 2, and the isolation is almost lower
than −10 dB when hung on the head or in free space.

Smart wearable devices are the electronic products closest to the human body; these
electronic products will transmit wireless communication through antennas, and electro-
magnetic radiation will definitely be generated during the transmission. Therefore, laws
and regulations of various countries all have Specific Absorption Rate (SAR) specifications,
which are mainly used to limit the electromagnetic radiation absorption caused by elec-
tronic products to the human body. For example, the FCC safety limit is 1 g SAR 1.6W/kg,
and the European CE safety limit is 10 g SAR 2 W/kg. The SAR calculation method is
the radiant power energy absorbed by a unit volume in a specific time, as shown in the
following equation [22]:

SAR =
d
dt

(
dW
dm

)
=

d
dt

(
dW
ρdV

)
(1)
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Figure 7. Simulation in head and free space: (a) the S-parameters of Ant.1 and Ant.2; (b) the isolation between Ant.1
and Ant.2.

Antenna 1 and antenna 3 are closest to the human head in the proposed 4 × 4 MIMO
slot antenna system, and the antenna structure is symmetrical, so only the SAR value of
antenna 1 is simulated, and the SAR simulation software uses Sim4Life to operate. As
shown in Figure 8, when antenna 1 is 10 mm away from the head, the input power from
the feed point is 0.1 W (20 dBm), and the frequency at 5.3 GHz and 6.6 GHz to calculate the
values of 1 g SAR and 10 g SAR. According to the simulation results, the 1 g SAR and 10 g
SAR of antenna 1 at 5.3 GHz are 1.39 W/kg and 0.722 W/kg, respectively, and the 1 g SAR
and 10 g SAR at 6.6 GHz are 0.938 W/kg and 0.467 W/kg, respectively. Thus, the above
SAR values are all lower than the certification limit.

Figure 8. Ant.1 SAR simulation results at 5.3 GHz and 6.6 GHz.
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According to the FCC’s regulatory test requirements, when the wearable device
supports the frequency band above 6 GHz, the power density (PD) needs to be measured.
PD test frequency is selected which the frequency point has the worst SAR value, and PD
safety limit value is 10 W/m2. The equation is as follows [27]:

Sm
inc(A, d, βχ) =

1
A

∫
A
|Re[E(d, βχ)× H∗(d, βχ)]|ds (2)

Figure 9 shows antenna 1 when the input power from the feed point is 0.1 W (20 dBm),
and the frequency is 6.6 GHz to calculate the PD value. According to the simulation results,
the PD of antenna 1 at 6.6 GHz is 6.64 W/m2, which is lower than the limit of 10 W/m2.

Figure 9. Ant.1 SAR simulation results at 5.3 GHz and 6.6 GHz.

4. Experimental Characterization

The actual work of the proposed 4 × 4 MIMO eyewear antenna has been completed,
as shown in Figure 10. According to the above simulation results, the inverted-F antenna
on the inside of the temples needs to reserve a block for soldering series capacitors. Unfor-
tunately, the antenna substrate is made of PC (PC’s melting point is 220 ◦C), which cannot
withstand general soldering operations. Therefore, we use low-temperature soldering to
prevent abnormal antenna performance due to the deformation of the temples. Figure 10a
shows a photo of the 4 × 4 MIMO plastic glasses. Figure 10b shows a ground plane of
the sputtered copper layer with slots on the outside of the temple. Figure 10c shows an
inverted-F antenna created by the LDS process on the inside of the temple.

4.1. S-Parameter Analysis

Because the proposed glasses’ antenna substrate is thick and the material is plastic
with a low melting point, it is not suitable to use a copper pipe or SMA connector for
measurement. Therefore, we use a coaxial cable with low-temperature soldering for
measurement. The vector network analyzer model is Agilent E5071C, and we use the SOLT
method to calibrate before the measurement, but deviation is present due to soldering
and the inability to calibrate the coaxial cable. Therefore, the S-parameter measurement
setup in free space is shown in Figure 11a, and the glasses are worn on the human head to
measure the S-parameters, as shown in Figure 11b.

Figure 12a compares the S-parameter measurement and simulation of the single tem-
ple antenna 1. Due to the soldering and fabrication tolerances, frequency resonance may be
weakened, but the measurement result is very similar to the simulation. Figure 12b com-
pares the measurement and simulation of the isolation between antenna 1 and antenna 2.
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The isolation between the measurement and simulation can be lower than −10 dB, comply-
ing with the MIMO antenna system’s basic specifications. Figure 12c is the S-parameter
measurement of four antennas. It is found that the effective working frequency bands of
the four antennas are all in line with expectations. However, the reflection coefficient of
antenna 4 is different from those of the other antennas. This deviation may be due to the
soldering and fabrication tolerances.

Figure 10. Photographs of the proposed eyewear antennas. (a) 4 × 4 MIMO plastic glasses; (b) Outside of the temple;
(c) Inside of the temple.

Figure 11. Photographs of (a) the measurement setup for the S-parameter; (b) glasses on the human head to measure
S-parameters.

The proposed antenna is designed on the glasses device, so it is necessary to measure
the glasses’ S-parameter on the human head. Because the proposed antenna is a sym-
metric antenna, we use the left-side temple with antenna 1 and antenna 2 to measure the
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S-parameter. Figure 13a shows the reflection coefficient measurement and simulation of
antenna 1 and antenna 2. The simulation and measurement results are very similar. For
antenna 2, simulation and measurement both move towards low frequencies. Figure 13b
shows the isolation result of antenna 1 and antenna 2. Both the simulation and measure-
ment yield values lower than −10 dB, and the trend is consistent.

Figure 12. Measured result for the proposed antenna: (a) Ant.1 reflection coefficient; (b) Ant.1 and Ant.2 isolation;
(c) Ant.1~Ant.4 reflection coefficient.

Figure 13. Measurement results for glasses on the human head: (a) Ant.1 and Ant.2 reflection coefficient; (b) Ant.1 and
Ant.2 isolation.

4.2. Radiation Pattern

From the results in Figure 12c, it can be seen that the resonance modes of the four
antennas are similar. Therefore, antenna 1 and antenna 2 are used for the following far-field
test in this paper. The measurement field used this time is a standard far-field chamber,
the network analyzer is the model Anritsu MS46524B, and the measurement frequency
band of the horn antenna in the chamber is 0.1–8 GHz. Figure 14 shows a photo of the
test environment of antenna 1 in the far-field chamber, and the XYZ axis of the simulation
software corresponds to the XYZ axis of the chamber for elevation.

The proposed glasses’ antenna works in linear polarization. In a specific receiv-
ing range, it will have better signal reception than a circularly polarized antenna. Cur-
rently, linearly polarized antennas are widely used in wireless communication products.
Figures 15 and 16 show the 2D gain field patterns of the simulated and measured eyewear
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antenna in the XY plane, the XZ plane, and the YZ plane. From Figures 15 and 16, it
can be seen that the simulated and measured radiation modes have the same trend when
antenna 1 and antenna 2 are at the working frequency of 5.1 GHz and 6.8 GHz.

Figure 14. Photograph of Ant.1 erected in a far-field chamber.

Figure 15. Measured 2D radiation patterns of the proposed eyewear Ant.1.
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Figure 16. Measured 2D radiation patterns of the proposed eyewear Ant.2.

4.3. Antenna Gain, Efficiency, and ECC

The gain and efficiency of antenna 1 can be seen in Figure 17a,b. The working
frequency of antenna 1 can reach 4.3 dBi peak gain and 85.69% antenna efficiency in free
space at 5.14 GHz and reach 3.3 dBi and 82.78% antenna efficiency in free space at 6.8 GHz.

Figure 17. Measured result for the proposed eyewear Ant.1: (a) peak gain, (b) radiation efficiency.

When the antenna belongs to the MIMO system, the Envelope Correlation Coefficient
(ECC) value is usually used to judge whether the antenna’s independence is good. The
coupling effect between two antennas is poor when the ECC value is lower, and less of the
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transmission rate will be affected. The internationally recognized ECC limit value is 0.5.
The ECC values of the two antennas can be calculated using the S-parameter equation as
follows [16]:

ECC =
|S∗11S12 + S∗21S22|2(

1 − |S11|2 − |S21|2
)(

1 − |S22|2 − |S12|2
) . (3)

Another ECC calculation method is to use the antenna radiation direction calculation.
The ECC value equation of the two antennas is as follows [17]:

ECC = ρ12 =

∣∣∣∣�4π

[→
F 1(θ,ϕ) · →F 2(θ,ϕ)

]
dΩ

∣∣∣∣2
�

4π

∣∣∣∣→F 1(θ,ϕ)
∣∣∣∣2dΩ ·�4π

∣∣∣∣→F 2(θ,ϕ)
∣∣∣∣2dΩ

. (4)

In the MIMO antenna system, when port 1 is excited and other ports are connected to
a 50-ohm load, the far-field radiation direction generated by antenna 1 can be represented

by
→
F 1(θ,ϕ). When port 2 is excited, the far-field radiation direction generated by antenna 2

can be represented by
→
F 2(θ,ϕ).

Figure 18 shows the ECC measurement and simulation comparison of antenna 1 and
antenna 2 on a single temple. Again, it can be seen that in the effective working frequency
band, the measured and simulated ECC values do not exceed 0.05, and the antenna’s
independence is good.

Figure 18. Measured and simulated ECC for Ant.1 and Ant.2.

Table 2 offers a comparison between the proposed antenna and other eyewear anten-
nas. It can be seen that the reference antennas [1,3,14] only support Wi-Fi 2.4 G, and the
antenna efficiency is not good. For example, in [3], the antenna efficiency is only 10.7%. The
application of 60GHz eyewear antenna is mentioned in references [4] and [28]. Although
references [4] and [28] have high antenna gain, but the complex design of the array antenna
makes it difficult to realize the MIMO system on the glasses. After comparing the references
of LTE frequency bands that references [20] and [29] support multiple LTE frequency bands,
but the antenna gain is not good [20] and the operating frequency is not continuous [29].
Reference [30] used an eyewear frame antenna and supported IoT 5.8 G, but it did not
possess a MIMO function. In summary, no antenna design supports Wi-Fi 6e in the current
references. However, our proposed eyewear antenna has a wide working bandwidth, high
antenna efficiency, high antenna gain, supports 4 × 4 MIMO, and can be applied to the
Wi-Fi 5G and Wi-Fi 6e bands.
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Table 2. Comparison between proposed work and references.

Ref. Ant. Type Apply To
Operating
Band/BW

(GHz)
Efficiency (%)

Gain
(dBi)

MIMO

[1] IAI Eyewear Wi-Fi 2.4 G
2.4–2.5 2.4 G: 46.8 2.4 G: 3.56 NA

[3] Monopole
Loop Eyewear

Wi-Fi 2.4 G
Mono:

2.32–2.35
Loop: 2.35–2.5

Monopole: 10.7
Loop: 33.9

Monopole: 11.6
Loop: 2.7 2 × 2

[4] Array Eyewear WiGig
57–66 WiGig: 58 60G: 11 NA

[14] Patch Eyewear Wi-Fi 2.4 G
2.43–2.48 2.45 G: 23 2.45 G: −1.08 2 × 2

[20] CE Eyewear LTE
0.7–2.7

LB: 58
HB: 63

LB: −5.03
HB: 0.65 NA

[28] Array Eyewear 60 G
59.05–60.1 NA 60 G: 9.29 NA

[29] Loop
Slot Eyewear

LTE/Sub-6 G
0.82–0.96
1.71–2.69

3.3–3.6
4.8–5.0

LB: 86.5
HB: 98

LB: 2.67
HB: 3.72

LTE
2 × 2

Sub-6 G 4 × 4

[30] Frame Eyewear IOT 5.8 G
5.42–6.27 NA 5.8 G: 8.18 NA

This work Slot Eyewear

Wi-Fi 5G/
Wi-Fi 6e
4.58–5.72
6.38–7.0

5.1 G: 85.7
6.8 G: 82.8

5.1 G: 4.3
6.8 G: 3.3 4 × 4

5. Conclusions

This paper proposes a method that allows standard plastic glasses in daily life to
undergo a unique antenna manufacturing process, which can also be applied to Wi-Fi 5G
and Wi-Fi 6e communication bands. Mainly relying on the antenna LDS process, four
symmetrical slot antennas are carved on the plastic temples so that the plastic glasses
can also achieve the 4 × 4 MIMO transmission effect. Furthermore, such an antenna
configuration can make full use of the glasses’ space to receive the signal on the left and
right without blind spots. At the end of this study, a physical antenna was successfully
produced, and the actual measurement results show that the efficiency and gain of the
antenna are good, meaning that the smart plastic glasses have a high probability of being
used in Wi-Fi 5G and Wi-Fi 6e application scenarios in the future.
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