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Abstract
The fifth-generation (5G) technology in Internet of Things (IoT) systems is enhancing
modern developments owing to the faster communication and with minimal latency.
In practice, two frequency bands are specifically allocated for 5G and futuristic
communications. These include: FR1 sub-6 GHz band and the FR2 millimeter-wave
(mmWave) band. The sub-6 GHz band has the capacity of wider coverage and better
signal penetration, thus, it is more suitable for large-scale communication deployments.
However, its limited bandwidth will not meet the rapidly increasing high-speed data
transmission demand in emerging technologies. Alternatively, the mmWave band
has significantly higher bandwidth, can support multi-gigabit per second data rates
and growing IoT demands. However, owing to the smaller wavelength, the mmWave
frequencies faces critical challenges. These include high path loss, blockages by
obstacles, and atmospheric attenuation therefore restrict the mmWave communication
range and its reliability. In general, only one antenna is mostly utilized for both
transmission and reception in a conventional communication system. This approach is
efficient but has limited channel capacity. Alternatively, the implementations of multi-
input-multi-output (MIMO) can enhance the channel capacity, mitigate the mmWave
blockages challenges and signal fading by incorporating multiple antennas at transmitter
and receiver end. Multipath fading and blockages occurs when the transmitted signals
from antennas reach to the receiver through reflecting off buildings, walls, and other
obstacles. These multiple signals can interfere with one another, resulting in signal
degradation. MIMO technology can mitigate this through spatial diversity, wherein
multiple antennas transmit the same signal via different paths. This ensures that at
least some portion of the signals will reach the receiver and with minimal distortion or
fading. This way the communication in mmWave band will improves particularly in
environments where there is significant non line of sight conditions.

The design and implementation of mmWave MIMO antennas present challenges. In
mmWave MIMO systems, antenna elements are typically placed at half-wavelength
intervals. However, the shorter wavelengths of mmWave frequencies, ranging from 10
to 1 millimeter, require closely spaced antenna elements. This close spacing increases
electromagnetic interaction, known as mutual coupling, degrades system performance
by affecting impedance bandwidth, radiation patterns, gain, and efficiency. Minimizing
mutual coupling is crucial for achieving optimal performance in mmWave MIMO
communication systems.
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Abstract

One method to reduce mutual coupling is to increase the inter-element spacing
beyond half wavelength. Although this technique can decrease the mutual coupling,
it will also increase the dimensions of a MIMO antenna, which is undesirable,
particularly considering the futuristic device size constraints imposed by consumer
device requirements. Thus, alternative mutual coupling reductions techniques are
important. Therefore, this work aim to reduce mutual coupling by introducing advanced
and novel techniques in MIMO antenna systems. These include defective ground
structure (DGS), frequency selective surface (FSS), metasurface and metallic vias. An
IoT application particularly wireless body area network (WBAN) was considered as
application perspective of the designs. At first, a compact Vivaldi antenna was designed,
comprising four-element Vivaldi patterns operating at 28 GHz and 30 GHz with a
36.44% fractional bandwidth. The design integrates a Vivaldi antenna with a FSS
to reduce mutual coupling, achieving inter-element isolation below -20 dB within a
compact 16×20 mm² size. Performance was assessed through simulations on Gustav’s
model and practical tests on the human body, evaluating parameters such as impedance
bandwidth, gain, efficiency, and radiation patterns. The MIMO antenna demonstrated
excellent diversity characteristics: low envelope correlation coefficient (ECC) < 0.24,
diversity gain > 9.95 dB, and total active reflection coefficient below -10 dB. A hybrid
approach combining DGS and FSS to minimize mutual coupling was also investigated.
A dual-band antenna with a modified elliptical patch and rotating arms was ist designed.
and then converted into a six-element dual-band MIMO antenna covering ISM and
5G NR bands (23.63–32.90 GHz and 36.68–40 GHz). This hybrid coupling achieved
reduction of -33 dB between MIMO elements. The antenna demonstrated broadside
radiation patterns. In this case, MIMO diversity performance was: TARC below -10 dB,
ECC under 0.04, and DG exceeding 9.91 dB. Another novel hybrid technique for mutual
coupling reduction in a compact dual-band mmWave MIMO antenna, incorporating
metallic vias and a metasurface, was investigated. This work particularly addressed
surface wave coupling and near-field interference. A dual-band antenna element was
designed with modified K-shaped patch arms, achieving resonances at 27 GHz and
28 GHz. The MIMO antenna design process included multiple configurations. The
baseline 2×2 MIMO array exhibited high mutual coupling (-13 dB). To mitigate this,
metallic vias were introduced, reducing surface wave coupling and improving isolation
to -22 dB. Further enhancement was achieved by integrating a metasurface above
the MIMO2 antenna which reduced coupling to below -30 dB across both operating
bands. Fabricated prototypes were evaluated and measurements were performed in
an anechoic chamber. This technique of combining metallic vias and metasurface in
compact spacing has not been previously reported in literature, and represents the first
implementation of such a technique. These reduction techniques demonstrated excellent
results and can be implemented further in mmWave MIMO antenna designs.
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Chapter 1

Introduction

1.1 Millimeter wave antenna systems

The advancement of wireless communication in the (IoT) technology has increased the
requirements of faster data transfer with reduced latency, and seamless connectivity in
lower power devices [1]. Conventional and already established technology operating
within the sub-6 GHz spectrum are increasingly congested and have bandwidth
limitations, thus impeding efficient support for next-generation IoT applications [2]. To
address these challenges, alternative frequencies such as millimeter-wave (mmwave)
have been suggested [3]. The mmWave band offer substantially wider bandwidths and
higher data rates, thereby has potential as a promising solution for fifth-generation (5G)
and IoT wireless networks. However, the implementation and utilization of mmWave
band posses significant challenges. Owing to the shorter wavelengths, the mmWave
are significantly sensitive to higher propagation losses, atmospheric absorption, and
blockage by physical obstacles [4].

Addressing the obstacles in mmWave communication necessitates the development
of advanced antenna designs [5]. Antennas constitute critical elements in
communication systems, facilitating the transformation of signals into electromagnetic
(EM) waves for transmission and capturing incoming signals for reception. Different
antenna typologies such as single-input single-output (SISO), multiple-input single-
output (MISO), single-input multiple-output (SIMO), and multiple-input multiple-
output (MIMO) are widely used for communication [6]. SISO is the most basic
one where single antenna is used for both the transmission and reception. While it
offers low hardware complexity and power consumption, it suffers from poor spectral
efficiency, limited data rates, and vulnerability to fading. To overcome these limitations,
multiple antennas at transmitter while single at receiver is used in a MISO system. This
technique significantly improves signal reliability. However, it does not benefit from
receive diversity, making it less effective in mitigating deep fades at the receiver end.
Alternatively, a single transmitting antenna and multiple receiving antennas are used in a
SIMO system. This approach improves link reliability and reception quality, but it does
not take full advantage of spatial multiplexing, which limits its capacity improvement.
Therefore, in MIMO antenna systems, multiple antennas are utilized at both the
transmitter and receiver and has proved to be most reliable type of communication. It
can increase channel capacity and improves spectral efficiency, and provides an efficient
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Figure 1.1: Overview of different antenna systems in a communication network.

communication even in severe fading environments [7]. Thus, MIMO antenna design is
particularly beneficial in mmWave communication, where high directivity and massive
MIMO techniques help compensate for severe propagation losses. Nevertheless,
MIMO technologies come with increased complexity and higher energy consumption,
rendering the implementation process more challenging. Fig. 1.1 shows antenna
usage in communication systems, depicting various antenna configurations at both the
transmitting and receiving sides.

In general, the choice of a suitable antenna setup in a communication system is
typically determined by the specific application requirements and system limitations.
While SISO remains suitable for low-complexity applications, MISO and SIMO
provide diversity enhancements, and MIMO offers the best trade-off between capacity,
reliability, and spectral efficiency for advanced applications such as 5G and beyond [8].

Despite the significant potential, implementing MIMO antenna in mmWave band
communication presents several challenges, particularly from the design perspective [9].
One of the most critical issue in MIMO antenna is the presence of mutual coupling and
less isolated antenna elements. This phenomenon occurs primarily when EM energy
from one antenna element interferes with adjacent elements [10]. As the wavelength of
mmWave frequencies is considerably smaller, ranging from 10 mm to 1 mm depending
on the frequency, antenna elements become smaller, approximately the size of the
wavelength or even less. Consequently, half-wavelength spacing between antenna
elements results in significantly higher mutual coupling at mmWave frequencies.
These increased antenna element interaction deteriorate the overall MIMO system
performance, leading to issues such as reduced gain, poor impedance matching, and
distorted radiation patterns. Addressing these challenges necessitates more innovative
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antenna designs that minimize mutual coupling and enhance isolation within a compact
space [11], [12]. Therefore, in this thesis, the primary focus is on developing mmWave
MIMO antennas characterized by high isolation. The mutual coupling reductions
methods have been comprehensively explored and employed in the antenna design
process to enhance the performance and minimize interference between antenna
elements.

Furthermore, MIMO antenna designs for mmWave IoT applications should follow
certain design constraints. The increasing miniaturization demand for low-power
portable and wearable devices requires antennas that not only exhibit superior
performance but also possess characteristics such as lightweight, low profile, flexibility,
and ease of integration into transmitters or receivers without introducing undue
complexity [13]. Additionally, the production methods for MIMO antennas need
to be cost-effective and suitable for mass production to meet commercial and industrial
demands [14].

The mmWave spectrum offers new opportunities for the latest IoT technologies,
like wireless body area network (WBAN) [15]. WBAN links wearable or implanted
medical devices and can be used for continuous health monitoring in real-time. These
networks facilitate the continuous tracking of vital signs and transmission of data to
medical professionals for evaluation and diagnosis. By integrating mmWave MIMO
antennas, WBANs can deliver faster data transfer, minimize latency, and enhance signal
stability, thus ensuring uninterrupted communication even during body movement [16].

1.2 Motivation

MIMO antenna technology is critical for enhancing spectral efficiency, signal quality,
and supporting high-capacity in mmWave band. However, designing compact
MIMO antennas presents significant challenges of mutual coupling between closely
placed antenna elements. This impact the antenna system performance, increase
field correlation, and introduce interference, making effective decoupling strategies
imperative. Several methodologies have been proposed to reduce mutual coupling, but
each method comes with inherent drawbacks that limit its effectiveness in compact and
high-performance mmWave MIMO designs. Parasitic shape elements have been used
to reduce mutual coupling between antenna [17], [18], [19], [20], [21], [22]. However,
these structures significantly increase the dimensions and are not suitable for compact
and flexible designs in low power devices. Additionally, they may introduce unwanted
resonance frequencies and impact the antenna’s characteristics. Neutralization lines,
another widely adopted method, work by introducing transmission lines to counteract
coupling currents between adjacent elements [23], [24], [25], [26], [27], [28]. While
these lines can enhance isolation, their effectiveness is highly dependent on precise
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tuning, and any deviation in their design can lead to impedance mismatches, bandwidth
degradation, or complex feed network integration. Decoupling networks have been
utilized to suppress coupling by introducing lumped or distributed circuit elements[29],
[30], [31]. However, these networks increase the complexity of the overall design,
consume additional space, and may introduce unwanted losses, impacting the radiation
efficiency and bandwidth of the MIMO system.

Considering the limitations constraints of traditional decoupling methods, this
research is motivated by the necessity to create innovative approaches that successfully
reduce mutual coupling while preserving a compact, efficient, and high-performing
MIMO antenna system. Frequency Selective Surfaces (FSS) offer an effective approach
by acting as band-reject or band-pass filters, selectively suppressing unwanted EM
interactions between antenna elements. By optimizing FSS structures, this research
aims to achieve significant isolation enhancement while maintaining the compact
nature of the MIMO system. Another approach of utilizing metasurface has been
introduced which offer precise manipulation of EM wave propagation. Additionally,
their compatibility with flexible and conformal designs makes them ideal for wearable
applications. Defected Ground Structures (DGS) modify the current distribution in
the ground plane, thereby disrupting surface waves and reducing unwanted coupling
between antenna elements. DGS structures have been introduced into MIMO antennas
without major modifications to the radiation elements, preserving compactness while
enhancing isolation. Metallic vias serve as vertical interconnects that suppress unwanted
coupling paths by creating an artificial EM barrier between antenna elements. Thus
this research aims to advance the development of next-generation MIMO antennas
by addressing the critical issue of mutual coupling through enhanced decoupling
techniques. Unlike most existing studies that focus solely on reducing mutual coupling,
this research not only addresses coupling reduction but also implements the designed
antennas in practical applications, specifically in WBAN systems, where promising
results have been achieved.

1.3 Objectives

The primary objectives of this research are summarized as follows:

1. To design and develop a compact and high-performance MIMO antenna system
that effectively integrates decoupling techniques such as FSS, DGS, metallic vias,
and metasurfaces to achieve enhanced isolation and minimize mutual coupling.

2. To analyze and optimize the impact of mutual coupling on antenna performance,
particularly in wide and dual-bands at mmWave.
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3. To investigate the feasibility of integrating the designed MIMO antennas into
practical applications, particularly in WBAN, while ensuring structural flexibility,
low profile, and minimal interference from human-body interactions.

4. To evaluate and compare the proposed decoupling techniques in terms of isolation
performance, bandwidth, efficiency, and fabrication feasibility, against other
designs present in literature.

5. To fabricate and experimentally validate the designed MIMO antenna system
by measuring key performance parameters such as S-parameters and radiation
patterns, and to assess its effectiveness in real-world applications.

1.4 Key contributions

The key contributions of this research are as follows:

1. A significant contribution is the development of a compact four-element mmWave
MIMO Vivaldi antenna specifically designed for wearable WBAN applications.
The end-fire radiation pattern has been specifically utilized for device-to-device
communication in WBAN. The design incorporates an FSS to enhance inter-
element isolation, achieving isolation levels exceeding −20 dB while maintaining
a low profile and high efficiency. Furthermore, the antenna exhibits a wide
impedance bandwidth encompassing 24.25 to 27.50 GHz (n257) and 26.50 to
30 GHz (n258), ensuring compatibility with 5G mmWave communication. The
MIMO antenna’s performance was validated through on-body measurements on
a human model, demonstrating stable gain, efficiency, and low absorption, thus
establishing its suitability for WBAN applications.

2. A six-element dual-band mmWave MIMO antenna with an enhanced inter-
element isolation technique for WBAN applications, thus advancing the state-of-
the-art. The distinctive characteristic of this MIMO antenna is its functionality in
two distinct mmWave bands: specifically, the 23.63–32.90 GHz and 36.68–40
GHz frequency bands. These bands have been licensed for the ISM and 5G NR
bands. This antenna design incorporates a hybrid approach of DGS and a FSS to
effectively suppress mutual coupling, achieving isolation levels of -33 dB, which
is significantly higher than conventional techniques. Furthermore, the antenna
exhibits a broadside radiation pattern with a high realized gain of approximately
9 dBi across the operating bands, along with excellent diversity results. The
safety analysis of the antenna confirms compliance with on-body exposure limits
for both 1 g and 10 g tissue standards. Additionally, the antenna underwent
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experimental evaluation in a WBAN communication scenario, demonstrating an
acceptable link margin and confirming its suitability for high-speed and reliable
body-centric wireless communication systems.

3. Another significant contribution of this research is the novel integration of
metallic vias and a metasurface for mutual coupling reduction in a dual-band
mmWave MIMO antenna. This design utilizes metallic vias to effectively
suppress surface wave-induced coupling, while the metasurface mitigates near-
field interactions, ensuring substantially improved isolation. This hybrid approach
achieves coupling levels below -30 dB. The metasurface, designed with dual-band
band-pass characteristics, introduces negative permeability while maintaining
positive permittivity, thus altering the propagation characteristics of EM waves
to suppress near field coupling. The antenna exhibits stable broadside radiation
patterns, excellent diversity performance, and high isolation across the 26.75-
27.28 GHz and 27.77-28.19 GHz bands.

1.5 Publication list

The findings of this research have been published in the following journals and
conferences.

Journal papers

• J. Ahmad, M. Hashmi, A. Bakytbekov and F. Falcone, “Design and
Analysis of a Low Profile Millimeter-Wave Band Vivaldi MIMO Antenna
for Wearable WBAN Applications,” IEEE Access, vol. 12, pp. 70420-
70433, 2024. doi: 10.1109/ACCESS.2024.3401865.

• J. Ahmad and M. Hashmi, “Reduced Inter-element Interference mmWave
MIMO Antenna and its Application in WBAN,” IEEE Access. April 2025.
doi: 10.1109/ACCESS.2025.3562632.

• J. Ahmad, M. Hashmi and F. Falcone “A Hybrid Technique for Mutual
Coupling Reduction in a Compact Dual-Band Millimeter-Wave MIMO
Antenna,” IEEE Antennas and Wireless Propagation Letters. March 2025.
doi: 10.1109/LAWP.2025.3555397.

Conference papers

• J. Ahmad and M. Hashmi, “Mutual Coupling Mitigation Through Parasitic
Structure in a Dual-Band Millimeter-Wave Flexible MIMO Antenna,”
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in International Conference on Engineering and Emerging Technologies

(ICEET), Dubai, United Arab Emirates, 2024, pp. 1-6.

• J. Ahmad, G. Nauryzbayev and M. Hashmi, “Design of a Compact
Millimeter Wave Band Antenna for Smartwatch WBAN Applications” in
IEEE Asia-Pacific Microwave Conference (APMC), Bali, Indonesia, 2024,
pp. 1111-1113.

• J. Ahmad and M. Hashmi, “Design of Multi-Band 8-Port MIMO Antenna
With Pattern Diversity for IoT Applications,” in IEEE International

Symposium on Antennas and Propagation and INC/USNC-URSI Radio

Science Meeting (AP-S/INC-USNC-URSI), Firenze, Italy, 2024, pp. 2047-
2048.

• J. Ahmad, M. Hashmi, G. Nauryzbayev and F. Falcone, “A Multi-
Band Efficient Metamaterial Absorber for Millimeter-Wave Band WBAN
Applications,” in IEEE International Symposium on Antennas and

Propagation and INC/USNC-URSI Radio Science Meeting (AP-S/INC-

USNC-URSI), Firenze, Italy, 2024, pp. 1777-1778.

• J. Ahmad and M. Hashmi, “A Compact MIMO Antenna for WBAN
Applications at Millimeter-Wave Frequencies,” in 31st Telecommunications

Forum (TELFOR), Belgrade, Serbia, 2023, pp. 1-4.

• J. Ahmad, M. Hashmi, G. Nauryzbayev and D. Rano, “Skin Cancer
Detection Reflectometry Technique Using Millimeter-wave Antipodal
Vivaldi Antenna,” in IEEE International Symposium On Antennas And

Propagation (ISAP), Kuala Lumpur, Malaysia, 2023, pp. 1-2.

• J. Ahmad, M. Hashmi and G. Nauryzbayev, “Fabry–Perot Cavity Based
Decagonal Shape Patch Antenna for Millimeter-Wave Band Applications,”
in International Symposium on Networks, Computers and Communications

(ISNCC), Doha, Qatar, 2023, pp. 1-4.

1.6 Thesis outline

The remaining parts of this thesis are organized as follows:

Chapter 2 is a comprehensive examination of the theoretical foundations and
background studies related MIMO antenna systems. In addition, important parameters
such as scattering, mutual coupling, bandwidth, gain, far-field, and efficiency are
succinctly elucidated. Furthermore, the chapter offers a detailed exposition on
mutual coupling and the significance of decoupling techniques. Moreover, the current
challenges in mmWave MIMO antennas are delineated. Additionally, fundamental
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diversity parameters, including total active reflection, correlation, and diversity gain are
explained.

Chapter 3 presents the design, analysis, and experimental validation of a low-profile
mmWave Vivaldi MIMO antenna for WBAN application. The chapter commences
with an examination of the challenges associated with mutual coupling, on-body signal
degradation, and compact antenna integration in WBANs. Initially, the design of a
single element Vivaldi antenna is explained. The extension from single element to four
element MIMO is subsequently discussed. A comprehensive analysis of the FSS design
and its integration into the existing MIMO antenna is thoroughly elucidated. Following
the development of a highly isolated MIMO antenna, on-body analysis is conducted,
wherein investigations of various antenna parameters are performed. The final MIMO
antenna is subsequently fabricated and experimentally evaluated on a human phantom
to validate its on-body performance.

Chapter 4 explains the design, analysis, and optimization of a dual-band six-element
MIMO antenna. The design process begins with an individual antenna element, carefully
optimized for operation at dual mmWave bands. The progression from a single-
element structure to a six-element MIMO array is subsequently explained. To mitigate
mutual coupling, hybrid decoupling techniques of DGS and FSS are implemented and
thoroughly explained. A comparative study is conducted to evaluate the impact of
these techniques on key performance metrics such as S-parameters, gain, efficiency,
and radiation patterns. The integration of these techniques demonstrates significant
performance enhancements over conventional MIMO antenna designs. Furthermore, the
fabrication and measured results analysis are explained. A real-world communication
scenario of the designed MIMO antenna is explained and compared with a dipole for
communication. Finally, the link margin analysis of the designed MIMO antenna is
thoroughly investigated.

Chapter 5 demonstrates the design, analysis, and optimization of a dual-band
MIMO antenna. This chapter particularly focuses on improving isolation. To
overcome mutual coupling limitations, the designed MIMO antenna incorporates
metallic via and metasurface -based decoupling approach. It is noteworthy that metallic
vias were particularly utilized for surface waves reduction where as metasurface
is used for near-field interactions. The integration of metasurfaces and metallic
vias demonstrates significant performance improvements compared to conventional
decoupling techniques.

Chapter 6 provides a brief summary of the overall research conducted and suggests
future directions for further investigations.
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Chapter 2

Literature Review
A communication system has a fundamental role in modern development as it is used
for sending information over a given channel. A typical communication system consists
of three key components: a transmitter, a communication channel, and a receiver,
as depicted in Fig. 2.1. The transmitter processes the input information through
modulation, amplification, and impedance matching before sending it to a channel via
an antenna. The signal then propagates through the wireless channel (air), where it
is subjected to attenuation, interference, and noise. The receiver antenna captures the
incoming signal, which is then amplified, mixed with a local oscillator, and demodulated
to retrieve the originally transmitted information. The antenna has a vital role in wireless
communication systems as it is used for transmitting and receiving the maximum
amount of information. Therefore, this chapter presents a comprehensive review
of advanced antenna design techniques such as MIMO, mutual coupling reduction
techniques in MIMO antennas at mmWave band, and implications for contemporary
wireless communication systems, including applications in WBANs and IoT.

Figure 2.1: A generalized communication system modules.

2.1 The mmWave frequency band

The mmWave band is part of electromagnetic spectrum which spans from 30 GHz to
300 GHz, as illustrated in Fig. 2.2. However, the range between 24 GHz and 100 GHz
is most commonly employed for modern mmWave band communication. In comparison
with frequencies below 6 GHz, the mmWave band provides significantly higher data
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Figure 2.2: Illustration of the electromagnetic wave spectrum [32].

transmission rates, improved spectral efficiency, and less network congestion, making
them an attractive option for 5G and futuristic IoT technologies.

A comparison between mmWave and lower-frequency bands in terms of key
performance metrics is provided in 2.1.

Table 2.1: Comparison of mmWave and Sub-6 GHz band

Feature mmWave Band Sub-6 GHz Band (Below 6 GHz)

Data rate Very high (multi-Gbps) Moderate (Mbps–Gbps)

Spectral efficiency High due to wide bandwidth Limited by congestion

Path loss High (rapid attenuation) Lower (better propagation)

Penetration ability Poor (blocked by walls and objects) Strong (good outdoor coverage)

Antenna size Small (wavelength is shorter) Larger (longer wavelength)

Multipath effects Severe (requires beamforming) Moderate (fewer losses)

Interference Lower (less congestion) Higher (more occupied spectrum)

Applications 6G/5G, WBANs, IoT, satellite LTE, Wi-Fi, traditional mobile networks

While the mmWave spectrum offers numerous benefits, its significant signal
attenuation and limited penetration capabilities require the implementation of advanced
technologies. These include MIMO systems and metasurface-based solutions to enhance
the communication performance in this challenging frequency band.

2.2 MIMO technology

The MIMO technology uses multiple antennas at both transmitter and receiver side.
This technique produce more than one data streams from transmitter which is received
by multiple antennas at the receiver. A depiction of this technique is shown in Fig. 2.3

The received signal at each receiving antenna in an Nt × Nr MIMO system can be
expressed as shown in Equations (2.1)–(2.3). Here, RNr and TNt denote the signals

10



MIMO technology

Figure 2.3: Configuration of a MIMO antenna system.

received and transmitted by the Nr receiving antennas and Nt transmitting antennas,
respectively. The term hNrNt represents the channel coefficient that characterizes the
transmission path between each transmitting and receiving antenna, while nNr accounts
for the noise introduced at the receiver. The received signal model demonstrates that
each receiving antenna captures a superposition of signals transmitted across multiple
independent paths. This multi-path propagation is a fundamental principle of MIMO
technology [32].

R1 = (h11 · T1 + h21 · T2 + · · · + h1Nt · TNt) + n1 (2.1)

R2 = (h21 · T1 + h22 · T2 + · · · + h2Nt · TNt) + n2 (2.2)

RNr = (hNr1 · T1 + hNr2 · T2 + · · · + hNrNt · TNt) + nNr (2.3)

The Shannon-Hartley theorem establishes the theoretical upper bound on data rate as
a function of bandwidth and signal-to-noise ratio (SNR). In the case of a SISO system,
the achievable channel capacity C in bits per second (bps) is given by:

C = B.W log2(1 + SNR) (2.4)

where B.W is the system bandwidth/ This equation indicates that capacity can be
increased by expanding bandwidth or improving SNR. However, due to the logarithmic
dependence on SNR, capacity improvements diminish at high SNR levels, leading to
saturation. Beyond a certain point, increasing transmitted power does not significantly
enhance capacity, making this approach inefficient. Alternatively, increasing bandwidth
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Figure 2.4: Comparison of SISO and MIMO channel capacity.

can enhance capacity, but practical constraints such as high spectrum acquisition costs
and regulatory restrictions on transmission power limit the feasibility of this approach.

MIMO technology significantly enhances capacity compared to SISO systems by
using multiple independent transmission paths. The channel capacity of a MIMO
system can be expressed as [33]:

C = B.W log2 det
(

I + SNR

NtNrN0
HHH

)
(2.5)

where SNR is the signal to noise ratio, Nt and Nr correspond to the number of
transmitting and receiving antennas, respectively, and N0 represents the noise power
spectral density. The term HH denotes the Hermitian transpose of the channel matrix H ,
and I is the identity matrix. The equation 2.5 highlights the determinant-based capacity
scaling, demonstrating that how MIMO technique use spatial channels to enhance
performance. At high SNR, the capacity of a MIMO system can be approximated as:

C ≈ NtB.W log2(1 + SNR) (2.6)

Equation 2.6 reveals that capacity scales linearly with the number of transmit
antennas, unlike SISO, which follows a logarithmic increase. Assuming a 1 MHz
bandwidth, the comparison between SISO and MIMO capacity is depicted in Fig. 2.4.
It is evident that capacity increases significantly as the number of antenna elements
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Figure 2.5: Different communication tiers in WBAN system [40].

grows, demonstrating that MIMO is a highly effective technique for improving data
rates in wireless communication systems.

2.3 Applications of MIMO antennas

MIMO antennas have been extensively used in many applications, including wireless
networks such as 5G and 6G [34], [35], satellite communications [36], and vehicular
networks [37]. Moreover, MIMO technology plays a crucial role in IoT and wearable
devices [38], [39]. In alignment with the thesis, the applications of MIMO antennas in
mmWave WBAN are examined herein.

2.3.1 Introduction to WBAN

The WBAN consists of wearable and implanted devices that monitor physiological data
such as heart rate, blood pressure etc. This information is subsequently transmitted to
external healthcare professionals or physicians. WBANs improve patient care through
continuous monitoring, early detection of health issues, and tailored treatment plans,
while reducing the frequency of hospital visits. The communication within a WBAN
can be categorized into several tiers [40], as illustrated in Fig. 2.5.

The Tier 1 or intra WBAN is human body centralized architecture which is
particularly designed to gather physiological information from multiple sensors
positioned on or inside the human body. These sensors mostly monitor EEG, ECG,
SpO2, and EMG behaviours. The sensed data is then sent to a central hub which usually
is a wearable compact device. In Tier 2, the communication between the centralized
hub and external devices such as a personal digital assistant (PDA) or a mobile phone
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is established. This connection extends the communication beyond the body and is
utilized for real-time data transmission to local devices such as a personal computer
(PC) or local tower. This tier ensures that the data collected within the WBAN is
accessible for preliminary analysis, storage, or forwarding through intermediate device
communication, thus being widely recognized as inter-WBAN ad hoc architecture.
In Tier 3, the sensed data from the body sensors is further transmitted through a
communication tower using communication networks to remote locations such as
hospitals, medical representatives, emergency services (ambulances), and even family
members. This tier ensures that patient data is accessible to healthcare providers for real-
time monitoring, diagnosis, and immediate intervention when necessary. Additionally,
the data of users are also stored in centralized databases for the future analysis and
provide also remote access for authorized personnel.

It is imperative to note that, although WiFi and Zigbee are well-established
technologies, they face challenges, particularly for future advancements in the
medical field [41]. WiFi is currently prone to saturation due to the fact that many
devices are using this band, which has become congested. Moreover, WiFi’s high
power requirements make it unsuitable for wearable and body-centric applications.
Alternatively, Zigbee consumes less power but has limited data transfer speeds and
short range. Owing to these shortcomings, it will not meet the required high-speed data
transmission in real-time monitoring in WBAN systems. These challenges will limit
the capacity of WBAN communication [42].

A promising approach to answer these issues involves implementing mmWave
MIMO antennas in WBANs. As previously discussed, the mmWave spectrum provides
substantially greater bandwidth, faster data rates, and reduced latency. Simultaneously,
MIMO antennas increase the channel capacity of communication. This combination of
mmWave and MIMO antenna systems will support real-time monitoring, uninterrupted
data transmission, and robust connectivity, even in dynamic and interference-prone
environments. As a result, this approach effectively addresses the shortcomings of
current wireless technologies in WBAN applications.

2.4 Challenges in mmWave MIMO antenna design

Several fundamental design challenges persist in implementing MIMO antennas for
mmWave WBAN systems:

2.4.0.1 Challenges

1. High path loss: The substantial free-space attenuation experienced by mmWave
frequencies necessitates the implementation of high-gain antenna designs to
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maintain signal strength.

2. Human body interaction: Due to their shorter wavelengths, mmWave
frequencies are only absorbed by the outer layers of skin, causing the human
body to act as both an absorber and a reflector when MIMO antennas are placed
on it. This interaction may potentially result in a decrease in signal quality.

3. Antenna miniaturization: As wavelengths become shorter antenna components
shrink in size which is advantageous for miniaturization but introduces significant
design challenges that complicate achieving desired radiation patterns, gain and
efficiency.

4. Mutual coupling: When MIMO antenna elements are positioned in close
proximity to maintain compactness, mutual coupling can occur. Consequently,
effective isolation techniques are necessary to mitigate this effect.

5. Material selection: It is essential to develop antennas using substrates that are
low in loss, flexible, and biocompatible. These characteristics are crucial for
preserving antenna performance and ensuring user comfort.

6. Bandwidth limitations: Achieving wide bandwidths necessary for high data
rates is challenging due to the inherently narrowband nature of many mmWave
antenna designs.

7. Environmental sensitivity: The performance of antennas can be greatly affected
by external conditions such as humidity, clothing, and user movement, making
them highly susceptible to interference.

8. Regulatory compliance: mmWave MIMO antennas for WBANs must adhere
to international standards for electromagnetic exposure and communication
protocols. These standards include the guidelines set by the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) and the IEEE
C95.1-2019 standard.

These challenges and their corresponding solutions are illustrated in Fig. 2.6.

Figure 2.6: Challenges and its solution in literature.
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2.5 Metamaterials and mmWave MIMO antenna
designs

The signals experience free-space path loss due to rapid attenuation, which reduces
communication range and signal strength at mmWave band. This phenomenon is
particularly critical in WBANs, where antennas are in close proximity to the human
body, which further absorbs and scatters the signals. Various antenna designs to enhance
gain and improve performance in mmWave applications have been proposed. For
instance, a study introduced a high-gain MIMO antenna array with enhanced isolation
and decorrelated fields for 5G use, achieving a maximum gain of 12.5 dB and 91.5%
radiation efficiency using a four-element configuration as shown in Fig. 2.7 [43].

Figure 2.7: High gain four element MIMO antenna array [43].

An alternative method utilized a broadband, high-gain circularly polarized antenna
array based on a substrate-integrated cavity structure [44]. This antenna achieved a
peak gain of 26.10 dBic at 29.00 GHz, demonstrating its applicability in mmWave
systems. Additionally, a dual-band end-fire MIMO antenna array incorporating a
split-ring structure is proposed, achieving gains of 9.8 dB and 8.7 dB at its respective
resonant frequencies while maintaining high radiation efficiency. [45]. Other antenna
designs include graphene based designs [46], elliptical shape [47] and modified patch
[48]. These antenna designs demonstrate the diverse approaches employed to enhance
gain and efficiency in mmWave MIMO arrays, which are essential for the successful
implementation of mmWave in 5G and future networks. However, it is imperative to
note that with user movement, the high-gain antenna may lose line of sight due to the
narrow beamwidth of the pattern. Thus, it is crucial to address these challenges when
designing such antennas.

The human body significantly affects antenna performance by absorbing, reflecting,
and scattering mmWave signals, which can degrade signal quality and reduce
transmission efficiency. Additionally, the human body introduces high permittivity,
causing impedance mismatch and increased losses.
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2.5.1 Specific absorption rate (SAR)

One of the parameter to measure the absorption levels of human body is specific
absorption rate (SAR). It investigates the absorption rate of electromagnetic energy by
the human body when exposed to EM fields. This measurement is expressed in watts
per kilogram (W/kg) and is defined in 2.7 [49]:

SAR = σ|E|2

ρ
(2.7)

where σ is the conductivity of body tissue (S/m), |E| is the electric field (V/m), and
ρ is the mass density of body tissue (kg/m3). SAR is a critical metric in WBANs and
wearable devices, as prolonged exposure to high levels of electromagnetic radiation can
cause tissue heating and potential health hazards. Regulatory bodies have established
limits for acceptable SAR levels to ensure safety. The Federal Communications
Commission (FCC) in the United States sets the limit at 1.6 W/kg averaged over 1 gram
of tissue, while the International Commission on Non-Ionizing Radiation Protection
(ICNIRP) recommends 2.0 W/kg averaged over 10 grams of tissue. Similarly, the IEEE
C95.1 standard limits SAR to 1.6 W/kg, and the European Union Council enforces a
2.0 W/kg limit, both up to 300 GHz [50]. The SAR of a mobile handset antenna when
placed near the ear on a head model at 28 GHz (left) and 38 GHz (right) is shown in
Fig. 2.8. As can be seen at both frequencies, the SAR is under standard guidelines and
maximum absorption is near to the hand region.

Figure 2.8: SAR of a mobile antenna [51].

In mmWave, although the penetration depth into human tissues is minimal, surface
heating and skin absorption are significant concerns [52]. Techniques such as
metamaterials based artificial magnetic conductors to reduce backward radiation are
commonly employed. Additionally, low-loss substrates such as PDMS [53] or textile-
based materials [54] are integrated to minimize surface wave effects and reduce SAR.
These techniques are efficient and well-studied in the literature [55], [56] but fall outside
the primary scope of this thesis. Therefore, metamaterial-based techniques for SAR
reductions are primarily discussed.
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Figure 2.9: MTMs (a) types and (b) structures.

2.5.2 Metamaterials

Metamaterials (MTMs) are artificially engineered three-dimensional structures designed
to exhibit unique material properties that do not naturally occur in conventional
materials. Unlike traditional materials, MTMs derive the properties from their structural
design rather than the chemical composition.

In a conventional or natural material, the permittivity ε and permeability µ are
positive. As shown in Fig. 2.9(a), MTMs can be classified into three types. If ε or µ are
negative, it can be considered as single negative MTMs whereas when both are negative
it can be considered as double negative MTMs. Negative ε is typically achieved using
periodic arrays of thin metallic wires. When an external electric field is applied to these
wires, they induce oscillating currents that oppose the incident field. This behaviour
can be considered similar to free electrons in a plasma. This results in negative ε below
a certain cut-off frequency (plasma frequency). The frequency-dependent permittivity
can be approximated by 2.8 as follows:

ε(ω) = 1 −
ω2

p

ω2 (2.8)

where ωp is the plasma frequency and ω is the operating frequency. For ω < ωp,
the effective permittivity becomes negative. Similarly, the negative µ is achieved using
resonant structures such as split-ring resonators (SRRs) shown in Fig. 2.9(b). These
SRRs behave like miniature LC circuits and resonate in response to the magnetic
field component of incident EM waves. The circulating currents generated within the
rings produce magnetic dipoles that oppose the incident magnetic field, resulting in an
effective negative µ near the resonance frequency. When both ε and µ are negative over
the same frequency range, the resulting refractive index also becomes negative (2.9).

n = √
εµ (2.9)

For negative ε and µ, the refractive index n becomes a real negative value. This leads to
phenomena such as negative refraction, where EM waves bend in the opposite direction
at structure interfaces [57], [58], [59].
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Figure 2.10: Design of a metasurface unit cell and array.

The applications of MTMs are diverse, ranging from invisibility cloaking devices
that bend electromagnetic waves [60] to super lenses for advanced imaging [61].
Additionally, MTMs are utilized in sensors for improved biomedical and chemical
detection [62], in systems for efficient wireless power transfer [63], and in various
quantum technology applications [64].

Despite their potential, conventional 3D MTMs encounter several obstacles that
hinder their widespread use in antenna design. A significant challenge lies in
manufacturing process, which necessitates multiple layers and precise alignment,
resulting in costly and time-intensive large-scale production. Furthermore, the nature of
3D metamaterials is bulky which makes them not suitable for wearable applications
where flexibility is important. Another drawback is the substantial material losses at
mmWave frequencies, which diminish their efficiency, particularly when integrated
into compact systems like WBANs. Additionally, the increased thickness of 3D
metamaterials introduces narrow bandwidths that limit wide-band performance [65].

In antenna design the use of metasurfaces (2D planar version of MTM) are mostly
employed which is designed on a planner print circuit board (PCB) and do not require
complex 3D fabrication facilities. Same like MTMs, the metasurfaces also consists of
repeated sub-wavelength elements. In practice, first a unit cell is design with the required
negative properties and then it is extended into desired array pattern normally in x or y
directions as shown in Fig. 2.10. Recent advancements in metasurface technologies have
significantly enhanced the performance of MIMO antennas, particularly in mmWave
applications. Among these, some of the applications of metasurface can be broadly
classified into six groups as shown in Fig. 2.11.

The artificial magnetic conductors (AMC) are engineered to produce in-phase
reflections of electromagnetic waves. Unlike conventional metallic conductors that
generate 180-degree out-of-phase reflections, AMCs reflect waves in phase, minimizing
back radiation and increasing radiation efficiency. These structures are frequently
utilized in MIMO antennas, particularly in compact and wearable systems where SAR
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Figure 2.11: Types of metasurface according to applications.

is a critical consideration. The application of an AMC reflects the backlobes and
constructively combines them with the main lobe, thereby reducing the SAR caused by
backlobes. Additionally, it enhances the overall antenna gain. Fig. 2.12(a) illustrates
an AMC-integrated fractal MIMO antenna [66]. The AMC structure significantly
improved isolation, exceeding 27 dB, and increased gain by an average of nearly 55%
dB throughout the operating band. This demonstrates the effectiveness of AMC-based
metasurfaces in enhancing MIMO antenna gain. Another design, depicted in Fig.
2.12(b), AMC integration is specifically performed to reduce SAR. This technique has
substantially reduced SAR by approximately 99% while maintaining a compact form
factor [67]. It is essential to acknowledge that in WBANs, the integration of AMC
layers comes with certain limitations. Firstly, incorporating AMC structures adds to the
overall thickness of the antenna, which can be problematic for wearable and implantable
applications where maintaining a compact and flexible form factor is crucial. Secondly,
AMC structures can complicate the fabrication process and may alter the antenna’s
operational bandwidth due to user movement. Therefore, these factors must be carefully
evaluated when designing AMC-based antennas for WBAN applications.

In addition to AMC, the gain can also be enhanced by employing a metasurface
superstrate layer [68]. This method involves placing a near-zero refractive index-based
metasurface at a central distance from the patch antenna, as illustrated in Fig. 2.13. The
metasurface converts the radiating waves of the patches into planar waves by creating a
Fabry-Perot cavity between the antenna and metasurface layers. The distance between
the antenna and metasurface layer was varied, and its impact was observed. A summary
of the effects on the antenna gain, efficiency, and voltage standing wave ratio (VSWR)
is presented in Table 2.2. With the incorporation of the metasurface, the antenna gain
was increased by 5.38 dBi at half wave length spacing, resulting in a total gain of 9.61
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Figure 2.12: AMC backed MIMO antennas for (a) gain enhancement [66] and SAR
reduction [67].

Figure 2.13: Gain enhancement of an antenna using superstate [68].

dBi. The total efficiency also improved from 0.69 to 0.93 without any notable increase
in VSWR. Additionally, an enhancement of approximately 500 MHz in bandwidth was
observed. These analysis show that superstrate and AMC layers are useful for increase
gain in mmWave antenna designs.

Table 2.2: Impact of metasurface on antenna performance.

d (mm) Gain (dBi) Efficiency VSWR

5.0 7.64 0.86 1.72

5.4 9.94 0.93 1.30

5.8 8.94 0.91 1.32

6.2 6.47 0.89 1.67

Antenna only 4.61 0.69 1.27

With metasurface (d = 5.4 mm) 9.94 0.93 1.30

Accordingly, the SAR can be reduced by employing a full ground plane and
maintaining a specific distance between the MIMO antenna and the human body.
In [69], a four-element MIMO antenna operating at 28 GHz was utilized for WBAN
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Figure 2.14: (a) MIMO antenna, (b) SAR without any space and (c) SAR with space.
[68].

application and positioned on a three-tissue model comprising skin and fat layers, as
illustrated in Fig. 2.14.

Two scenarios were investigated: one in which the antenna was placed directly on
the tissue, and another where the antenna was positioned at a distance of 3.50 mm from
the tissue. As evident from the SAR analysis in Fig. 2.14(b), elevated levels of SAR
were observed. Despite the implementation of a full metallic ground plane, high levels
of SAR were still detected due to increased main back lobe radiation. When the distance
between the MIMO antenna and tissue model was increased, it was revealed that SAR
levels were significantly reduced, indicating a decrease in back lobe penetration to the
tissue model, which consequently lowered SAR values. It is noteworthy that most fabric
is manufactured to this thickness, therefore, it can be suggested that this much gap can
be accommodated by many daily usage clothing layers.

Polarization conversion is another type of metasurfaces that are used to manipulate
the polarization of any electromagnetic wave. In particular, these metasurfaces are
designed in a such a way that it converts any incoming linear polarized into circular
polarization or it works apposite. By changing the phase response of electromagnetic
waves, polarization conversion metasurfaces play a important role in enhancing the
performance of antennas, particularly in MIMO antenna satellite systems. In [70],
a highlghly efficient polarization conversion metasurface has been designed which
converts both type of polarization i.e, linear to circular and circular to linear. As shown
in Fig. 2.15(a), the unit cell design of this metasurface features an asymmetric structure
that enables efficient polarization manipulation. Thus, high conversion efficiency in the
Ku, K, and Ka frequency bands are achieved. Experimental results demonstrated that the
metasurface maintains a polarization conversion ratio exceeding 90% across the targeted
frequency ranges. This show its potential for applications in advanced communication
systems and electromagnetic compatibility solutions. In a separate study, a wideband
cross-polarized converter was designed on a flexible polydimethylsiloxane (PDMS)
substrate as shown in Fig. 2.15(b) [71]. The design, comprising three layers with
the PDMS substrate between resonating and ground layers, achieves linear-to-circular
and circular-to-cross polarization conversions. It demonstrates over 99% polarization
conversion ratio (PCR), ensuring high conversion efficiency. The device maintains a
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Figure 2.15: PCR unit cells (a) triple band [70] and (b) PDMS based [71].

PCR above 99% for incidence angles from 0° to 60°, exhibiting strong angular stability,
and retains performance under bending up to 60°. The study illustrates the metasurface’s
suitability for radar, antenna, and communication systems requiring high polarization
purity and wide-angle performance [71].

Metasurface absorbers are two-dimensional engineered surfaces designed to achieve
near-perfect absorption of electromagnetic waves by manipulating wave interactions
at the sub wavelength scale. These structures typically consist of patterned metallic
structures arranged on a dielectric substrate with a metallic ground plane to block
full wave transmission. Their primary mechanism relies on impedance matching to
free space, ensuring minimal reflection and maximum absorption [72]. Metasurface
absorbers are widely utilized in energy harvesting, radar cross-section reduction, and
wireless communication systems due to their compact size, lightweight properties, and
ability to operate over multiple frequency bands. The absorption of a metasurface based
absorber can be calculated using following equations.

A(ω) = 1 − R(ω) − T (ω) (2.10)

where A(ω) is the absorptivity, R(ω) is the reflectivity, and T (ω) is the transmissivity.
For metasurface absorbers with a metallic ground plane, T (ω) = 0, hence:

A(ω) = 1 − R(ω) (2.11)

R = |S11|2 (2.12)

where S11 is the reflection coefficient obtained from the scattering parameters. Similarly
the absorber efficiency and quality factor can be formulated as:

η = Pabsorbed

Pincident
(2.13)

here η is the absorption efficiency, Pabsorbed is the absorbed power, and Pincident is the
incident power.
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Figure 2.16: Multi-band absorber (a) unit cell, (b) array and (c) side view [73].

Q = ω0

∆ω
(2.14)

where Q is the quality factor, ω0 is the resonant frequency, and ∆ω is the bandwidth.

Figure 2.17: Reflection and absorption of the multi-band absorber.

Several studies have demonstrated the effectiveness of metasurface absorbers
for mmWave applications. a dual-band metamaterial absorber operating at 28/38
GHz for 5G applications, achieving high absorption with a compact design [74].
Similarly, introduced a broadband microwave absorber optimized using multi-objective
techniques, highlighting the potential for wideband performance. Additionally, a
wideband microwave absorber incorporating E-shaped fractal metamaterials to enhance
absorption in the mmWave band is developed [75] . These works illustrate the versatility
of metasurface absorbers in achieving multi-band and broadband responses, crucial for
modern communication systems.
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Figure 2.18: Mutual coupling interaction in (a) transmission and (b) reception modes.

Furthermore, a multi-band metasurface based absorber specifically designed for
WBAN in the mmWave band is introduced [73] and is shown in Fig. 2.16. The absorber
employs a multilayered structure with two Rogers RT5880 substrates and two copper
layers. A critical innovation is the inclusion of metallic vias that connect the top patch
to the ground plane without intersecting the first metal layer. Initially, a unit cell without
and metallic via was designed but had only two bands near 28 GHz and 41 GHz.
However the inclusion of metallic vias produced multi-band absorption capabilities.
As shown in Fig. 2.17, the design achieves impressive absorption rates of 0.98, 0.99,
and 0.94 at 28 GHz, 36.64 GHz, and 39 GHz, respectively. The absorber also exhibited
double-negative permittivity and permeability properties. The unit cell parameters in
mm were: (SW , SL = 5.40, PL1 = 4.64, PL2 = 4.22, PL3 = 4.04, PW 1 = 0.40, PW 2 =
0.30, PW 3 = 0.44, R = 0.70, d = 5.40). It is noteworthy that the unit cell was then
converted into 4×4 array to have maximum rate of absorption.

2.6 Mutual coupling and its reduction techniques in
mmWave MIMO antennas

When antenna radiating elements are positioned in close proximity in a MIMO antenna
system, energy from one element is transferred to another. This phenomenon results in
mutual coupling, which is present in both transmission and reception modes. The mutual
coupling is primarily influenced by the spacing, radiation pattern interactions, and the
various placement orientations of the MIMO antenna system. A simple representation
of this phenomenon in a two antenna element (m×n) MIMO antenna system and for
both transmission and reception modes is presented in Fig. 2.18. This illustration can
also be implied for more than two elements. For a two closely spaced MIMO antenna
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elements, the inter-element interaction in both transmitting and receiving modes can be
summarized as follows [76]:

1. Transmitting Mode

1. The signal is generated by a source and is travelling to Element n.

2. Radiated signal from Element n into free space.

3. Some of the radiated energy from Element n reaches Element m, causing
mutual coupling.

4. Element m re-radiates the energy received from Element n.

5. The re-radiated energy from Element m reaches to Element n.

5. Some of the received energy travel into Element m.

2. Receiving Mode

1. An external incident electromagnetic wave reaches both antennas.

2. Element n receives the incident wave and converts it into a signal.

3. Part of the received wave reflects back from the antenna.

4. Some of the received energy from Element n reaches Element m, causing
mutual coupling.

5. The received electromagnetic waves going back to radiate.

Figure 2.19: Mutual coupling and reduction techniques in MIMO antennas.

Some of these redistributions are not necessary, particularly those causing mutual
coupling. Although the processes of the interactions are difficult to predict and change
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Figure 2.20: The systematic methodology of implementing the decoupling techniques
in MIMO antennas.

with respect to design and frequency parameters, such interactions can be reduced,
particularly for the surface current distributions in microstrip antennas. Techniques
to suppress or at least diminish the effect of surface currents and consequently reduce
mutual coupling and increase inter-element isolation are essential. Several mutual
coupling reduction techniques are illustrated in Fig. 2.19, which have been extensively
documented in the literature. These include parasitic element [73], [76], [77], [78],
[79], [80], neutralization lines [81], [82], [83], [84], decoupling networks [85], [86],
[87], shorting strip [88], MTMs based EBG [89], [90], [91], FSS [92], [93], [94], using
antenna diversity [95] and reconfiguration [96].

In practice, the designs of these decoupling techniques follows almost a similar
systematic approach and is shown in Fig. 2.20. It begins with defining the
target frequency and MIMO configuration, followed by analysing isolation and
performance metrics. If isolation is more than -20 dB threshold, suitable decoupling
techniques are implemented and their impact on antenna parameters is evaluated.
The process iteratively continues until the isolation meets the desired standard. This
approach ensures efficient performance enhancement through structured assessment
and refinement. A summary featuring the advantages and limitations of decoupling
techniques is also provided in Table 2.3. Various techniques, including parasitic
elements, neutralization lines, decoupling networks, shorting strips, EBG structures,
and reconfigurable methods, offer advantages such as enhanced isolation, improved
diversity, and increased compactness. However, these approaches also present
challenges, including frequency shifts, ohmic losses, reduced gain, and complex
configurations. Despite the aforementioned methods, FSS and DGS emerged as superior
techniques due to their capacity to provide wideband isolation enhancement and minimal
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Table 2.3: Advantages and limitations of mutual reduction techniques.

Ref. Techniques Advantages Limitations
[73]-[77] Parasitic elements - Control the isolation - Shift in frequency

[78]-[81] Neutralization lines
- Acceptable matching
- Proper diversity

- Lower frequency band

[82]-[84] Decoupling network
- Easy decoupling
- Enhance far-field

- Additional spacing
- Generate ohmic losses

[85] Shorting strips
- Compactness
- Proper diversity - Low gain

[86]-[89] EBG
- Easy layout
- Acceptable isolation

- Short bandwidth
- Low gain

[92], [93]
Diversity and

Reconfigurable
- Appropriate isolation
- High gain

- Losses
- Complex configuration

interference with antenna radiation patterns. Consequently, FSS and DGS represent
more effective solutions for mitigating MIMO antenna systems.

2.7 Performance and diversity indicators of MIMO
antenna systems

Typically, the assessment of single antenna element is conducted using S-parameters
and far-field radiation patterns. However, these metrics alone are insufficient for a
comprehensive evaluation of MIMO antenna systems. Therefore, several performance
indicators are defined to accurately characterize the behaviour of MIMO antennas.

2.7.1 S-parameters and mutual coupling

An antenna can be model as a two-port network, where each port functions as an
interface for signal transmission or reception. This approach can be extended to MIMO
antenna systems to analyse key parameters such as reflection coefficients, transmission
characteristics, and mutual coupling effects. In a two-port representation, Port 1 is
typically the input where the signal is fed, and Port 2 is either another antenna element
or the output. The relationship between incident and reflected waves at each port is
expressed using S-parameters. These parameters form a matrix that characterizes how
power propagates through the antenna system. For the analysis, a two port MIMO
antenna system is shown in Fig. 2.21(a) whereas the respective two port of network for
this setup is given in Fig. 2.21(b). The two-port network is represented by a voltage
source Vs and an impedance Zs, and it is connected to a load Z0. The S-parameters can
then be expressed as [97]:
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Figure 2.21: Demonstration of S-parameters (a) in two element MIMO antenna and (b)
two port network representation.

Input Reflection Coefficient (S11) with a2 = 0:

S11 = b1

a1
(2.15)

Output Reflection Coefficient (S22) with a1 = 0:

S22 = b2

a2
(2.16)

Forward Transmission Coefficient (S21) with a2 = 0:

S21 = b2

a1
(2.17)

Reverse Transmission Coefficient (S12) with a1 = 0:

S12 = b1

a2
(2.18)

In practice, the two port network matrix can be further written as:b1

b2

 =
S11 S12

S21 S22

×

a1

a2

 (2.19)

b1 = S11a1 + S12a2 (2.20)

b2 = S21a1 + S22a2 (2.21)

The reflection and transmission coefficients can be calculated as:

Reflection coefficient = 10 log10(|Sii|) (2.22)

Transmission coefficient or mutual coupling = 10 log10(|Sij|) (2.23)
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2.7.2 Total active reflection coefficient (TARC)

The TARC ((Γt
a)) is a key metric for evaluating MIMO antenna performance, as it

accounts for both amplitude and phase variations across e input ports. TARC provides a
comprehensive measure of overall signal reflections in MIMO antennas [98]. It can be
defined as:

Γt
a =

√
Reflected power

Total available power
(2.24)

TARC ranges from 0 (perfect radiation) to 1 (complete reflection), where lower
values indicate improved antenna efficiency. In multi-port systems, TARC is expressed
as:

Γt
a =

√√√√∑N
i=1 |bi|2∑N
i=1 |ai|2

(2.25)

Incorporating mutual coupling phase variations, TARC becomes:

Γt
a =

√
|S11 + S12ejθ|2 + |S21 + S22ejθ|2

√
2

(2.16)

Equation 2.16 shows the overall reflection of the system which includes input signals
phase variations and mutual coupling due to closely spaced MIMO antenna elements.

2.7.3 Envelope correlation coefficient (ECC)

In communication systems, channels should ideally remain isolated and free from
interference. In MIMO antenna systems, this isolation is quantified using the ECC
results which measures the degree of correlation between the radiation patterns of
antenna elements. The ECC can be expressed using far-field as follows [98]:

ECC(j, k) =

(∫ 2π
0
∫ π

0

{
XP R.Eθj

E∗
θk

Pθ + Eϕj
E∗

ϕk
Pϕ

}
dΩ
)2

∫ 2π
0
∫ π

0

{
XP R.Eθj

E∗
θj

Pθ + Eϕj
E∗

ϕj
Pϕ

}
dΩ

×
∫ 2π

0

∫ π

0

{
XP R.Eθk

E∗
θk

Pθ + Eϕk
E∗

ϕk
Pϕ

}
dΩ

(2.26)

Where

• Eθj
and Eϕj

are the far-field radiation patterns of the j-th antenna element in the
θ- and ϕ- polarization, respectively.

• Eθk
and Eϕk

are the far-field radiation patterns of the k-th antenna element in the
θ- and ϕ- polarization, respectively.

• XP R is the cross-polarization ratio.

• Pθ and Pϕ are the power patterns in the θ- and ϕ-polarization, respectively.
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In the case of high efficiency MIMO antennas (more than 0.90), the ECC can be
defined from S-parameters as following:

ECC =
|SiiS

∗
ji + SiiS

∗
ji|2

(1 − |Sii|2 − |Sji|2)(1 − |Sjj|2 − |Sij|2)
(2.27)

where Sii and Sij represents the reflection and transmission coefficients. In an ideal
communication system, the ECC should be zero, signifying perfect isolation and
completely uncorrelated radiation patterns between MIMO antenna elements. However,
due to mutual coupling and other practical limitations, achieving zero ECC is not
possible. Consequently, in real-world applications, an ECC value of no more than 0.5
is generally considered acceptable for ensuring efficient MIMO system performance.

2.7.4 Diversity gain (DG)

The DG is an important performance metric in MIMO systems, representing the
improvement in signal reliability when multiple antennas are employed to mitigate
fading. It quantifies the additional power a single-antenna system would need to
achieve the same outage probability as a system utilizing spatial diversity [99]. In
MIMO systems, DG is closely related to the ECC, as both parameters influence the
effectiveness of diversity techniques. Their relationship is expressed as [100]:

DG = 10 ×
√

1 − ECC2 (2.28)

It can be observed that as the ECC increases, the DG decreases, as higher correlation
between antenna elements diminishes the benefits of spatial diversity. This show that
ECC and DG are inverse with each other. For efficient MIMO communication, ECC
should remain below 0.5 to minimize signal correlation, while a DG of at least 10 dB
will achieve reliable MIMO system performance in fading environments.

2.8 Conclusion

This chapter provided a comprehensive review of the literature and background theories
related to mmWave MIMO antenna technology and its various applications. The
discussion began with an overview of communication challenges in the mmWave band,
followed by an explanation of MIMO technology through its theoretical framework,
emphasizing its role in enhancing channel capacity. The applications of mmWave
MIMO antennas, particularly in WBAN were also briefly introduced. Subsequently,
the challenges associated with the design and implementation of mmWave MIMO
antennas were examined. This included an introduction to MTMs and their various
types, highlighting their potential benefits in antenna design. A significant focus was
placed on mutual coupling, its impact on MIMO antenna performance, and various
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techniques for its reduction. Among these, DGS and FSS were identified as particularly
effective solutions for mitigating coupling in wideband mmWave MIMO antenna
designs. Furthermore, key performance parameters such as S-parameters and mutual
coupling characteristics were analysed. In addition, the theoretical background and
standardization of MIMO diversity performance metrics, including TARC, ECC, and
DG were thoroughly explained. This chapter establishes the fundamental basis in this
thesis for understanding the key design considerations and challenges in mmWave
MIMO antennas.

32



Chapter 3

Performance Analysis of a
Four-Element Vivaldi MIMO

Antenna for WBAN
3.1 Introduction

Wireless Body Area Network (WBAN) systems typically utilize two distinct forms of
communication: off-body and on-body [101]. Off-body communication involves the
transmission of data between devices worn on the body and external systems, such as
base stations or control unit. Conversely, on-body communication encompasses the
interactions among sensors and devices situated on or near the body. For off-body device
communication, antennas with broadside radiation patterns are preferred. These patterns
provide a directional transmission range, thus, facilitate effective communication
between a body-mounted central node (such as a wearable device) and external nodes.
While in on-body communication, where sensors need to communicate with each other,
omnidirectional and endfire radiation patterns are commonly utilized. Omnidirectional
patterns antennas are advantageous due to their capacity to transmit almost in all
directions. Nonetheless, the use of omnidirectional radiation patterns results in
significant energy waste particularly in unintended directions. This inefficiency is
especially challenging for wearable devices, which often have limited power resources
due to factors like compact batteries and restricted transmission power. As a result, the
energy dispersed in unnecessary directions not only decreases the overall effectiveness
but also heightens the potential for interfering with neighbouring devices. These
constraints highlight the importance of developing more targeted radiation patterns, such
as endfire, which directs energy along the body’s surface, aligning with typical sensor
placement in WBAN systems. This focused energy transmission minimizes power
loss and can enhances communication efficiency, especially when sensors are arranged
linearly or along curved body structures. Furthermore, the endfire pattern exhibits
reduced susceptibility to external interference as well, as its radiation is primarily
confined to the intended path on the body. Consequently, the endfire radiation pattern
presents a significant advantage for sensor-to-sensor communication in WBAN systems.

Wearable devices frequently employ single-antenna elements due to their compact
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design and ease of integration [102]. Reliable wireless connectivity in these devices
necessitates careful antenna selection and support for multi band or wideband operation.
Furthermore, wearable antennas must conform to the body’s contours to ensure comfort
and functionality. To enhance flexibility, researchers have investigated various materials
and designs, including elastomeric polydimethylsiloxane (PDMS) [103], conductive
fabrics [104], and fractal structures [105]. However, challenges such as durability,
environmental sensitivity, complex tuning, and soldering limitations persist.

To address these challenges, innovative designs have been proposed. For instance, a
multi band, all-textile microstrip circular patch antenna combining a conductive fabric
layer with denim was developed for WBAN applications [106]. This ultra-thin design
is well-suited for low-frequency wearable applications. Similarly, a study assessed
a patch antenna’s performance through on-body measurements at various locations,
including the chest, back, arm, and leg, demonstrating stable radiation patterns and
effective impedance matching [107]. Another investigation [108] introduced a compact
textile antenna with a full ground plane operating within the 3.1–10.6 GHz frequency
range, fabricated using a cost-effective FR4 substrate and copper tape. Further research
on a one-turn circular patch antenna array highlighted stable radiation patterns and
good impedance matching but also emphasized the human body’s significant influence
on antenna performance. Additionally, a flexible design using copper tape achieved a
100 MHz bandwidth with stable radiation patterns [109]. Despite these advancements,
bandwidth limitations remain a challenge, hindering the simultaneous transmission
of multiple data types, such as biological signals and communication data. While
traditional body-worn sensors like ECG and EEG operate effectively with low data
rates below 100 kbps, next-generation WBAN applications demand substantially higher
bandwidth to support advanced functionalities. Emerging WBAN scenarios such as
real-time wireless transmission of medical imaging often involve the simultaneous
transmission of multiple data streams in real-time. For instance, wearable ultrasound
devices designed for continuous cardiovascular monitoring generate substantial data
streams that must be transmitted with low latency and high resolution to ensure clinical
reliability. These systems often require data rates in the order of several megabits
to gigabits per second. In such scenarios, narrow bandwidth constraints can lead to
signal degradation and low latency. Consequently, antennas with wide bandwidth
becomes essential to support such high-data-rate wearable diagnostic tools within
WBAN environments.

The development of wearable antennas that minimize radiation exposure to the
human body introduces additional complexities. Compliance with SAR safety standards
is essential to ensure user safety. Some researchers have proposed solutions such as
metamaterial bandgap structures and AMC layers placed behind the antenna [110],
[111], [112], [113]. However, these approaches often increase device thickness and
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require a quarter-wavelength gap between the antenna and the AMC layer, complicating
integration with other wearable device components [114]. As an alternative, antennas
such as Vivaldi antennas have demonstrated potential in reducing the need for additional
metamaterial-backed layers due to their inherent end-fire radiation pattern, which
propagates parallel to the human body. While studies have investigated end-fire
antennas operating in the 2.4 GHz ISM band and ultra-wideband (UWB) [115], [116],
[117], these frequency ranges are increasingly congested due to the proliferation of
electronic devices. Consequently, the mmWave band are garnering interest for WBANs.
However, mmWave systems face challenges such as sensitivity to path loss and increased
susceptibility to multipath fading and obstructions caused by the human body, which
can impair performance. To address these MIMO antenna systems have been proposed
as a viable solution.

Figure 3.1: Application overview of designed MIMO antenna in WBAN system.

This chapter thoroughly investigates the design of mmWave band MIMO antenna
for WBAN applications, addressing endfire communication scenarios. The application
scenario of designed MIMO in a WBAN environment is shown in Fig. 3.1. The
structure of this chapter is as follows: Initially, it presents the design and examination
of a single Vivaldi antenna element with a broad frequency range from 23.45 GHz to
33.59 GHz. The design is subsequently expanded to incorporate two and four elements.
In the four-element configuration, significant mutual coupling was observed between
Antennas 1 and 4, particularly along the vertical axis. To mitigate this phenomenon, a
FSS was implemented, effectively reducing the coupling and achieving an improvement
of over -30 dB across the entire bandwidth. The chapter then evaluates the final
MIMO antenna design’s performance in terms of bandwidth, gain, efficiency, and
radiation characteristics, specifically when positioned on the Gustav human body model.
The antenna’s behaviour under bending conditions is also examined to determine its
suitability for wearable applications. The chapter discusses the results of S-parameters
and radiation patterns obtained from testing the fabricated antenna. Lastly, the chapter
explores the diversity performance of the MIMO antenna and conducts a safety analysis
regarding SAR compliance.
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Figure 3.2: Vivaldi MIMO antenna design configuration (a) Antenna 1: single element,
(b) Antenna 2: two elements, (c)-(d) Antenna 3: four element without and with FSS,
(e) input ports, and (f) perspective view.

3.2 Vivaldi MIMO antenna design

The Vivaldi antenna is distinguished by its exponentially tapered slot profile, which
offers two key advantages: broadband impedance matching and wide operational
bandwidth. These characteristics make Vivaldi antennas highly suitable for demanding
applications such as ultra-wideband radar systems, 5G/6G GHz phased arrays, and
medical imaging. Despite these advantages, Vivaldi antennas have not been extensively
explored for WBAN applications, particularly in the mmWave band where broadband
performance, compact size, and endfire radiation patterns are critical. Therefore, in
this chapter, a Vivaldi MIMO antenna is proposed and evaluated within a WBAN
application scenario. The proposed Vivaldi MIMO antenna was designed in CST
Studio Suite which is a widely recognized and industry-standard simulation software
for electromagnetic devices design. It also provides a number of solvers such as
time-domain and frequency-domain.

Time-domain solvers are efficient for wideband simulations as they capture the
broadband response in a single run, while frequency-domain solvers are more precise
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Table 3.1: Optimized parameters of the MIMO antenna.

Parameters
Values
(mm)

Parameters
Values
(mm)

Parameters
Values
(mm)

Parameters
Values
(mm)

W1 10.00 W2 20.00 L1 7.00 L2 16.00

et 0.41 r 0.71 gl1 2.70 gl2 1.00

tl1 0.65 tl2 0.25 gc 0.61 ml 2.00

gp1 3.08 gp2 6.18 wc 0.30 gs1 6.35

egw 1.05 egl 1.50 gs2 6.10

Figure 3.3: Structure of single element Vivaldi antenna.

for narrowband designs. These solvers are well-suited for simulating complex antenna
structures with high accuracy. Additionally, CST is particularly effective for modeling
antennas in proximity to the human body, as it supports detailed human tissue phantoms
models which can be used for on-body effects and SAR calculations. The design of
Vivaldi MIMO antenna encompasses several stages as shown in Fig. 3.2. The design
starts with a single element and expands to two and four element. Finally, a decoupling
structure is added to minimize the mutual coupling. The optimized parameters of the
design are provided in Table 3.1.

3.2.1 Single antenna design

The structural layout of the single element Vivaldi antenna printed on a semi-flexible
substrate, Rogers RT5880 (permittivity of 2.2, loss tangent of 0.0009), is illustrated
in Fig. 3.3. The thickness of the substrate was 0.79 mm, whereas that of the copper
metal was 0.017 mm. The antenna is fed by EM coupling between the microstrip
and the slot line, where the microstrip line is connected to the input port. The
antenna top face employs a tapered slot design that efficiently directs EM energy.
The antenna’s structure has two radiating flares that converge into a tapered profile.
These flares connect at a circular section with a radius r, which serves as a critical
design parameter and significantly influences the resonance frequencies. The antenna is
excited through EM coupling between the microstrip line and the slot line. To achieve
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Figure 3.4: Reflection coefficient of single antenna.

optimal impedance matching across the operational bandwidth, the microstrip line’s
width is divided into two distinct sections. A triangular cut (gc) on the upper section of
the microstrip line on the bottom side further enhances the antenna’s performance. This
cut introduces additional reactive tuning, improving impedance matching and expanding
the operational bandwidth. Furthermore, the triangular cut aids in maintaining stable
radiation patterns across the desired frequency range. A tapering slot configuration on
the top face was utilized using equation3.1 [118].

y = c1e
rx + c2 (3.1)

Here r id the opening rate of the flares which are determined by c1 and c2 at two points
of p1 (x1, y1) and p2 (x2, y2) as given in equations 3.2 and 3.3.

c1 = y2 − y1

erx2 − erx1
(3.2)

c2 = y1e
rx2 − y2e

rx1

erx2 − erx1
(3.3)

The exponential taper curve exhibits a minimum point at p1, defined by the coordinates
(x1, y1), and a maximum point at p2, defined by (x2, y2). Utilizing the values of y1 and
y2, the cut-off frequencies of the Vivaldi antenna can be derived based on the aperture
width, ew, as expressed in equation 3.4. The opening rate, represented by r, serves as
the exponential factor governing the beam-width of the Vivaldi antenna, while c1 and
c2 are constants associated with the taper curve.

ew = c

fmin
√

ϵr

(3.4)

Where, the speed of light is c, and ϵr represents the dielectric constant of the substrate
material. Any modifications to these values will result in alterations to the antenna
and its characteristics. The simulated reflection coefficient (S11) of the single element

38



Vivaldi MIMO antenna design

antenna design is shown in Fig. 3.4. The results demonstrate that the antenna design
exhibits an impedance bandwidth exceeding 10 GHz. This wide bandwidth ranges from
23.45 GHz to 33.59 GHz and covers the 24 GHz ISM and 28 GHz of 5G bands within
the mmWave spectrum.

3.2.1.1 Parametric analysis

A parametric analysis is conducted to evaluate the influence of key geometric variables
on the antenna’s performance, with a focus on S11. While multiple factors contribute
to performance, this study concentrates on gc and tw2. The results of modifying gc

parameter are presented in Fig. 3.5(a). Four distinct values of gc are examined:
0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm. The findings indicate that increasing gc

results in a minor shift in resonance frequency and expanded bandwidth. A smaller gc

(e.g., 0.4 mm) yields more pronounced resonance and deeper S11, indicating superior
impedance matching. Conversely, larger gaps (e.g., 1.0 mm) produce a shallower
S11 curve, suggesting reduced matching performance. This trend in shifting suggests
that the precise adjustment of gc is critical for achieving both wide bandwidth and
enhanced resonance characteristics. Fig. 3.5(b) illustrates the impact of varying the
taper width of transmission tw2 on S11. The taper width is analyzed at three values:
0.15 mm, 0.25 mm, and 0.35 mm. Larger tw2 values shift resonance frequencies
higher and widen the bandwidth. A narrower tw2 (e.g., 0.15 mm) yields a smaller
bandwidth and more pronounced S11, while wider taper widths (e.g., 0.35 mm)
result in significantly higher S11. These results underscore the significance of tw2 in
adjusting the antenna’s impedance bandwidth and resonance frequency. The parametric
analysis demonstrates that both gc and tw2 significantly influence the vivaldi antenna’s
performance, particularly its impedance bandwidth and resonance characteristics.
Through precise tuning of these two parameters, high-performance vivaldi antennas with
optimized matching and bandwidth for any desired frequency range can be designed.
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Figure 3.5: Parametric analysis of variables gc and tw2.
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Figure 3.6: Two element vivaldi antenna (a) structure and (b) reflection and transmission
coefficients.

3.2.2 Multi element design without FSS

3.2.2.1 Two element design

The two-element MIMO design from a single-element Vivaldi antenna necessitates the
replication of the fundamental Vivaldi structure and its positioning in the opposite
orientation, as depicted in Fig. 3.6(a). The upper face of this design maintains
the exponentially tapered slot configuration for each element, thereby preserving its
broadband radiation characteristics. The lower face incorporates two feeding ports,
each corresponding to an individual antenna element. These ports are strategically
positioned to optimize impedance matching and ensure efficient power transmission to
each antenna component. The elements are separated by a specific distance to achieve
high isolation while minimizing mutual coupling between them.

The S-parameters of the two-element Vivaldi antenna are presented in Fig. 3.6(a).
The reflection coefficient results exhibit a similar trend compared to the single antenna
element. The impedance bandwidth of this design for both elements is 23.61GHz-
33.52 GHz (fractional bandwidth = 34.69%). Both single-element and two-element
configurations demonstrate a pronounced minimum in the S11 curve near 28 GHz,
indicating effective impedance matching and efficient power transfer at this frequency.
The transmission coefficients, which quantify the power transfer between the two ports
and serve as a measure of mutual coupling between antenna elements, are depicted in
the right-hand plot of Fig. 3.6(a). This parameter remain below -20 dB throughout the
analyzed frequency range and reach -37 db near 28 GHz, indicating minimal mutual
coupling. The low transmission coefficients suggest that the two-element array achieves
satisfactory port isolation, reducing undesired interactions and maintaining efficient
performance across the target frequency band.

The low mutual coupling can also be analyzed through the E-field and surface
current distribution between two antenna elemnts. This is shown in Fig. 3.7 along
with far-field radiation patterns particulalry at 28 GHz and 30 GHz. The E-field and
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Figure 3.7: (a) E-field, (b) surface current when antenna 1 is operating, (c) far-field at
28 GHz, and (d) far-field at 30 GHz.

surface current distribution of antenna 1 at both frequencies and on the top and bottom
faces are not much impacting the other antenna as evident in Fig. 3.7(a-b). The E-
plane radiation characteristics of the dual-element depicted in 3.7(c-d) exhibit radiation
patterns with primary lobes oriented along the +x and -x axes, demonstrating effective
energy emission perpendicular to the antenna plane. The patterns display smooth,
symmetrical lobes, indicating consistent E-plane directivity. The max gain at both
frequencies are 5.14 dBi and 5.42 dBi which is almost same. The distinct lobes for each
element suggest minimal interference between them.

3.2.2.2 Four element design

To enhance performance, the two-element structure is subsequently replicated and
arranged in a linear configuration comprising four elements with uniform inter-element
spacing as shown in Fig. 3.8(a). The top face exhibits an identical exponentially tapered
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Figure 3.8: Four element vivaldi antenna (a) structure and (b) reflection and transmission
coefficients.

slot configuration, while the lower surface incorporates designated ports 1, 2, 3, and
4, which serve to excite each element. The reflection and transmission coefficients
of this design are shon in 3.8(b). The implementation of a multi-port design resulted
in a marginal enhancement of the antenna’s impedance bandwidth, with the four-port
configuration encompassing a range from 22.97 GHz to 33.91 GHz. Consequently, the
proposed MIMO antenna achieved a fractional bandwidth of approximately 38.46%.
The isolation between antenna elements radiating in opposite directions, such as S21,
S43, S31, S42), remains more than −30 dB indicating effective decoupling between
these ports. However, the antennas radiating in the same direction, represented by
S41, S32, exhibit lower isolation levels, with values exceeding −14 dB. This reduced
isolation may potentially compromise the overall performance of the MIMO antenna
system. Therefore, further refinements in the antenna design are necessary to enhance
the isolation between these ports and optimize the MIMO performance.

3.2.3 FSS design

a) Background

It is worth noting that natural EM media generally possess positive values of
permeability and permittivity. However, artificial periodic structures known as FSS can
exhibit negative effective permeability and permittivity at specific frequencies. This
attribute enables these structures to manipulate EM waves in novel and potentially
valuable ways. The incorporation of FSS into antenna designs can significantly
reduce mutual coupling between adjacent antenna elements by serving as an EM
barrier or band-stop filter. When positioned between antenna elements, an FSS can
suppress unwanted surface waves and attenuate the interaction of radiated fields among
neighboring components, thus minimizing mutual coupling and enhance interelement
isolation. The wave-number k for such materials becomes imaginary, unlike that of
natural EM media [119]. When EM waves travel through such metamaterials, they
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Figure 3.9: FSS unit cell design (a) structure, (b) boundary conditions, and (c) equivalent
circuit model.

become evanescent decay due to the FSS negative characteristics. For instance, the
activation of antenna 1 can induce currents on neighboring antennas because of a
strong x-component of the electric field, resulting in inter-element mutual coupling. By
positioning an FSS with negative permeability between antenna elements, a zone of
negative permeability and positive permittivity (µr < 0, εr > 0) is established, which
aids in reducing mutual coupling by attenuating the electric field between the elements.
In equation 3.5, the wave-number k is expressed within the region defined by µr < 0
and εr > 0 [120]:

k = k0 ·
√

−|µr| · |εr| = jk0 ·
√

|µr| · |εr| (3.5)

The associated x-component of the electric field, represented by A0·ejkx, propagating
in the negative x-direction, can be formulated as shown in in equation 3.6.

A0 · ejkx · ejωt = A0 · e−k0
√

|µr|·|εr| · ejωt (3.6)

In this context, A0 signifies the E-field’s amplitude, while ω represents the angular
frequency. As demonstrated in Equation 3.6, EM waves will exhibit decaying behaviour
along the negative x-axis on the FSS. This rapid attenuation of wave amplitude results
in improved isolation between antenna components.

b) Design and Results

Fig. 3.9(a) depicts the proposed FSS configuration designed to reduce mutual coupling,
specifically between antennas 1 and 4, as well as antennas 2 and 3. The performance of
Vivaldi antennas, in terms of bandwidth and radiation, is significantly influenced by
the response of their radiation flares or tapering structures and presence of slots [118].
Consequently, the FSS structure was designed to minimize its impact on the antenna’s
performance. The dimension of FSS, particularly the width was chosen to be smaller
than the wavelength of the desired bandwidth frequencies. It was done to follow the
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design criteria of MTM unit cells which states that the unit cell dimensions must remain
sub wavelength with respect to the operational frequency band. Specifically, the unit cell
size must be chosen to less than half the wavelength (λ/2), and preferably less than one-
quarter of the wavelength (λ/4), where λ is the wavelength of operating frequencies.
This is done to ensures that the FSS behaves as an effective or homogenized surface
rather than an array of discrete scatterers. Additionally, the sub wavelength dimensions
of unit cells also ensure consistent performance over different incidence angles. The FSS
structure was designed on same RT5880 substrate and comprises rectangular patches
with inter spacing of fs. The FSS’s spatial filtering characteristics are determined
by its periodicity along the y-axis, facilitating selective transmission or reflection of
EM waves at specific frequencies. The optimized parameters and dimensions of the
FSS are as follows: fsl = 10.50, fW = 1.30, fs = 1.08 fl1= 1.05, and fl2= 1.50 (mm).
The unit cell was subsequently simulated in the CST Studio Suite environment, as
illustrated in 3.9(b). The FSS unit cell was positioned between two ports (Port 1 and
Port 2) to analyse its transmission and reflection characteristics. Perfect magnetic
conductor (PMC) boundaries were applied along the x-axis, while perfect electric
conductor (PEC) boundaries were applied along the y-axis. This configuration ensures
the appropriate behaviour of a periodic structure under normal incidence. The ports
are used to excite the structure and measure the S-parameters and frequency-selective
behaviour of the FSS. The designed FSS can also be represented by an equivalent RLC
circuit model, as illustrated in Fig. 3.9(c). This circuit model employs inductors (L1

and L1), capacitors (C1 and C2), and resistors (R1 and R2) to simulate the frequency-
dependent characteristics of the FSS unit cell. The inductors represent the width and
length of the patches (fl2) and generate currents in response to incident EM waves
(magnetic response). The capacitors model the gap between patches (fs) and store
electric energy due to potential differences between two patches. The resistors represent
the losses and energy dissipation within the FSS. In the circuit, both Port 1 and Port 2
are designated as Z01 and Z02, respectively, and are considered equivalent to the free
space impedance of 377 Ω.

The results of simulated S-parameters, along with extracted material parameters
including ε, µ, and n of the designed FSS are shown in Fig. 3.10. The reflection and
transmission coefficient both for EM simulated and ADS circuit showing almost same
results in Fig. 3.10(a). High reflection (near 0 dB) and lower transmission across
most of the frequency band can be observed, with exceptions at 25.50 GHz and 31.82
GHz. This high reflection can be attributed to the band-reject characteristics of the
filter, whereas the frequencies exhibiting lower reflection can be considered band-pass
frequencies. Similarly, results of both real and imaginary ε components are provided in
Fig. 3.10(b). The results indicate that the real part is positive whereas the imaginary part
is negative in most of the band of interest. The real part represents the material’s electric
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Figure 3.10: FSS unit cell (a) S-parameters (b) ε, (c) µ, (d) n.
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Figure 3.11: Parametric analysis of the FSS (a) separation fs and (b) gap Fw.

energy storage capacity, whereas the imaginary part indicates energy loss within the
material. Correspondingly, the real part of µ is negative at all frequencies except within
the transmission range as shown in 3.10(c). The real value of n is positive as shown in
3.10(d). The negative permeability values confirm the FSS’s ability to manipulate EM
waves through magnetic responses, and can be classified as single negative MTM.

The FSS unit cell was further evaluated through a parametric analysis, focusing
on the influence of patch separation (fs) and patch width (Fw) on the reflection and
transmission coefficients, as shown in Fig. 3.11. The results in Fig. 3.11(a) indicate
that changes in the separation between patches do not significantly affect the resonance
frequency, and an approximately constant behavior can be observed. Similarly, the
impact of patch width (Fw) was analyzed as shown in 3.11(b), and it was determined
that increasing the patch width from 0.5 mm to 1.3 mm resulted in a notable shift in
both parameters. Wider patches facilitated increased EM wave transmission through
the FSS structure, thereby enhancing the transmission performance. However, the
widening of the patches also induced a shift in the resonance frequency, which may
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necessitate careful adjustments to align with the desired frequency bands. Overall, the
parametric analysis demonstrates that both patch separation and width play a crucial role
in determining the frequency-selective behavior of the FSS unit cell. These parameters
must be carefully optimized to ensure that the structure achieves the desired filtering
characteristics while minimizing undesired reflections or losses.

Figure 3.12: FSS unit cell surface current and E-field distributions.

Fig. 3.12 illustrates the distribution of surface currents and E-fields for the designed
FSS, depicting results at frequencies of 28 GHz and 30 GHz for both 0◦ and 90◦

phase angles. At both frequencies and 0◦ , both the surface current distribution and
E-field have inward flow along the FSS unit cell. The current vectors demonstrate
alignment at 90◦ shows effective interaction with incident EM waves. The corresponding
E-field distribution at 28 GHz reveals a significant concentration of electric fields
along the patch edges, suggesting the FSS’s capacity to confine electric fields in the
desired direction. The 30 GHz frequency presents a similar pattern in surface current
distribution. The alignment of surface currents and E-fields indicates consistent resonant
behavior across various polarizations. At 30 GHz, the E-field distribution demonstrates
that electric field vectors remain concentrated along the patch edges. The observed
surface current and E-field distributions corroborate the FSS structure’s frequency-
selective behavior at the target frequencies. The alignment of currents and electric
fields at both 0◦ and 90◦ demonstrates the FSS effective response to EM waves across
different polarization, thus showing excellent performance as a frequency-selective
filtering surface.
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Figure 3.13: Final four element vivaldi antenna structure (a) top and (b) bottom faces.

3.2.4 Vivaldi MIMO antenna with FSS

Following the design of FSS with the desired characteristics, it was then integrated into
the four element vivaldi MIMO antenna configuration. The perspective view of the
final antenna design is illustrated in Fig. 3.13, while the corresponding S-parameter
results are presented in Fig. 3.14. The analysis reveals that all antenna elements
exhibit a comparable impedance bandwidth with no significant shift in the resonance
behavior. The FSS integrated design achieved a bandwidth of 22.85 GHz to 33.96 GHz,
corresponding to a fractional bandwidth of approximately 40.7%. The integration of the
FSS structure significantly enhanced the isolation between MIMO antenna elements.
Specifically, the isolation between ports 1 and 4, which was initially approximately
−14 dB without the FSS, improved to exceed −31 dB across the majority of the
bandwidth after FSS incorporation, achieving a maximum isolation of −50 dB at 30
GHz. Furthermore, substantial improvements in isolation were observed between ports
1 and 2 as well as ports 1 and 4, both surpassing −25 dB. These enhancements in
isolation and the reduction in mutual coupling substantiate the efficacy of the proposed
FSS decoupling and inter element isolation.

The isolation enhancement between antenna elements can also be analysed by
comparing the E-field and surface current distributions with and without the inclusion
of FSS as shown in 3.15. The regions designated as “A” and “B” in both the E-field
and surface current plots illustrate the impact of the FSS. As demonstrated in 3.15(a)
without the FSS, a stronger coupling effect is observed between antenna elements,
particularly in the highlighted regions, notably between ports 1 and 4, where the
E-field generated by port 1 perturbs the adjacent field of port 4. This excessive
coupling contributes to higher mutual coupling between these ports, as previously
discussed. The incorporation of the FSS structure effectively mitigates this coupling,
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Figure 3.14: S-parameter results of the final stage four element MIMO antenna.

Figure 3.15: E-field and surface current distribution with and without FSS (a) E-field
and (b) surface current when antenna 1 is operating.

thereby enhancing the directional generation of the electric field. The surface current
distribution, illustrated in Fig.3.15(b), demonstrates that the current flows to the adjacent
antenna in the absence of the FSS. This concentration is significantly reduced in the
presence of the FSS, indicating that the coupling is reduced due to the bandstop
characteristics of the FSS.

Moreover, the integration of the FSS has a minimal impact on the antenna’s gain
and efficiency, as shown in Fig. 3.16. The gain performance improves with the FSS
structure, reaching a peak gain of 5.73 dBi at 28 GHz. Similarly, the efficiency shows
a slight improvement, with maximum values exceeding 86 at 28 GHz and 87 at 30
GHz. These enhancements demonstrate that the proposed FSS structure contributes
positively to both the radiation performance and efficiency of the MIMO antenna
without introducing significant losses.
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Figure 3.16: Simulated gain and efficiency with and without FSS

3.2.5 Bending analysis

The bending analysis of the MIMO antenna is essential for wearable device applications,
as it can be affected by the body’s curvature when placed on body parts such as the
chest, hand, or leg. To assess this, the antenna’s performance was tested when antenna
was bent along the x-axis in free air and on the cylinder model with different radii Rx
(80 mm, 65 mm, 50 mm, and 35 mm) as shown in Fig. 3.17. The bending in x-direction
was performed in two different scenarios: first bending in positive x-direction while
another scenario consisted of bending in both positive and negative x-directions. this
was performed in free space conditions. In cylinder case, the MIMO antenna was placed
on a cylinder showing bending in both directions.

The MIMO antenna’s S-parameters for these cases are provided in Fig. 3.18. Due to
symmetry and identical antenna structure, the results of ports 1 and 4 are presented,
although similar results were observed for the other two ports. From the results in Fig.
3.18(a), it can be observed that when the antenna is bent in the positive x-direction,
the antenna bandwidth is slightly shifted towards lower frequencies. Consequently, the
impedance bandwidth in this case ranges from 22.5 GHz to 34 GHz. The transmission
coefficient in Fig. 3.18(b) indicates that the coupling levels are slightly increased
compared to the flat antenna case. Nevertheless, the average coupling levels remain
below -25 dB, with a maximum isolation of -70 dB observed near 29 GHz. Similarly,
the bandwidth exhibited a more pronounced shift when the antenna was bent in both
directions, as illustrated in Fig. 3.18(c), where the bandwidth extended from 23 GHz
to 31 GHz. In addition to the bandwidth shift, increased reflection was observed in
this case, while an average coupling of approximately -28 dB was noted, as shown in
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(a)

R

(a) (b)

(b)

Figure 3.17: Bending of MIMO antenna (a) x-direction in free space and (b) on a
cylinder shape.

Fig. 3.18(d). A different bandwidth was observed when the antenna was placed on a
cylinder, as depicted in Fig. 3.18(e), whereas no significant change in coupling was
noted, as illustrated in Fig. 3.18(f). This shift to lower frequencies is anticipated due
to the elongation of the current path on the radiating patch resulting from bending in
both directions. However, in all cases, the proposed MIMO antenna continues to cover
most frequencies, particularly 28 GHz and 30 GHz, respectively, under all bending
conditions while maintaining excellent isolation levels. Furthermore, as shown in Fig.
3.19, an almost constant efficiency of 0.84 was observed in all bending scenarios and
does not decrease significantly, maybe due to reduced unwanted coupling between the
elements caused by bending of the proposed MIMO antenna. At 28 GHz, a constant
gain of 5.52 was observed, whereas at 30 GHz, the gain was significantly reduced when
the antenna was subjected to more pronounced bending on the cylindrical shape.

The simulated radiation patterns of the E-plane at frequencies of 28 GHz and 30
GHz, in comparison with a flat MIMO antenna, for various bending conditions are
shown in Fig. 3.20. The results indicate that the designed MIMO maintains endfire
radiation patterns across all bending scenarios. This demonstrates that the radiation
pattern exhibits minimal susceptibility to bending conditions in free space.

50



Vivaldi MIMO antenna design

22 24 26 28 30 32 34 36 38 40

-50

-40

-30

-20

-10

0
S i

i (
dB

)

Frequency (GHz)

 80 mm
 65 mm
 50 mm
 35 mm
 Flat

(a)

22 24 26 28 30 32 34 36 38 40

-70

-60

-50

-40

-30

-20

S 4
1 

(d
B)

Frequency (GHz)

 80 mm
 65 mm
 50 mm
 35 mm
 Flat

(b)

22 24 26 28 30 32 34
-40

-30

-20

-10

0

S i
i (
dB

)

Frequency (GHz)

 80
 65
 50
 35
 Flat

(c)

22 24 26 28 30 32 34
-40

-30

-20

-10

0
S i

i (
dB

)

Frequency (GHz)

 80 mm
 65 mm
 50 mm
 35 mm
 Flat

(d)

22 24 26 28 30 32 34
-40

-30

-20

-10

0

S i
i (
dB

)

Frequency (GHz)

 80 mm
 65 mm
 50 mm
 35 mm
 Flat 

(e)

22 24 26 28 30 32 34 36 38 40
-55

-50

-45

-40

-35

-30

-25

S 4
1 (

dB
)

Frequency (GHz)

 80 mm
 65 mm
 50 mm
 35 mm
 Flat

(f)

Figure 3.18: Reflection and transmission coefficients results of bending in (a) and (b)
positive x-direction , (c) and (d) both positive and negative x-direction, (e) and (f)
cylinder case. (Sii represent S11 and S44).
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Figure 3.19: Gain and efficiency during bending conditions.
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Figure 3.20: E-plane radiation pattern during bending conditions.

3.2.6 Antenna on-body analysis

To analyse the impact of the human body on the performance of the designed MIMO
antenna, the S-parameters, radiation patterns, efficiency, and gain were examined when
antenna was placed on a human body voxel model called Gustav from CST Studio Suite
bio models. The simulated setup is illustrated in 3.21. The antenna was positioned on the
chest, arm, and leg regions. These regions were selected due to their potential as central
nodes during communication in WBAN. It is important to note that the distance between
the antenna and voxel body was 4.50 mm. This spacing was implemented to prevent
maximum radiation absorption beneath the antenna elements by the body. Furthermore,
this gap approximates the thickness of clothing, thus representing wearable realistic
scenarios. Each scenario is discussed in details in following sections.
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Figure 3.21: MIMO antenna on the chest, arm, and leg of the Gustav body model.
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Figure 3.22: S-parameters when MIMO antenna is placed on chest region.

3.2.6.1 MIMO antenna on chest

The simulated S-parameters results when the MIMO antenna was placed on the chest
region are shown in Fig. 3.22. The impedance bandwidth of the MIMO antenna when
placed on the chest region exhibits approximately the same impedance bandwidth. The
transmission coefficient indicates variations due to absorption and reflections of the
chest region, which affect the current flow between antenna elements. Nevertheless,
the mutual coupling remains below -25 dB in impedance bandwidth. Similarly, the
two principle E and H radiations when MIMO antenna is placed on chest are compared
with free space and are shown in Fig. 3.23(a). The radiation patterns for both E- and
H-planes exhibits a consistent endfire radiation pattern in E plane whereas broadside
in H-plane across both scenarios. However, the minor pattern distortions primarily
attributed to the interaction between the antenna’s near field and the lossy human tissue.
Nevertheless, the antenna maintains its overall directional characteristics. Fig. 3.23(b)
presents an analysis of the antenna’s gain and efficiency. The peak gain of roughly 5.8
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Figure 3.23: On chest results (a) E and H planes and (b) gain and efficiency.

dBi in free space was marginally reduced to 5.2 dBi. The efficiency remains high in
both scenarios, exceeding 0.85. A minor efficiency decrease is observed which can be
attributed to the lossy nature of human chest tissues.

3.2.6.2 MIMO antenna on arm

Figure 3.24 shows the S-parameter results for the MIMO antenna placed on the arm
region compared to free-space conditions. The impedance bandwidth experienced
a slight shift due to the proximity to the arm, spanning from 24.30 GHz to 33.79
GHz. Despite this shift, the antenna successfully covers most of the target frequency
range. Importantly, the mutual coupling levels remain consistently below -25 dB. These
results confirm that the interaction with the arm region primarily impacts the impedance
bandwidth, while the desired frequency coverage and mutual coupling characteristics
are largely preserved.

A comparative analysis of the performance of the MIMO antenna concentrating on
the radiation patterns in the E- and H-planes as well as the gain and efficiency metrics
are shown in Fig. 3.25. In both the E-plane and H-plane in Fig. 3.25(a), the antenna
shows minor variations in planes. Although the fundamental shape of the patterns
is preserved, the antenna has still endfire and broadside radiation patterns. The gain
and efficiency in Fig. 3.25(b) indicate a marginal decrease in performance. The gain
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Figure 3.24: S-parameters when MIMO antenna is placed on arm region.

diminishes by approximately 0.5-1 dB across the operational frequency spectrum, with
a peak gain of 5 dBi in free space decreasing to nearly 4.5 dBi upon arm placement.
Correspondingly, the efficiency experiences a slight reduction from approximately 85%
in free space to around 80% when situated on the arm.
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Figure 3.25: On arm results (a) E and H planes and (b) gain and efficiency.
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3.2.6.3 MIMO antenna on leg

The performance of the MIMO antenna when placed in the leg region are shown in
Figs. 3.26 and 3.27. The S-parameters in Fig.3.26(a) indicate a marginal alteration in
impedance bandwidth. In this case the impedance bandwidth range from 24.10 GHz to
33.50 GHz. Compared to placement on the chest and arm regions, this case also posses
the mutual coupling less than -25 dB in average across most part of the impedance
bandwidth.
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Figure 3.26: S-parameters when MIMO antenna is placed on leg region.

The radiation patterns presented in Fig.3.27(a) shows more distortions in the E-
and H-planes when the antenna is positioned on the leg. These distortions arise from
bending curvature of the leg region; however, they do not substantially impair the
overall endfire and broadside directional capabilities of the designed MIMO antenna.
Similarly, the Fig. 3.27(b) shows the gain and efficiency of the antenna across both free
space and on the leg region. The results show that the gain experiences a reduction
of approximately 0.5-1 dB in the bandwidth when MIMO antenna was placed on the
leg compared to free space. Here, a peak gain of approximately 5 dBi on the leg in
contrast to 5.50 dBi in free space was observed. The efficiency also exhibits a slight
reduction from approximately 85% in free space to a range to around 78% during
antenna placement on the leg region. Despite these reduction, the adesigned MIMO
antenna still upholds acceptable performance metrics for wearable applications.

In conclusion, the key findings results from all three MIMO placement on Gustav
model are summarized in 3.2. Although the proximity to the human body induces
minor alterations in bandwidth and slight reductions in gain and efficiency, the antenna
retains its mutual coupling, impedance matching, and overall operational efficacy. This
substantiates its appropriateness for wearable applications, even within the constraints
of challenging body-worn environments.
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Figure 3.27: On leg and free space comparison (a) E and H planes, (b) gain and
efficiency.

Table 3.2: Summary of results when MIMO antenna is placed on Gustav model.

Placement
Impedance Bandwidth

(GHz)
Peak Gain

(dBi)
Efficiency

(Avg)
Mutual Coupling

(dB)

Free space 22.97 - 33.91 5.73 0.87 < −30

Chest 23.12 - 33.86 5.61 0.87 < −25

Arm 24.30 - 33.79 5.25 0.80 < −25

Leg 24.60 - 33.85 5.13 0.78 −25

3.2.7 Investigation of the MIMO antenna on denim fabric material

As the designed MIMO intended for wearable applications, fabric analyses were
conducted specifically to examine the bandwidth and mutual coupling. The wearable
fabric materials can induce signal scattering and reflection, thereby potentially altering
the antenna impedance. To investigate this phenomenon, a denim fabric was designed
and positioned beneath the antenna without any spacing as shown in Fig. 3.28. The
permittivity of the denim fabric was selected to be 1.79 [121] within the operational
bandwidth of the antenna. The thickness (d) of the denim fabric was varied from 1 mm
to 6 mm, and the impact on S-parameters was observed. As previously noted, most
garments have a maximum thickness of up to 5 or 6 mm; therefore, the results were
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Figure 3.28: Placement of MIMO antenna on denim fabric material.

considered only up to this thickness.

The impedance bandwidth results of each antenna element with variations in
thickness are presented in Fig. 3.29(a). The results demonstrate that an increase
in thickness does not significantly alter the bandwidth shift in frequencies. Although
a lower reflection (-70 dB at 28 GHz) was observed in the case of 1 mm, while
approximately equivalent reflection was noted for all other frequencies. This effect
diminished as the thickness increased, and the antenna approached the free space
condition at approximately 6 mm. The impact of mutual coupling levels with variations
in denim thickness are provided in Fig. 3.29(b)-(d). The coupling level between
antennas 1 and 2 (S21) almost remains below -22 dB in whole impedance bandwidth
and has minimal impact as thickness of denim increases. In this case the coupling
levels are extremely low near 27 GHz and 28 GHz. Similarly, S31 between antennas 1
and 3 the coupling levels are below -25 dB, although it exhibits some more sensitivity
(in terms of reduction) to increasing fabric thickness, particularly beyond 3 mm. The
coupling between antennas 1 and 4 (S41) exhibits the more coupling levels but decreases
as thickness increases. the overall mutual coupling remains decreasing with increasing
the thickness. This can be attributed to the presence of more permittivity quantity as it
adds with the permittivity of the substrate (2.2 + 1.78 = 3.98). From the mutual coupling
investigation it can be observed that surface waves can be significantly reduced in high
permittivity materials. Hence, while slight resonance frequency shifts and coupling
variations are observed, the designed MIMO antenna maintains adequate impedance
matching and low mutual coupling across all tested thicknesses.

3.3 Experimental and measurement results analysis of
Vivaldi MIMO antenna

The MIMO antenna was fabricated utilizing an LPKF PCB prototype machine, and
subsequent measurements were conducted using a vector network analyzer (VNA)
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Figure 3.29: Impact of denim thickness on MIMO antenna (a) reflection coefficients of
antenna 1 (b) coupling between antenna 1 and 2, (c) coupling between antenna 1 and 3,
and (4) couping between antenna 1 and 4.

from the Keysight series PNA-X N5247B. As the VNA is extensively employed for
S-parameter and transmission coefficients (mutual coupling) analysis in this thesis, a
brief introduction to VNA usage and theory is provided.

3.3.1 Introduction to VNA

Calibration of any VNA is a critical step before utilizing it to measure S-parameters.
Two primary calibration methodologies exist: the conventional approach employing
mechanical connectors and the more contemporary electronic calibration (E-cal).
The mechanical method typically utilizes open, short, load, and through connectors.
While efficacious, this technique is time-intensive and susceptible to human error.
Conversely, E-cal instruments offer a highly efficient and precise calibration process,
mitigating systematic errors caused by cable losses, connector mismatches, and other
measurement setup imperfections. E-cal modules automate the procedure, rendering
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Figure 3.30: S-parameters measurements of DUT using VNA.

it more expeditious and less error-prone compared to mechanical calibration. For all
measurements in this thesis, a Keysight E-cal module compatible with the PNA-X
N5247B VNA was employed.

Subsequent to calibration, the measurement process commences by connecting the
DUT, typically an antenna, to the VNA ports. The VNA functions by generating a
known RF signal at a port and analyzing the DUT’s effect on this signal. The setup
of measuring a two port DUT using VNA is shown in Fig. 3.30. VNA assesses the
DUT’s frequency response by measuring both the amplitude and phase of transmitted
and reflected signals. This analysis yields valuable information regarding antenna
characteristics, including impedance, return loss, transmission, group delay etc.

A VNA measures the S-parameter as follows:

S11 = b1

a1
= input reflection coefficient

S12 = b1

a2
= reverse transmission coefficient (mutual coupling in MIMO antenna)

S21 = b2

a1
= forward transmission coefficient (mutual coupling in MIMO antenna)

S22 = b2

a2
= reverse reflection coefficient

Where a1 = incident signal on port 1, a2 = incident signal on port 2, b1 =
reflected signal from port 1, and b2 = reflected signal from port 2. In the analysis of
multi-port devices such as MIMO antennas, a VNA facilitates both reflection and
transmission measurements. In reflection measurements (S11, S22 etc.), the VNA
measures the magnitude of signal reflected back to the input source, thereby showing
the quality of perfect impedance matching scenarios in the MIMO antenna. The optimal
matching of antenna typically have a reflection coefficient below -10 dB. Conversely,
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transmission measurements (S21, S31, etc.) involve the VNA quantifying the signal
propagation from one port to another, thus enabling the assessment of mutual coupling
or isolation between antenna elements.

3.3.2 Measurement results analysis

The prototype of the fabricated Vivaldi MIMO antenna, shown in Fig. 3.31, includes its
top and bottom views (a) and the measurement setup (b). Using a VNA, S-parameters
were measured under free-space conditions to evaluate the antenna’s impedance
matching and mutual coupling performance.

Figure 3.31: (a) Prototype of Vivaldi MIMO antenna bottom and top faces and (b)
S-parameter measurements using a VNA.

The S-parameter results of the MIMO antenna for all four elements in free
space conditions are presented in Fig.3.32. The simulated reflection coefficients are
compared with measurement results and are illustrated in Fig.3.32(a). The results
demonstrate strong agreement between simulation and measurement, with the measured
data confirming an impedance bandwidth of 23–34 GHz. Fig.3.32(b) shows the
mutual coupling between antenna elements. Both simulated and measured results
indicate that mutual coupling values remain below -20 dB across the entire impedance
bandwidth, ensuring high isolation between elements. While minor discrepancies
are observed between simulated and measured results, these are within acceptable
limits, likely attributable to fabrication tolerances and environmental factors during
measurement. The measured results confirm that the fabricated prototype meets the
design requirements established by the simulation results.

The performance of the designed MIMO antenna under wearable conditions
particularly on the chest, arm and leg region was assessed as shown in Fig. 3.33(a).
The reflection coefficients results for these on-body placements are compared against
free space conditions in Fig. 3.33(b). The results demonstrates that the MIMO antenna
placement on the body still maintains a operational impedance bandwidth as of free
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Figure 3.32: Simulation and measured S-parameters comparison (a) reflection
coefficients and (b) transmission coefficients.
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Figure 3.33: (a) MIMO antenna position on chest, arm and leg positions (b) and
respective reflection coefficients.

space conditions in all tested scenarios, indicating effective impedance matching.
However, on-body placements exhibit slight shifts in resonance frequencies and minor
variations in return loss compared to free space. As discussed earlier in the simulation
data part that these changes are attributed to the interaction of em waves with the human
body and placement on the fabric material. The arm and leg placements show somewhat
more pronounced effects than the chest placement. Nevertheless, the antenna still
exhibits satisfactory bandwidth performance across all conditions, demonstrating its
robustness and suitability for wearable applications.

3.3.2.1 Gain measurements in anechoic chamber

The gain measurements of MIMO antenna were conducted in a Rhodes & Schwarz
RS®ATS1800C 5G anechoic chamber. The chamber constitutes an advanced testing
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(a) (b)

Figure 3.34: (a) Anechoic chamber view and (b) depiction of gain transfer method.

platform for conducting over-the-air (OTA) measurements on 5G devices and antennas.
This chamber establishes an isolated, noise interference-free environment for evaluating
devices in the mmWave frequency spectrum, particularly at Ka band (26-40 GHz), which
is crucial for 5G technology. Incorporating state-of-the-art reflectors and absorbers, it
facilitates precise assessment of radiation patterns and gain measurements. The side
view of the anechoic chamber connected to a VNA is shown Fig. 3.34(a) where different
points are highlighted, the details of which are as follows: 1 = Reference antenna, 2 =
VNA, 3 = RF cable from VNA to reference antenna, and 4 = Two RF cables from VNA
to feed antenna. This chamber uses gain transfer method for measurements of gain and
principle radiations patterns as shown in Fig. 3.34(b). In this method, a set of reference
antennas (typically a horn antenna) is used with known gain. The reference antenna
provides a known received power Pref, and has a known gain, Gref. The power reception
is then measured for AUT antenna. The received power of the AUT, denoted as PAUT,
is measured under identical conditions. The difference between the received powers
of the AUT and the reference antenna (PAUT and Pref) corresponds to the difference in
their gains. Using this difference, the gain of the AUT, GAUT, can be calculated with
the following equations 3.7 and 3.8 as follows:

GAUT(dB) = Gref(dB) + ∆(dB) (3.7)

where

∆(dB) = PAUT(dB) − Pref(dB) (3.8)

Two sets of measurements were conducted for gain measurements of the designed
MIMO antenna. First, free-space analysis was performed by measuring the received
power levels in both E and H planes. As the MIMO antenna is intended for use
in wearable applications, in the second set, a phantom (meat) was placed behind
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the fabricated MIMO, and the same measurement analysis was performed. The
measurement setup for both cases is shown in Fig. 3.35.

Figure 3.35: MIMO antenna gain measurement in free space and on a meat phantom
inside an anechoic chamber.

The MIMO antenna’s E-plane and H-plane radiation patterns were evaluated at
28 GHz and 30 GHz, with measured results compared to simulations as shown in
Fig. 3.36. The comparison revealed excellent correlation between simulated and
measured data, especially in end-fire and broadside radiation directions, validating
the antenna design and simulation models under free-space conditions. Nevertheless,
significant discrepancies were noted when measurements were conducted with a meat
tissue-mimicking phantom present which can be explained by multiple factors. Firstly,
manufacturing imperfections in misalignment may impact antenna gain performance.
Secondly, the phantom creates a more lossy environment than free space, resulting
in increased absorption and scattering of EM waves. Despite these differences, the
antenna maintained its fundamental radiation characteristics, indicating that the design
is resilient and appropriate for wearable applications, even when interacting with lossy
environments. The MIMO antenna’s measured gain and efficiency were determined
at various frequencies, both in free space and when positioned on the phantom. These
results are presented in Fig. 3.37. It is imperative that the MIMO antenna, when
positioned on the human body, should not undergo significant alterations and should
maintain consistent gain and efficiency. The designed MIMO antenna demonstrates
almost same gain and efficiency across its operational impedance bandwidth, even in
the presence of the phantom both in simulations and measurements.

3.4 Diversity analysis of the designed MIMO antenna

This section analyses the performance of the designed MIMO antenna through an
assessment of the diversity parameters, including the TARC, ECC, and DG.
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Figure 3.36: Simulated and measured radiation patterns of the MIMO antenna compared
at 28 GHz and 30 GHz: on the left is E-plane whereas H-plane on the right side.
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Figure 3.37: Simulated and measured gain and efficiency of the MIMO antenna.

3.4.1 TARC analysis

The TARC of the designed MIMO antenna was analyzed for 0◦, 45◦, and 90◦ under two
scenarios: free space conditions and on-body placement. The results demonstrated in
Fig. 3.38 that the TARC remains below -10 dB across the entire operational bandwidth
in free space, spanning from approximately 22 GHz to 34 GHz. This indicates that
the antenna maintains efficient signal transmission and reception with minimal power
losses due to changes in input. In free-space conditions, the TARC exhibits consistent
behaviour. Conversely, the TARC values for on-body placement, while marginally
higher than in free space, still remain below the critical threshold of -10 dB. The minor
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Figure 3.38: TARC of the MIMO antenna in free space and on the body.
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Figure 3.39: (a) ECC and (b) DG of the MIMO antenna.

variations in on-body measurements are attributed to the lossy nature of human tissue,
which affects the EM environment. Despite these variations, the antenna continues to
perform efficiently, demonstrating its resilience to the challenging on-body environment.

3.4.2 ECC and DG analysis

The results of the ECC and DG both in free space and on the body are shown in Fig.
3.39. ECC in both cases are significantly below the acceptable threshold value of 0.5
across the entire operational bandwidth. This indicates minimal correlation between
the radiation patterns of the antenna elements, even in on-body scenarios, ensuring
effective spatial diversity. Furthermore, the DG values consistently approach the ideal
value of 10 dB, demonstrating the antenna’s capacity to achieve near-optimal diversity
performance. The results substantiate that the proposed MIMO antenna maintains
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28 GHz 30 GHz

Figure 3.40: SAR distribution of the MIMO antenna.

Table 3.3: Designed Vivaldi MIMO antenna comparison with other reported works.

Ref. No [122] [123] [124] [125] Designed
Type Yagi Rectangle Microstrip Circular Vivaldi
Band mm-wave mm-wave ISM mm-wave mm-wave

Bandwidth (GHz) 0.9 0.80 2.80 0.01 10.94
Substrate Single Two Single Single Single

Dimensions (mm) 14.9×17.4 5 × 19 14 × 17 60 × 60 16 × 20
Gain (dBi) 5.20 6.00 7.50 0.82/2.83 5.65
Efficiency – 0.80 0.80 0.60 0.86

Bending analysis Yes Yes No Yes Yes
Antenna elements - 2 - - 4

robust performance in both free space and on-body conditions, rendering it suitable for
wearable applications.

3.5 SAR analysis

The designed Vivaldi antenna MIMO antenna was positioned 4.50 mm above the
arm region of the Gustav voxel model within CST Studio Suite for SAR analysis.
The evaluation followed the IEEE C95.1-1999 standard, which defines a maximum
permissible SAR of 1.6 W/kg for 1g of biological tissue. To maintain consistency with
typical wearable device power levels, an input power of 17 dBm (50 mW) was applied
during the simulation. The SAR distribution was analyzed at 28 GHz and 30 GHz,
as depicted in Fig. 3.40. The highest levels of EM energy absorption were recorded
directly beneath the MIMO antenna. The maximum SAR values at 28 GHz and 30
GHz were found to be 0.397 W/kg and 0.267 W/kg, respectively. These values remain
significantly below the regulatory threshold of 1.6 W/kg, confirming that the Vivaldi
MIMO antenna design is safe for wearable WBAN applications.

A comparative analysis of the desgined MIMO antenna with other antenna designs
is reported in 3.3. The designed Vivaldi MIMO antenna demonstrates significant
advantages over existing designs in terms of bandwidth, efficiency, flexibility, and
MIMO capability. Notably, the antenna achieves a wide bandwidth of 10.94 GHz,
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which is substantially higher than the reported Yagi [122] , rectangular [123], microstrip
[124], and circular antennas [125]. Additionally, the proposed antenna attains a gain of
5.65 dBi, ensuring stable performance across the operating frequency bands. While the
microstrip antenna in [124] exhibits a slightly higher gain 7.50 dBi, it lacks flexibility
and is unsuitable for wearable applications. Another key advantage of the designed
antenna is its compact size (16 × 20 mm), which is considerably smaller than [125]
while maintaining a wider operational bandwidth. Unlike the rectangular antenna in
[123], which requires a two-layer substrate, this design employs a single-layer structure,
leading to a simpler and more cost-effective fabrication process. Furthermore, the
Vivaldi MIMO antenna is designed for bending analysis, ensuring its suitability for
flexible and wearable applications, whereas the microstrip antenna in [124] lacks this
capability. The antenna also achieves an efficiency of 0.86 which is more than most
existing designs. Additionally, its 4-element MIMO configuration enhances spatial
diversity and signal robustness, a feature absent in most of the reported antennas. This
superior performance, coupled with its high efficiency and compact form factor, makes
the designed Vivaldi MIMO antenna an excellent candidate for next-generation wearable
and flexible mmWave communication systems, including 5G, IoT, and WBAN.

3.6 Conclusion

This chapter presented the design and analysis of a low-profile mmWave Vivaldi
MIMO antenna for wearable WBAN applications. The design incorporates a four-
element MIMO structure that operates within the mmWave band, specifically targeting
the 28 GHz and 30 GHz frequencies, with a fractional bandwidth of 36.4%. The
chapter also highlighted the challenges of mutual coupling and a FSS based decoupling
technique. The Vivaldi antenna’s wide bandwidth and directional end-fire radiation
patterns reduce the requirement for additional metamaterial-backed layers, which are
frequently employed to mitigate heat absorption by the human body. Conformability
analysis was evaluated under various bending conditions to simulate real-world usage
on different body parts. The results indicate that the antenna maintains consistent
efficiency and radiation characteristics even when bent, demonstrating its suitability
for wearable applications. Additionally, the chapter discusses the impact of fabric on
antenna performance, noting that denim, used as a substrate, has minimal effect on
performance up to a certain thickness. The design also ensures that the SAR remains
within safe limits when placed on the human body. Overall, the designed MIMO
antenna offers a compact, efficient, and safe solution for wearable WBAN applications,
with high DG and low ECC and TARC values. A comparative analysis with other
reported work demonstrated that the designed MIMO exhibits superior characteristics
compared to other works.
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Chapter 4

High-Isolation Dual-Band
mmWave MIMO Antenna for
WBAN: Design and Coupling
Reduction with DGS and FSS

4.1 Introduction

The introduction of 5G technology has transformed the IoT ecosystem owing due
to the fact that it facilitates fast data processing and transmission. This technology
shift is essentially advantageous for various IoT applications, including intelligent
urban environments, self-driving vehicles, and medical services [126]. For efficient 5G
communication in a IoT smart city, the mutli-band MIMO antennas are essential as
shown in Fig. 4.1.

Figure 4.1: Applications of multi mmWave bands antennas in IoT smart city
environment.
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Multi-band antennas play a crucial role as they function effectively without
interference by dynamically switching between frequency bands. Furthermore, multi-
band antennas maximize spectrum utilization by allocating different frequency bands
to various services. By distributing users and applications across multiple frequency
bands, multi-band antennas also mitigate congestion, particularly in high-traffic zones
such as stadiums, commercial areas, and healthcare facilities [127]. This results in
enhanced network reliability and reduced service interruptions, rendering multi-band
mmWave antennas an essential component of smart city infrastructure.

The design and implementation of multi-band MIMO antennas present numerous
challenges [128]. A significant issue is the complexity of antenna design and fabrication,
as optimizing antenna geometry for multiple frequency bands poses considerable
difficulties. Mutual coupling constitutes another challenge. The dimensions and
integration constraints are also critical factors, as multi-band antennas tend to be
larger, thus complicating their incorporation into compact devices such as wearable and
IoT sensors. Ensuring wide band impedance matching across multiple frequency bands
presents an additional challenge, as variations in radiation patterns and impedance
can result in signal losses. Addressing these challenges necessitates advanced antenna
designs and techniques that have capabilities of multi-band operations .

To overcome these limitations, in this chapter a high-isolation six-element MIMO
antenna operating at two distinct mmWave bands is thoroughly discussed. The antenna
is made of a modified elliptical patch with rotating arms which achieve dual-band
functionality, covering the ISM (24-24.25 GHz) and multiple 5G NR bands (24.25-
27.50 GHz, 26.50-30 GHz, and 37-40 GHz). Inter-element isolation is enhanced
through the integration of DGS and FSS, achieving isolation exceeding -33 dB while
maintaining compact dimensions. The antenna demonstrates broadside radiation
patterns, high gain, and excellent MIMO diversity parameters, including ECC below
0.012 and DG exceeding 9.96 dB. Furthermore, the design is validated through
simulations, measurements, and SAR analysis, ensuring its suitability for wearable and
IoT applications.

4.2 Design of single antenna element

The antenna was designed in the CST Studio and comprises multiple stages, as shown
in Fig. 4.2 (a-d). A semi-flexible Rogers RT5880 substrate (dielectric constant = 2.2
and a loss tangent = 0.0009) is used with dimensions of 16 × 16 × 0.79 mm3. The
copper thickness of 0.017 mm was utilized for the full ground plane and top patch. In
the step 1 design, an elliptic-shaped patch was fed by a microstrip feed line. Similarly
in the step 2, the elliptical shape patch was modified and cut in half. An extended arm
was introduced in step-3, whereas step-4 incorporates two arms that are positioned and
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Figure 4.2: Development steps of antenna (a) step 1, (b) step 2, (c) step 3, and (d) step
4.

Figure 4.3: Final stage 4 single antenna: (a) dimensions, and (b) 3D view.

rotated. It is important to note that all these steps were performed in order to achieve the
desired dual-band. Each of these steps were thoroughly analysed using CMA analysis
in the following subsequent subsections. The final optimized single antenna element
parameters are shown in Fig.4.3, whereas the values of each parameter are provided in
4.1. The 3D layout of the final stage design are presented in Fig.4.3.

The resonant frequency of an elliptical patch antenna can be calculated using equation
4.1 [129]. Here, f e,o

11 refers to the two dual even- and odd-resonant frequency modes
and εr represents the relative permittivity of the substrate. Variable e signifies the
eccentricity of the elliptical shape, and qe,o

11 is an approximated Mathieu function of the
dominant TM11e,o mode expressed in 4.2 and 4.3.

f11
e,o = 15

πeaeff

√
qe,o

11
εr

(4.1)
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Table 4.1: Parameters and dimensions of final single element antenna.

Parameter Dimensions (mm) Parameter Dimensions (mm)
SW 16.00 SL 16.00
W1 0.70 W2 3.00
W3 0.70 W4 0.95
A1 1.05 A2 1.58
AL 3.78 L1 14.00
L2 2.40 L3 5.05
θ 130° RW 3.71

RC 0.54 RL 3.40

q11e = −0.0049e + 3.7888e2 − 0.7278e3 + 2.314e4 (4.2)

q11o = −0.0063e + 3.8316e2 − 1.1351e3 + 5.2229e4 (4.3)

The parameter aeff, as defined in equation 4.4, represents the effective semi-major
axis (measured in centimeters) and is used to account for the stored energy within the
fringing field of an elliptical shape patch antenna [129].

aeff =
[
a2 + ha

0.3525πϵeff

{
ln
(

a

2h

)
+ (1.41ϵeff + 1.77)

+h

a
(0.268ϵeff + 1.65)

}] 1
2

(4.4)

where a denotes the semi-major axis, h represents the substrate height, and ϵeff is the
effective permittivity, as given by equation 4.5.

ϵeff = ϵr − 0.35ϵr

(
h

a
+ h

b
+ h

ab

)
(4.5)

4.2.1 CMA analysis

The CMA is a useful method for evaluating the surface current of a structure by
determining its eigenvalue (λn) and the corresponding eigen current (Jn). In the field of
antenna design, CMA is an effective tool because it predicts the radiation behaviour
of an antenna structure by analysing the surface current without requiring any external
excitation [130]. Accordingly, all four stages in were progressively analysed using
CMA by using CST Multilayer solver.

The CMA theory explain that the random bodies through orthogonal characteristic
modal currents and weighted eigenvalues can result in the support of multi-characteristic
modes [131] as in equation 4.6.

XJn = λnRJn (4.6)
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In this context, λn denotes the eigenvalue, Jn refers to the surface current, and [R, X]
represents the real and imaginary parts of the impedance operator Z(Jn) in 4.7.

Z(Jn) = R(Jn) + jX(Jn) (4.7)

Here, X(Jn) signifies the characteristic modes associated with energy storage. To
ensure the dominance of these modes, it is crucial to minimize X(Jn) to zero, thereby
making the impedance real. This can be achieved by modifying the current pattern at
the different regions of the designed structure by incorporating slots, which cause the
mode to become entirely real. The imaginary surface current X(Jn) is derived from the
characteristic angle (αn), which depends on λn and is defined by equation 4.8.

αn = 180◦ − tan−1(λn) (4.8)

The summation of all surface or characteristic currents is symbolized by (J), as shown
in equation 4.9. Modal significance (MS) can be calculated by utilizing weighted λn as
specified following in equation 4.10.

J =
∞∑

n=1
λnαn (4.9)

MSn = 1√
1 + |λn|2

(4.10)

When the MS is equal to 1, it represents the prevalent resonant modes of the
structure. However, not all modes in structures exhibit resonance; some are capacitive
while others are inductive and store energy. The investigation of such modes can be
facilitated through the use of λn and αn. An efficient mode is characterized by λn = 0
and αn = 180◦, implying that it efficiently radiates the majority of the coupled energy.
For modes where λn is less than zero and αn is between 180 degrees and 270 degrees,
the mode functions as a capacitive mode and stores electric field energy. Conversely,
for modes where λn is positive and αn ranges between 90 and 180 degrees, the mode
predominantly retains magnetic field energy and behaves as an inductive mode. To
suppress the inductive and capacitive modes, it is necessary to alter the surface current
flow in the structures. This can be accomplished by modifying the structure itself.
Each respective mode’s surface current generates distinct radiation patterns, thereby
illustrating the role of CMA in aiding antenna development and achieving the required
radiation pattern.

The initial five modes have been selected due to the fact that a considerable number
of resonating modes can be distinguished within this range, while very few modes are
detectable beyond it. As a result, the first five modes of each stage of the proposed
antenna are explained in following subsequent sub-sections.
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Figure 4.4: CMA results of step 1: (a) MS, (b) λn, (c) αn, and (d) reflection coefficient.

Figure 4.5: Current flow behaviour and radiation profile of the Step 1 antenna.

4.2.1.1 CMA of step 1 antenna

The CMA analysis of step 1 antenna design is shown in Fig. 4.4. The MS of stage 1
in Fig. 4.4(a) signifies that all five Modes are highly significant, with a value close to
1. However, the λn and αn in Figs. 4.4(b) and 4.4(c) reveal that Modes 1 and 2 are
efficient resonant modes at 28 GHz, while Modes 3 and 4 are resonant at 29 GHz and
32 GHz, respectively. Beyond these frequencies, these modes become capacitive and
inductive. Specifically, Modes 1, 3, and 5 are capacitive for frequencies below 28 GHz,
while all modes, excluding Mode 1, are inductive.
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The surface current gives insight into the radiation pattern of the modes at each
stage. For all modes of step 1 1, the current distribution and radiation patterns are
shown in Fig. 4.5, where the current for top patch and ground plane are shown in
red and blue arrows. The current distribution in mode 1 is in phase at the top edge of
the elliptical patch with the ground plane, while it is anti-phase at the outer left and
right edges, resulting in quad-beam and bidirectional radiation patterns at the angles
of ϕ = 0◦ and ϕ = 90◦. The current distribution in mode 2 is the same as in mode 1,
but in the opposite direction. In modes 3 and 4, the current distributions are in-phase
except at the center of edges, generating bidirectional radiation patterns. In mode 5, the
distribution is in phase in all areas, producing quad-beam patterns in all four planes.
Based on the results displayed in Fig. 4.4(d), it is apparent that the stage 1 antenna
design has an impedance bandwidth of 4.29 GHz, encompassing the frequencies of 28
GHz and 30 GHz. However, in order to achieve multiple bands operation that covers
the 24 GHz (ISM band) and 38/39 GHz frequency bands, the design has been modified
with multiple stages and is further explained in the following subsections.

4.2.1.2 CMA of step 2 antenna
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Figure 4.6: CMA results of step 2: (a) MS, (b) λn, (c) αn, and (d) reflection coefficient.

In this stage, the ellipse is divided in half along its centre, and then another cut is
made while maintaining the width of the transmission line. The outcome of the first five
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Figure 4.7: Current flow behaviour and radiation profile of the Step 2 antenna.

modes and the reflection coefficient are depicted in Fig. 4.6. The results in Fig. 4.6(a)
show that all five modes are significant at all frequencies. The eigenvalues in Fig. 4.6(b)
indicate that the first four modes converge to zero, particularly at 32 GHz and 34 GHz,
respectively, while mode 5 converges after 40 GHz. However, the results in Fig. 4.6(c)
suggest that all modes exhibit capacitive behavior at the required resonant frequencies,
except for the 32-GHz-34GHz band. This is also evident from the reflection coefficient
in Fig. 4.6(d) that this design has impedance bandwidth of 2 GHz covering 32-34 GHz
frequencies only.

In Fig. 4.7, the current distribution and radiation patterns for all modes of step 2
are displayed. For mode 1, the current distribution is anti-phase at the top edge and
left side of the elliptical patch, resulting in a quad-beam pattern. Conversely, mode
2 has in-phase current distribution which leads to a bidirectional radiation pattern.
Similarly, modes 4, 5, and 6 produce quad-beam patterns due to their anti-phase current
distributions.

4.2.1.3 CMA of step 3 antenna

In this stage, an additional strip line is added to the main ellipse in the x-direction. Fig.
4.8 shows the results of the first five modes and their respective reflection coefficients
for the structure. As can be seen in Fig. 4.8(a), all five modes are significant at different
frequencies. For instance, mode 1 is significant from 27GHz to 29 GHz, while mode 2
is significant from 26 GHz to 35 GHz. Likewise, modes 3 and 5 are significant almost
at all frequencies from 28 to 40 GHz, whereas mode 4 is significant near 29 GHz. The
λn in Fig. 4.8(b) indicate that the first two modes converge to zero, particularly at 28
GHz and 31 GHz, while modes 3 and 4 converge at 32 GHz and 36 GHz, respectively.
However, mode 5 does not converge. Nevertheless, the results in Fig. 4.8(c) suggest
that all modes exhibit capacitive behaviour at the required resonant frequencies, except
for modes 1 and 2. As shown in Fig. 4.8(d), which indicates that this design has an
approximate impedance bandwidth of 5 GHz, covering the 25-30 GHz band only.
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Figure 4.8: CMA results of step 3: (a) MS, (b) λn, (c) αn, and (d) reflection coefficient.

Figure 4.9: Current flow behaviour and radiation profile of the Step 3 antenna.

Fig. 4.9 displays the current distribution and radiation patterns for all modes of stage
3. For mode 1, the current distribution is anti-phase at the top edge and left half side of
the elliptical patch, resulting in a quad-beam pattern. Conversely, mode 2 has in-phase
current distribution, leading to a bidirectional radiation pattern. Similarly, modes 4, 5,
and 6 produce quad-beam patterns due to their anti-phase current distributions.

4.2.1.4 CMA of step 4

The third stage of the design covers the lower mm-wave band, ranging from 25 GHz to
30 GHz. To make it multi band and cover the 38 GHz band, arms were designed and
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Figure 4.10: CMA results of step 4: (a) MS, (b) λn, (c) αn , and (d) reflection coefficient.

placed on a microstrip line, with the width of the transmission line increased near the
port. Fig. 4.10 shows the results of the first five modes and their respective reflection
coefficients for the structure. As can be seen in Fig. 4.10(a), the first three modes are
significant at all frequencies, while modes 4 and 5 become significant from 33 GHz and
36 GHz, respectively. The λn in Fig. 4.10(b) indicate that the first two modes converge
to zero, particularly at 24 GHz and from 28 GHz, while modes 3, 4 and 5 converge at 32
GHz and 34 GHz, respectively. Nonetheless, results in Fig. 4.10(c) suggest that there
are both capacitive and inductive behaviours in different stages, particularly modes
1 and 5 are capacitive, mode 4 is capacitive up to 34 GHz, while modes 2 and 3 are
inductive after 34 GHz and 36Hz, respectively. This can also be seen in the reflection
coefficient in Fig. 4.10(d), which indicates that this design has now multiple frequency
bands covering 24 GHz-30 GHz and 37 GHz-39 GHz mm-wave bands. Fig. 4.11
displays the current distribution and radiation patterns for all modes of stage 4. For
the first mode, the current distribution is both in- and anti-phase at the top edge while
anti-phase at the left half side of the elliptical patch, resulting in a six-beam pattern.
Modes 2 and 3 have in-phase and anti-phase surface currents at the top and left half
side of the elliptical patch, respectively, resulting in a quad-beam pattern. Modes 4 and
5 have anti-phase surface currents at the top while in-phase and anti-phase currents near
the elliptical patch, resulting in bi-directional beams.
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Figure 4.11: Current flow behaviour and radiation profile of the Step 4 antenna.
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Figure 4.12: Parametric analysis: (a) L2, (b) W3, (c) θ, and (d) RC

4.2.2 Parametric analysis

In parametric analysis, antenna performance is examined by assessing the effects of
key design variables on the reflection coefficient. In this context, different antenna
parameters were altered, and the impact are shown in Fig. 4.12.

From the Fig. 4.12(a), the parameter L2 demonstrates that increasing its value
leads to a decrease in both the magnitude and impedance bandwidth. Conversely, the
parameter W3 has an inverse relationship, affecting the upper frequency band of 38
more than the lower band, and by increasing its size, the frequency shifts to the left side
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of the band as shown in Fig. 4.12(b). Furthermore, the rotation of the arm also impacts
the bandwidth, as demonstrated in 4.12(c). Additionally, the analysis of the variable
RC exhibits similarities, as shown in Fig. 4.12(d). It is evident from the results that
dual-band characteristics were achieved at 0.54 mm.

4.2.3 Generation of circular polarization

The electric field, time-phase difference ∆θ, and axial ratio (AR) can be considered
as indicators that the propagation of the antenna is circular polarization (CP). Thus,
when the electric field vector of an EM wave moves in a circular path as it propagates
then it is considered as circular polarization. The electric field components (Ex and
Ey) generated through diverse resonant modes oriented in the x and y directions of an
elliptical patch antenna can be written as [129]:

Ex = cos(π · x1 · a)
ω2 − ωe,o

11 (1 + jQ−1
11 )

(4.11)

Ey = cos(π · y1 · b)
ω2 − ωe,o

11 (1 + jQ−1
11 )

(4.12)

In the equations above, ω represents the phase rate of an oscillating electromagnetic
wave, while ωe,o

11 denotes the angular resonant frequency. Additionally, Q−1
11 corresponds

to the antenna’s quality factor. Circular polarization is achieved when the magnitudes
of the two orthogonal field components are equal and their phase difference is an odd
multiple of π/2, as expressed in the following condition:

|Ex| = |Ey| (4.13)

and
∆θ = θx − θy (4.14)

+
(1

2 + 2k
)

π · k = 0, 1, 2, . . . , for LHCP

−
(1

2 + 2k
)

π · k = 0, 1, 2, . . . , for RHCP

The CPs of elliptical patch antenna can be written in terms of axial ratio (AR) as:

AR = |Ey|
|Ex|

= 1 (4.15)

Both linear and circular polarizations exhibit advantages in the context of IoT-
based smart cities. While linear polarization (LP) is typically preferred for line-
of-sight and high-gain applications, circular polarization (CP) is more effective in
mobile and dynamic situations, offering better signal penetration, reduced multipath
interference, and orientation independence. Using antennas that support both LP and
CP across various frequencies can significantly enhance the performance and versatility
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Figure 4.13: Axial ratio of all stages.

of communication systems in smart cities. This dual-polarization feature of antennas is
particularly beneficial for addressing the dynamic communication requirements of a
smart city environment. In this context, the proposed antenna exhibits dual polarization,
as evidenced by the axial ratio (AR) results shown in Fig. 4.13. The final stage of the
design achieves AR 3 dB bandwidth of 2 GHz, spanning from 27 GHz to 29 GHz, and
1.5 GHz, covering the 37.5 GHz to 39 GHz range. These bands align with the standard
5G frequencies at 28 GHz and 38 GHz. As a result, this antenna design supports CP
within these frequency bands, while LP is applicable at other frequencies.

4.3 MIMO design

The designed single element antenna is expanded to a six-element MIMO design.
The final MIMO antenna design is completed through three separate stages: the
MIMO antenna with a full ground plane (MIMO1), the MIMO antenna with a DGS
(MIMO2), and the FSS structure incorporation in DGS (MIMO3). Each of these antenna
elements is arranged in a hexagonal configuration. The characteristic of this design is
useful for designing compact MIMO antenna, especially in applications with strict size
requirements, such as in small IoT devices.

4.3.1 Design of six-element MIMO antenna

The initially designed single antenna has been adapted into a six-element MIMO array
on a hexagonal substrate. Fig. 4.14 illustrates the top and bottom configurations of the
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Figure 4.14: MIMO1 antenna (a) top and (b) bottom faces.
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Figure 4.15: Results of MIMO1 antenna (a) reflections, (b) and (c) transmission
coefficients, and (d) gain and efficiency.

MIMO antenna. The edge-to-edge spacing between adjacent antenna elements was
3.52 mm which is less than half wavelength of operating frequencies.

Subsequent to the arrangement of the antenna elements, simulations were conducted,
with the results presented in Fig. 4.15. These results depict the s-parameters, gain,
and efficiency of the MIMO design. As evident from Fig. 4.15(a), the hexagonal
substrate has induced a slight shift in the resonance frequencies. Specifically, the lower
frequency band has shifted from 23.95-30.05 GHz to 23.18-26.89 GHz. Similarly, the
upper frequency band has shifted from 37.05-39.13 GHz to 34.97-36.85 GHz. This
alteration in the impedance bandwidth is undesirable, as it should correspond to the
bandwidths of the single antenna element. Conversely, as shown in Figs. 4.15(b-c), the
inter-element isolation and mutual coupling demonstrate an average of more than -20
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Figure 4.16: Surface current and radiation patterns of MIMO antenna 1 at 28 GHz and
38 GHz.

dB. Furthermore, an average realized gain of approximately 8 dBi was observed in both
bands, while efficiency values exceeding 0.90 were noted across both dual bandwidths,
as illustrated in Figure 4.15(d).

The surface current distribution and radiation patterns when antenna 1 is active is
shown in Fig. 4.16. The top row of the figure shows the distribution of surface current,
while the bottom row presents the corresponding 3D radiation patterns. To elucidate the
behaviour of current distribution and radiation patterns, only two frequencies (38/38
GHz) are presented, as the trends remain consistent across other frequencies. At 28 GHz,
the distribution exhibits strong current concentration around the feed point and along
the and half-elliptical patch. Notably, the current is also observed on adjacent antenna
elements, indicating the presence of mutual coupling. This coupling behaviour suggests
that energy is partially transferred to neighbouring elements, which may influence the
impedance characteristics and overall isolation performance. The radiation pattern at 28
GHz shows a well-defined main lobe in the z-direction. At 38 GHz, the surface current
distribution appears more dispersed along the antenna arm structure and extended arm.
The coupling effect is also noticeable at this frequency. However, the radiation pattern
at 38 GHz maintains strong directivity with a slightly broader main lobe and minor side
lobes, which is expected due to frequency-dependent changes in the antenna response.

4.3.2 Design of six-element MIMO antenna with DGS

To further reduce the mutual coupling and optimize the impedance bandwidth shift,
in this stage DGS technique was employed as shown in Fig. 4.17. The ground plane
incorporates a cross-shaped structure of periodic rectangular slots. These slots, with
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Figure 4.17: MIMO2 antenna (a) top and (b) bottom views.
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Figure 4.18: Results of MIMO2 antenna (a) reflection, (b) and (c) transmission
coefficients, and (d) gain and efficiency.

dimensions of approximately 2.7 × 3.4 (mm2) and interspaced by 1.5 mm, serve
multiple functions. A primary advantage of this DGS implementation is the reduction
in mutual coupling between adjacent MIMO antenna elements. By disrupting the
uniformity of the ground plane, these periodic slots alter the surface current distribution,
effectively suppressing surface waves and mitigating undesired EM interference.
Moreover, the DGS improves impedance matching by modifying the antenna’s effective
capacitance and inductance, thereby enhancing signal transmission efficiency across
operational frequency bands. The cross-shaped DGS pattern facilitates multi-directional
decoupling, ensuring optimal isolation among various antenna elements positioned
around the hexagonal substrate. Furthermore, the disruption of surface currents
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Figure 4.19: FSS design: (a) first stage, (b) second stage, (c) third stage, (d) final stage
(stage 4), (e) detailed dimensions of stage 4, and (f) Floquet boundary excitation.

can result in increased bandwidth and enhanced radiation efficiency, consequently
improving overall gain performance. In essence, the DGS structure in this MIMO
antenna represents a calculated design feature aimed at optimizing isolation and
impedance matching.

The s-parameters, gain and efficiency results of DGS based MIMO antenna is shown
in Fig. 4.18. In this case, as shown in Fig. 4.18(a) the impedance bandwidth is
now enhanced, covering now 24.61-31.61 GHz and 37.30-40.05 GHz. The results
indicate efficient impedance matching, with the MIMO antenna now demonstrating
similar bandwidth performance compared to a single-element antenna. Although, high
isolation (> −20) dBi is observed particularly between antenna 1 and all other elements
as shown in Fig. 4.18(b), however the level mutual coupling is more in elements as
can be seen from results S42, S62, S53, and S63 as shown in Fig. 4.18(c). Although,
good isolation was observed at 28 GHz, however 38 GHz was more prone to mutual
coupling. With incorporation of slots, the gain and efficiency is also increased and more
than 8.50 gain and 0.90 efficiency are also observed in the both frequency bandwidth,
as indicated in Fig. 4.18(d).

4.3.3 MTM based FSS design

The challenge posed by mutual coupling, especially at mmWave frequencies where
the antenna element spacing is just a few millimetre and the coupling is consequently
pronounced, is of paramount importance. The utilization of traditional methods for
mitigating coupling, which require the dimensions of the substrate of FSS to be half the
wavelength of the operating frequency, has been found to be insufficient in achieving
the desired high isolation at mmWave band. Consequently, this work presents a design
of FSS to develop a broadband structure with dimensions significantly smaller than
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Figure 4.20: FSS unit cell results: (a) first stage, (b) second stage, (c) third stage, and
(d) final stage.

the half wavelength, exhibiting exceptional band rejection properties particularly at
impedance bandwidth frequencies. The metamaterial FSS unit cell is inspired by spiral
shape resonator design. The final design was achieved through different stages as shown
in Fig. 4.19. The optimized parameters of the unit cell are as follows: LU = 3.95, WU

= 3.95, t1 = 0.14, t2 = t3 = c1 = c1 = 0.21, as = 0.68, ar = 0.68, ar = 0.61, t4 = 0.07, gr

= 0.16, gr = 0.14, and hs = 0.79 (mm). The simulation of the unit cell was facilitated
by employing Floquet boundary conditions in CST Studio Suite. Floquet boundary
conditions are used to simulate periodic structures such as MTM unit cells. These
boundaries consider the simulation of an infinite array by modeling just a single unit
cell. When Floquet boundaries are applied in the transverse directions (typically x and
y), they assume that the fields on opposite sides of the unit cell are periodic. A Floquet
port is then used to excite a standard plane wave, usually propagating in the z-direction,
allowing the extraction of S-parameters under periodic excitation. This setup is ideal for
analysing how a MTM unit cell interacts with EM waves under plane-wave excitations.
The s-parameters and effective parameters (permittivity (eps.), permeability (perm.)
and refractive index (n)) results of each stage are shown in Fig. 4.20.

In the initial design, two spiral rings were implemented, with the width of the smaller
ring being one-third of the larger ring. This stage produced significant reflection and
transmission, as shown in Fig. 4.20(a), without negative values of effective parameters.
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Consequently, the FSS objective of increased reflection and decreased transmission
with negative effective parameters was not achieved at this stage. Therefore, necessary
adjustments were performed in subsequent stages. Four cuts with a width of c1,
positioned 90 degrees apart, were made on both rings. This stage did not significantly
impact the results, as shown in 4.20(b). In stage 3, six arms connected to both smaller
and wider rings were introduced. This produced a resonant frequency band near 36 GHz
where decreased reflection and increased transmission were observed, as can be seen in
4.20(c). Although the reflection was greater at resonant frequencies with acceptable
transmission, negative effective parameters were still not achieved. Thus, in the final
stage 4, necessary changes were implemented. As shown in 4.20(d) results, all FSS
objectives were achieved. The unit cell demonstrates reflection of more than -5 dB
and transmission of less than -23 dB up to 35.6 GHz, and transmission of -30 dB or
more beyond 37 GHz frequencies. Additionally, the design features negative values
for permittivity, permeability, and refractive index, as illustrated in Fig. 20(b). The
Kramers-Kronig algorithm was used to calculate the effective permittivity, permeability,
and refractive index of the FSS design [132]. It is noteworthy that the FSS was designed
on a substrate without a ground plane.

4.3.4 MIMO3 final design

In this instance, the designed metamaterial based FSS was placed between the antenna
elements on the top face and in the ground plane, as shown in Fig. 4.21. Each antenna
element on the top surface is surrounded by multiple FSS unit cells, while the bottom
face incorporates a DGS in conjunction with periodic FSS elements. To suppress surface
waves, enhance gain, and improve isolation, the FSS structures are optimally positioned
at intervals of 1.4 mm. The DGS on the bottom face is configured in a cruciform pattern,
with FSS elements symmetrically distributed to form a periodic lattice. This engineered
configuration contributes to bandgap filtering and reduces mutual coupling.

Figure 4.21: MIMO3 antenna (a) top and (b) bottom views.
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The integration of FSS and DGS in the six-element MIMO antenna design leads to
significant improvements in impedance matching, isolation enhancment and mutual
coupling reduction, as shown in 4.22. The reflection coefficient results in Fig. 4.22(a)
demonstrate a noticeable enhancement in impedance bandwidth due to the incorporation
of FSS. Specifically, the lower impedance band now ranges from 23.63 GHz to 32.90
GHz, while the upper frequency band covers the frequency range from 36.68 GHz to
beyond 40 GHz. This expanded bandwidth indicates the FSS and DGS capability in
the bandwidth enhancement of designed MIMO antenna. The transmission coefficient
results in Figs. 4.22(b-c) further validate the enhanced isolation between the antenna
elements. In most cases, isolation exceeds -33 dB, indicating significant suppression of
mutual coupling. The periodic FSS structures contribute to this isolation by acting as
EM bandgap structures, thereby reducing surface wave propagation and minimizing
unwanted inter element interactions. However, slightly reduced isolation is observed for
elements S41 and S42, where the transmission coefficient reaches approximately -23
dB. Despite this, the overall MIMO antenna exhibits excellent isolation characteristics.
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Figure 4.22: Results of MIMO antenna with FSS and DGS: (a) reflection coefficients,
(b) and (c) transmission coefficients, and (d) gain and efficiency.

Moreover, the gain and efficiency characteristics, as depicted in Fig. 4.22(d), reveal
a consistent improvement across the operating frequency range. The antenna achieves
a peak gain exceeding 8.90 dBi, while the efficiency remains above 0.92, indicating
minimal losses and high radiation efficiency. These enhancements can be attributed
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to the optimized placement of the FSS elements, which not only improve impedance
matching but also enhance radiation performance by reducing undesired back radiation.
The stable gain and efficiency values further validate the robustness of the proposed
design. In summary, the observed enhancements in mutual coupling reduction, gain
augmentation, and efficiency optimization demonstrate the efficacy of the proposed
antenna for advanced wireless communication applications, including 5G, Internet of
Medical Things (IoMT), and other high-data-rate wireless systems.

4.3.5 Surface current and electric field distribution

4.3.5.1 Single element

The surface current distribution of the designed single antenna element at 26 GHz,
28 GHz, 30 GHz, and 38 GHz is shown in Fig. 4.23. It is observed that the primary
concentration of surface current occurs in the half elliptical region at 26 GHz. At 28
GHz, the current is more pronounced in both the elliptical shape and rotating arms,
indicating the origin of the resonance. Similarly, at 30 GHz, the current is more
concentrated in the transmission line, while at 38 GHz, it is more prominent in the
rotating arms region. It can be observed that the CP is primarily generated at the
half-elliptical patch and rotated arms region of the single element antenna. Moreover,
the LP is dominantly generated in the remaining region. This demonstrates that a
single antenna can be designed for the generation of different polarization by utilizing a
half-elliptical patch and introducing rotating arms to it.

Figure 4.23: Surface current distribution of the single antenna element.

4.3.5.2 MIMO distributions

Figs. 4.24(a)-(d) illustrate the surface current distribution with and without FSS,
considering port 1 as active while all other ports are terminated with a 50Ω load.
As anticipated, the surface current density distribution is higher when FSS is absent,
resulting in increased mutual coupling. However, when FSS is inserted between antenna
elements, it significantly reduces the impact of surface current, leading to increased
current concentration at FSS locations. This, in turn, enhances the isolation and
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Figure 4.24: Surface current distribution (a) 28 GHz with FSS, (b) 28 GHz with DGS,
(c) 38 GHz with FSS, (d) 38 GHz with DGS, and (e) e-filed at 28 GHz.

showcases the effectiveness of FSS-based metamaterials in MIMO antenna systems.
The free space electric field is also shown in Fig. 4.24(d). In order to observe the
far-field electric field, two proposed MIMO antennas were placed 50 cm apart, with
one serving as a transmitter and the other as a receiver. The results clearly demonstrate
that the field is effectively generated and flows efficiently from the transmitter to the
receiver antenna.

4.4 Measured results

The final MIMO3 antenna was fabricated and Fig. 4.25. showing both structural design
and measurement setup. The top face in Fig. 4.25(a) shows fabricated antenna and
integrated with FSS structures, while the bottom face in Fig. 4.25 presents the DGS with
periodic FSS for mutual coupling suppression. Fig. 3. 4.25(c) displays the assembled
antenna with connectors attached. The measurement setup in Fig. 4.25(d) involves a
Keysight network analyzer (PNA-X, N5247B) to evaluate the antenna’s s-parameters,
including reflection and transmission coefficients. The small vias in the fabricated
prototype were created for the connections of the SMA connector.

Figure 4.25: Fabricated prototype of the MIMO antenna: (a) top view, (b) bottom view,
(c) assembled with connectors, and (d) S-parameter measurements using a VNA.
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Figure 4.26: Comparison of simulation and measurement results (a) reflection, (b), (c)
and (d) transmission coefficients.

The s-parameters outcomes, encompassing reflection and transmission coefficients
are shown in Fig. 4.26. As shown in Fig. 4.26(a), the measured results for the
initial two antenna components closely follow the simulation data trends, with slight
differences attributed to manufacturing tolerances, and connector losses. Despite these
variations, the measured impedance bandwidth aligns with the simulated performance,
spanning 23.65 GHz to 32.51 GHz for the lower band and 37.1 GHz to over 40
GHz for the upper band. These findings confirm that the antenna design maintains
its multi-band functionality after fabrication. It’s important to note that during
measurements, all inactive ports were connected to 50 Ω loads to eliminate unwanted
reflections, ensuring precise and dependable results across all antenna components. The
designed MIMO antenna supports multiple operating bands and exhibits strong isolation
between adjacent antenna elements, as evidenced in Figs. 4.26(b-d). The transmission
coefficients reveal that mutual coupling remains under -33 dB throughout most of the
frequency range, validating the effectiveness of the FSS in reducing unwanted EM
interference. The FSS’s periodic structure inhibits surface wave propagation, thereby
minimizing undesired interactions between elements. The effective decoupling between
antenna elements not only boosts radiation efficiency but also ensures each element’s
independent contribution to the MIMO system’s performance.
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Figure 4.27: MIMO antenna gain measurement performed in the anechoic chamber.
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Figure 4.28: Comparison of simulation and measured results in azimuth E-plane (a) 26
GHz (b) 28 GHz (c) 30 GHz, and (d) 38 GHz.

Radiation pattern measurements were performed in the Rhodes & Schwarz
RS®ATS1800C anechoic chamber, as shown in Fig. 4.27. This chamber offers a
controlled, echo-free setting for accurate gain and radiation pattern measurements,
reducing external interference. To measure the antenna’s gain, the gain transfer method
was employed, using a mm-wave reference horn antenna with known gain as a standard.
The reference horn antenna was first placed in the quiet zone to minimize multipath
effects, and its received power was measured for both E-plane and H-plane. The
MIMO antenna then replaced the reference antenna in the same quiet zone, and its
received power was recorded under identical conditions. The MIMO antenna’s gain was
accurately determined by comparing the difference in received power between these two
measurements. During testing, 50 Ω terminators were attached to the MIMO antenna’s

92



Measured results

0
30

60

90

120

150
180

210

240

270

300

330

-20
-10

0
10

-20
-10

0
10

0
30

60

90

120

150
180

210

240

270

300

330

-20
-10

0
10

-20
-10

0
10

0
30

60

90

120

150
180

210

240

270

300

330

-20
-10

0
10

-20
-10

0
10

0
30

60

90

120

150
180

210

240

270

300

330

-20
-10

0
10

-20
-10

0
10

 Ant. 1 Sim.  Ant. 1 Meas.  Ant. 2 Sim.  Ant. 2 Meas.

26 GHz 28 GHz

38 GHz30 GHz

Figure 4.29: Comparison of simulation and measured results in elevation H-plane: (a)
26 GHz (b) 28 GHz (c) 30 GHz, and (d) 38 GHz.

unused ports to eliminate unwanted reflections and ensure reliable results. A VNA
was used to capture received signals and analyse gain response across the antenna’s
operational frequency range. The anechoic chamber also contained a strategically
positioned reflector and transmitting antenna to improve measurement accuracy and
direct the incident wave towards the MIMO antenna. This methodology allowed for the
creation of a detailed radiation pattern for the MIMO antenna across various angles.
The measured gain and radiation characteristics were subsequently compared with
simulation results to verify the fabricated prototype’s performance.

The MIMO antenna radiation patterns were evaluated in both the azimuth E-plane
(phi = 0) and elevation H-plane (phi = 90) at frequencies of 26 GHz, 28 GHz, 30 GHz,
and 38 GHz and are presented in Fig. 4.28 and Fig. 4.29. The results demonstrate
broadside radiation patterns with significant correlation between the simulated and
measured results, confirming the MIMO antenna design’s reliability in practical gain
scenarios. However, minor discrepancies are observed, potentially attributable to
manufacturing tolerances, measurement setup misalignments, and connector losses.
Additionally, the efficiency and antenna gain of the MIMO antenna are given in Fig.
4.30. The measured results show a considerable match with the simulation. Hence, the
gain values for 26 GHz, 28 GHz, 30 GHz, and 38 GHz were 9.12 dBi, 9.19 dBi, 8.80
dBi, and 8.77 dBi. Similarly, the efficiency values were 0.92, 0.94, 0.94, and 0.95.
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Figure 4.30: Comparison of simulated and experimental results for the gain and
efficiency of the MIMO antenna.

4.5 MIMO Diversity analysis

4.5.1 TARC analysis

The TARC is a is a metric used to determine the operational frequencies of a MIMO
antenna when its input signal phase is altered. The TARC is calculated by dividing the
square root of the sum of all outgoing powers at the ports by the sum of all incident
powers at the ports of an N-port antenna. For a six-element MIMO antenna, the TARC
can be mathematically represented [133] as follows:

TARC =

√∑6
i=1 |Ri|2√∑6
i=1 |Ii|2

(4.16)

Where, Ri and Ii are the reflected and incident signals. Hence, the scattering matrix of
a six-elemnt MIMO antenna can be written as:
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(4.17)

The values of TARC can be further calculated as following:

TARC =

√∑6
p=1

∣∣∣Ri1 +∑6
p=1 Ripejθp−1

∣∣∣
√

6
(4.18)
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Figure 4.31: Calculated TARC values of the MIMO antenna.

TARC =
√

ζ1 + ζ2 + ζ3 + ζ4 + ζ5 + ζ6√
6

(4.19)

Where the coefficients of each element are:

ζ1 = |S11 + S12e
jθ + S13e

jθ1 + S14e
jθ2 + S15e

jθ3 + S16e
jθ4 |2

ζ2 = |S21 + S22e
jθ + S23e

jθ1 + S24e
jθ2 + S25e

jθ3 + S26e
jθ4 |2

ζ3 = |S31 + S32e
jθ + S33e

jθ1 + S34e
jθ2 + S35e

jθ3 + S36e
jθ4 |2

ζ4 = |S41 + S42e
jθ + S43e

jθ1 + S44e
jθ2 + S45e

jθ3 + S46e
jθ4 |2

ζ5 = |S51 + S52e
jθ + S53e

jθ1 + S54e
jθ2 + S55e

jθ3 + S56e
jθ4 |2

ζ6 = |S61 + S62e
jθ + S63e

jθ1 + S64e
jθ2 + S65e

jθ3 + S66e
jθ4 |2

(4.20)

The computed TARC for the proposed MIMO antenna design is shown in Fig.
4.31. In the TARC analysis, the phase of the input signal at the first port was kept
constant at 0◦, while the phases at the other six ports were varied from 0◦ to 180◦ in
30◦ steps. The TARC measurements consistently fall well under the conventional 10
dB threshold, demonstrating excellent impedance matching and minimal reflection-
induced power losses. Despite a minor uptick in TARC at 39 GHz, the values remain
within acceptable ranges, indicating that the antenna maintains effective decoupling
even at higher frequencies. The TARC’s stability across various phase angles further
confirms the antenna’s ability to accommodate diverse signal excitations without
performance degradation. Moreover, the consistent TARC response ensures the
antenna’s efficient operation in dynamic settings where phase variations are prevalent,
such as in beamforming and spatial multiplexing scenarios.
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Figure 4.32: Comparison of ECC and DG performance for the MIMO antenna.

4.5.2 ECC and DG analysis

The ECC is an another essential metric for the investigation of MIMO antenna systems.
It quantifies the degree of correlation between the radiation patterns of antenna elements
in a MIMO configuration. The ECC values are ideally within the range of 0 and 1. A
value of zero signifies no correlation, while a value less than 0.5 is generally considered
acceptable in practical applications. The ECC values for the antenna elements are
calculated using far-field and are shown in Fig: 4.32. The ideal value of DG is
supposed to be 10 dB, which signifies the absence of any correlation between the
antenna elements. The ECC and DG parameters of the MIMO antenna are depicted in
Fig. 31. In Fig. 31(a), it is evident that the ECC values fall well below the standard of
0.5 and approach zero across most frequencies of the impedance bandwidth. Similarly,
as shown in Fig. 31(b), the MIMO antenna exhibits exceptional DG values surpassing
9.98 dB, which are nearly in line with the standard threshold of 10 dB throughout the
impedance bandwidth.

4.6 Designed MIMO antenna application scenario

The proposed MIMO antenna can be utilized in WBAN applications, as shown in Fig.
4.33. In a medical care context, WBAN is employed to remotely monitor patients by
medical professionals. To this end, biosensors are placed on the patient’s body which
collect and transmit crucial physiological data to a central hub. The hub subsequently
collects the data and wirelessly sends it to an access point, which is integrated into
the hospital’s local network infrastructure. This information is then transmitted over
the internet, allowing medical professionals to access it remotely and facilitating real-
time monitoring and remote consultation. The proposed MIMO antenna, due to its
compactness and semi-flexible substrate, can be mounted on the human body.

The antenna was placed on the human body arm, chest, and leg regions, as depicted
in Fig. 4.34, to evaluate its performance in realistic wearable conditions. The reflection
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Figure 4.33: An application overview of the proposed MIMO antenna in WBAN system.

Figure 4.34: MIMO antenna placement on the arm, chest, and leg regions.
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Figure 4.35: Comparison of the MIMO antenna reflection coefficients when placed on
chest, arm, and leg regions.

coefficient results for these different placements are presented in Fig. 4.35. A slight
impedance bandwidth shift is observed across all cases in the results, however: the
desired operating frequencies, including 26 GHz, 28 GHz, 30 GHz, and 38 GHz, remain
well covered in all cases. The frequency shift is most noticeable when the antenna is
placed on the arm region. This can be attributed to the increased bending and muscle
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movement in the arm, which introduces additional variations in the antenna’s effective
permittivity and impedance characteristics. In contrast, the chest and leg placements
exhibit relatively smaller shifts, likely due to their more stable and uniform surface
profiles, resulting in fewer perturbations to the antenna’s EM properties. Despite these
shifts, the antenna maintains its dual-band functionality across all three placements,
confirming its robustness for on-body applications. The minimal performance variation
suggests that the design effectively mitigates the impact of body loading effects, which
is a critical factor for wearable antenna applications. Thus the design MIMO antenna is
well-suited for integration into WBAN and other wearable communication systems.

4.6.1 Safety analysis

Evaluating the absorption of EM radiation by human tissue is essential for any antenna
designed for on-body use. This evaluation ensures the safety and protection of the
human body. The SAR serves as a critical metric, indicating the amount of EM energy
absorbed by human tissue. The designed MIMO antenna was positioned on various
parts of the CST Hugo model, which was obtained from the CST voxel library, as
shown in Fig. 4.36.

Figure 4.36: SAR values at arm and chest regions.

SAR assessment was performed at 500 mW power, a reasonable level for practical
wearable communication systems. The MIMO antenna’s SAR values were examined at
26 GHz, 28 GHz, 30 GHz, and 38 GHz. The 1g SAR measurements were 0.0268, 0.028,
0.031, and 0.0037 W/kg, respectively. Correspondingly, the 10g SAR measurements
were 0.538, 0.142, 1.24, and 0.040 W/kg, respectively. These findings demonstrate
that the proposed MIMO antenna exhibits low SAR values across the tested frequency
ranges, staying well within the IEEE and ICNIRP safety guidelines for wearable
communication devices. The slightly elevated SAR at 30 GHz in the 10g evaluation
might be due to localized absorption caused by the antenna’s proximity to the body, but
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the values remain within acceptable limits. Thus, these results confirm the designed
MIMO antenna’s suitability for on-body WBAN applications without presenting
significant health risks to the human body.

4.6.2 Communication link analysis

To analyse the communication efficiency of the proposed MIMO antenna,
communication assessments were performed for two different scenarios and at two
different resonant frequencies of 28 GHz and 38 GHz. Analysing the communication
capacity of the MIMO antenna is essential in WBAN applications scenarios.

Scenario 1:

In this scenario, it was assumed that the MIMO antenna is positioned on the chest
and operates as a transmitter (Tx), while an ideal λo/2 dipole antenna functions as a
receiver (Rx) situated in free space at a distance (d) from the Tx. The received power
(Pr) is calculated based on the path loss (PLdB) using the following equations [134]:

Pr(dBm) = Pt(dBm) + Gt(dB) + Gr(dB) − PLdB(dB) (4.21)

PLdB(d) = 10n log10

(
d

d0

)
+ 20 log10

(
4πd

λ0

)
+ Xσ (4.22)

where Pt represents the transmitted power, Gt is the transmitter antenna gain, Gr

denotes the receiver antenna gain, and n is the path loss exponent that varies based on
the communication scenario (LOS or NLOS). The parameter d represents the distance
between the Tx and Rx antennas, while Xσ is a Gaussian-distributed random variable
with a standard deviation accounting for environmental variations. For this evaluation,
Pt was considered at three levels: 10 dBm, 20 dBm, and 30 dBm, with Gr set at 2
dBi to simplify the communication path analysis. The Gt value was chosen as 8.98
dBi, representing the average of the measured gains at 28 GHz (9.12 dBi) and 38 GHz
(8.77 dBi). The path loss exponent (n) was set to 1.5 for LOS conditions and 3.0 for
NLOS conditions, reflecting multipath propagation environments. Additionally, Xσ

was assigned a value of 0 dBm, and the reference distance (d0) was set at 1.0 m. The
distance d was varied up to 30 m to assess the communication performance.

The results, presented in Fig. 4.37, demonstrate that when operating at a high
transmit power of 30 dBm, the MIMO antenna enables the dipole antenna with 2 dBi
gain to receive more than -60 dBm of power at distances up to 15 meters in both LOS
and NLOS scenarios for 28 GHz and 38 GHz. At a lower transmit power of 10 dBm,
the dipole antenna can still receive power greater than -75 dBm at a distance of up to
15 meters in LOS conditions at 28 GHz. However, at 38 GHz, the received power is
significantly reduced for the 10 dBm input power in both LOS and NLOS links, which
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Figure 4.37: Impact of Tx-Rx distance on received power in LOS and NLOS uplink
communication using a dipole antenna.
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Figure 4.38: Received power comparison of the dipole and proposed antenna with a 20
dBm transmitter power.

can be attributed to higher free-space path losses and increased atmospheric absorption
at higher frequencies.

Case 2:

In this case the proposed MIMO design was regarded both as the transmitter and
receiver antenna. The results were then compared with those of Case 1 for Pt = 20
dBm, and shown in Fig. 4.38. An improvement in power reception of almost 7 dBm
was recorded at all distance points beyond 5 m. Consequently, if the same type of
antennas are used at both the transmitting and receiving ends, it can lead to even better
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reception of power. In accordance with the significance of human safety, the maximum
power limit for wearable antennas has been set at 17 dBm. The results of the SAR
analysis presented in Fig. 35 and the calculations of the received power in both LOS
and NLOS scenarios indicate that the proposed antenna is capable of achieving effective
communication while also ensuring the safety of human tissues during operation.

Table 4.2: Link budget parameters.

Transmitter conditions
Parameter Value

Operating frequency, f (GHz) 28/38
Transmitted power, Pt (dBm) 17

Transmitter antenna gain, Gt (dBi) 9.12/8.77
EIRP (Pt + Gt) (dBm) 26.12/25.77

Propagation environment conditions
Distance, d (m) 0-100

Free space loss, Lf (dB) Adaptive (distance)
Receiver conditions

Receiver antenna gain, Gr (dBi) 8.98 (average)
Ambient temperature, T0 (K) 293

Boltzmann constant, k 1.38 × 10−23 W/m K
Noise power density, N0 (dB/Hz) -203.9

Signal conditions
Bit rate, Br (Mb/s) 1, 10, 50, 100

Bit error rate 1 × 10−5

Eb/N0 (ideal PSK), (dB) 9.6
Coding gain, Gc (dB) 0

Fixing deterioration, Gd (dB) 2.5

Link Margin: The link margin analysis is of great importance in wireless
communication. This measure represents the difference between the received signal
strength and the minimum necessary signal strength for effective communication. It is
typically expressed in decibels (dB) and functions as a safety margin, while ensuring
reliable data transmission even in a noisy communication channel. The link margin is
determined using equations (25-30) at two resonance frequencies of 28 and 38 GHz,
and the link budget parameters are presented in Table 1 [135].

L.M (dB) = Link
(

c

N0

)
− Required

(
c

N0

)
(4.23)

Link
(

c

N0

)
= EIRP − Lf + Gr − N0 [dB/Hz] (4.24)

Required
(

c

N0

)
= Eb

N0
+ 10log10 (Br) − Gc + Gd [dB/Hz] (4.25)

Lf = 20 log10

(
4πd

λ

)
(dB) (4.26)
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Figure 4.39: Link margin results.

N0 = 10log10 (k) + 10log10 (Ti) [dB/Hz] (4.27)

Ti = T0 (NF − 1) [K] (4.28)

In this study, we have taken into account an input power of 17 dBm to ensure safety. The
calculated link margin is depicted in Figure 38. The calculated link margin indicates
that as the communication distance increases, the margin decreases. At a frequency of
28 GHz, a higher link margin was observed compared to a frequency of 38 GHz for the
same data rate. The reduction in link margin can be attributed to the increased path loss
at 38 GHz compared to 28 GHz. However, the link margin improves to 55 dB when the
separation distance is below 10 meters, which is a typical distance for wearable antenna
communication. The proposed antenna can transmit and receive data at a rate of 100
Mbps up to 100 meters for both resonant frequencies of 28/38 GHz, with a link margin
of over 35 dB. The proposed MIMO design effectively demonstrates its capacity to
process significant amounts of data at 28/38 GHz mm-wave bands.

The table presents a comparative analysis of the designed dual-band MIMO antenna
against previously reported designs in Table 4.3. The proposed antenna, with six ports
and dimensions of 25 × 43 × 0.79 mm³, is relatively compact compared to larger designs
such as [141] (104 × 104 × 0.51 mm³) and [143] (54 × 54 × 0.8 mm³). It offers a
wide impedance bandwidth spanning 23.63–32.90 GHz and 36.68–40 GHz, which is
significantly broader than many existing antennas, including [136] (28.80–29.80 GHz)
and [142] (27.5–28.50 GHz). The presence of multiple resonant bands enhances its
suitability for multi-band communication applications, unlike some designs that operate
within a single frequency range. In terms of isolation, the proposed antenna achieves
greater than 33 dB, which is higher than many designs such as [142] (>20 dB) and [141]
(>16 dB). While some designs, such as [136] (>36 dB), offer slightly better isolation,
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Table 4.3: Performance comparison of the designed six-element MIMO antenna with
other reported MIMO antennas.

(a) Comparison of dimensions, impedance bandwidth, and isolation.

Ref. Port Dimensions (mm3) Bandwidth (GHz)

[136] 2 11.4×5.3×0.8 28.80-29.80

[137] 4 32.5×32.5×0.51 36.83-40.0

[138] 2 15×15×0.52 23.6–24.9

[139] 4 20×20×0.20 26.9-29/34.5-41

[140] 4 9.8×38.64×0.508 36.5-39.28

[141] 4 104×104×0.51 22-30

[142] 4 18×18×0.79 27.5-28.50

[143] 8 54×54×0.8 23.30-27.60

[144] 4 24×20×1.85 24.10-27.18

Prop. 6 25×43×0.79 23.63-32.90/36.68-40

(b) Comparison of isolation, gain, ECC, and decoupling techniques.

Ref. Isolation (dB) Gain (dBi) ECC

[136] >36 6 <0.0001

[137] >25 6.5 0.001

[138] >25 6.1 NR

[139] >23 9.5 0.0001

[140] >30 10 3×10−5

[141] >16 10 0.0001

[142] >20 7.50 0.0025

[143] >26 8.6 <0.0004

[144] >16 3.01 <0.01

This work >33 9.12/8.77 <0.0010/0.009

they may have trade-offs in bandwidth and gain. The proposed antenna exhibits a gain
of 9.12 dBi at one frequency and 8.77 dBi at another, making it comparable to high-
performance designs such as [139] (9.5 dBi) and [140] (10 dBi) while outperforming
designs like [144] (3.01 dBi) and [142] (7.50 dBi). Additionally, its ECC values
remain below 0.0010 and 0.009, indicating excellent MIMO performance with minimal
correlation between antenna elements. Most existing designs, such as [136] (<0.0001)
and [139] (0.0001), exhibit similarly low ECC values, but some, like [142] (0.0025),
show slightly higher correlation. Overall, the proposed six-port multi-band MIMO
antenna achieves a well-balanced trade-off between compact size, wide bandwidth,
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high isolation, and good gain performance. Its multiple resonances allow for operation
across different frequency bands, making it suitable for applications in 5G, IoT, and
high-speed wireless communication.

4.7 Conclusion

A six-element MIMO antenna design which features a modified elliptical shape and
optimized by utilizing CMA is thoroughly explained. The antenna design incorporates
a thin copper layer for the ground plane and top patch, with modifications to the
elliptical patch to achieve the desired impedance bandwidth. The chapter explained
the MIMO configuration development in three stages: full ground plane, DGS, and
FSS integration. The fabricated prototype measurements demonstrate strong agreement
with simulations, exhibiting high isolation due to the FSS decoupling effect. Radiation
pattern evaluations confirm stable gain and efficiency, while diversity performance,
assessed through TARC, ECC, and diversity gain, indicates minimal correlation and
robust MIMO characteristics. The antenna is further evaluated in IoT-based WBAN
applications, particularly placement on the human body results in minor impedance
shifts. Safety analysis confirms that SAR values remain within regulatory limits.
Communication link evaluations at 28 GHz and 38 GHz demonstrated effective power
reception and reliable data transmission up to 100 meters, with satisfactory isolation and
gain. These results show the potential of the designed MIMO antenna for 5G-enabled
IoT and WBAN applications.
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Chapter 5

Mutual Coupling Mitigation in
compact Dual-Band mmWave

MIMO Antenna

5.1 Introduction

Mutual coupling in MIMO arises primarily from near-field interactions and surface
wave coupling between adjacent antenna elements [145]. For instance, when one
antenna is operational, it generates surface waves propagating along the substrate which
interact with adjacent antennas, resulting in coupling. Moreover, near-field coupling
can occur between the radiated fields of the active antenna and adjacent elements,
intensifying mutual coupling. In the previous chapters, the utilization of DGS and FSS
partially reduced mutual coupling, for example, through surface current distribution.
These approaches primarily address the coupling caused by surface waves between
radiating elements while largely overlooking the impact of near-field interactions.
Furthermore, these techniques are predominantly applicable in scenarios where the
spacing of antenna elements is at least greater than half-wavelength. An alternative
approach could be a hybrid method where the surface current is reduced with previously
discussed techniques and a MTS for near-field interaction. This approach has the
potential to mitigate both types of coupling.

In this chapter, a novel hybrid technique to reduce coupling in a closely spaced dual-
band MIMO antenna, targeting both surface waves and near-field radiation interactions
has been discussed. Initially, metallic vias are employed to reduce surface currents.
Subsequently, a MTS placed above the MIMO antenna can reduce near-field radiation
interactions. The dual-band MIMO antenna (designated MIMO1) exhibits a high level
of mutual coupling of -13 dB due to close spacing. The incorporation of vias in the
design (MIMO2) reduces the surface current and achieves a reduced coupling of -25 dB,
whereas the final design (MIMO3) incorporating both the vias and MTS achieves an
excellent coupling reduction to the level of -30 dB. It is thus evident that the proposed
hybrid design approach is capable of significant reduction in the surface wave coupling
and near-field interactions.
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5.2 Single antenna element design

The single antenna element antenna was designed in CST Studio and on a Rogers
RO4003C substrate. The antenna featured a circular shape with a 6.80 mm radius and
was built on a substrate measuring 1.52 mm in thickness. The substrate material had
a relative permittivity of 3.55 and a loss tangent of 0.0027. The goal was to develop
a dual-band antenna with bands in close proximity around 27/28 GHz 5G mmWave
bands. The narrow bands are advantageous for applications such as energy harvesting
at mmWave frequencies. This is attributed to the fact that narrow bands with optimal
matching can mitigate out-of-band noise [146]. Similarly, narrowband rectification is
preferred owing to its high efficiency and optimized matching [147]. To achieve desired
dual-band operation goal while ensuring optimal impedance matching, an iterative
design approach was adopted, as shown in Fig. 5.1. The results of reflection coefficient
and each stage’s impact on the bandwidth is shown in Fig. 5.2. Initially, a circular
copper patch radiator (thickness = 0.035 mm) was implemented. While this design
provided a fundamental resonance, it exhibited significant reflection losses and poor
impedance matching due to the lack of resonant-enhancing structures. To address this
issue, the circular patch was modified into a semi-circular shape in the second step.
This alteration aimed to enhance resonance characteristics by modifying the current
distribution, but the high reflection losses persisted, indicating the need for additional
structural modifications.

Figure 5.1: Iterative design steps of the single element mmWave dual-band antenna.

In the third step, three strip lines were introduced and positioned at specific intervals
to improve bandwidth characteristics and support resonance near 27 GHz. These
strip lines functioned as resonance-enhancing structures, influencing the effective
electrical length of the antenna. However, the reflection characteristics exhibited
minimal improvement, and the targeted dual-band response was not yet achieved. To
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Figure 5.2: Reflection coefficients comparison of each design steps of the single element
antenna.

further refine the design, the middle strip line was removed, and the first strip line was
rotated to form a tapered structure in the fourth step. This modification successfully
generated a resonance frequency near 27.5 GHz, confirming the role of the tapered
structure in improving impedance matching. Nevertheless, dual-band operation was
still not realized. In the final step, the middle strip line was reintroduced with further
refinements applied to the strip endpoints. Specifically, the middle strip line was
maintained in a straight configuration, while the endpoints of the third strip line were
chamfered, resulting in a K-shaped structure with a tapered base. These modifications
successfully enabled dual-band operation at 27 GHz and 28 GHz, with significantly
enhanced impedance matching.

5.2.1 Analytical circuit model of the single element dual-band
mmWave antenna

The analytical circuit representation of the single element dual-band mmWave antenna
is achieved through an equivalent RLC circuit model and is shown in Fig. 5.3. In
order to investigate the dual-bands of antenna impedance characteristics, the circuit
model utilizes passive electrical components, including resistor (R), inductor (L), and
capacitor (C). The circuit model provides resonance and impedance bandwidth behavior
of the antenna without relying solely on full-wave EM simulations. The designed
circuit model consists of a combination of RLC elements arranged in series and parallel
configurations to replicate the distributed effects of the physical antenna structure,
including the patch geometry, slot patterns, and feed line coupling.

The inductive elements in the circuit correspond to the current flow along the strip
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Figure 5.3: (a) Designed EM model in CST and (b) ADS circuit model of dual-band
mmWave antenna.
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Figure 5.4: Comparison of the reflection coefficient between EM and circuit based
designs.

lines and conductive paths of the antenna, with multiple inductors accounting for
different resonant sections of the design. The capacitive elements model the gap
capacitance created by the slots and tapered edges in the radiating structure, playing a
key role in defining the frequency selectivity of the antenna. The inclusion of resistivity
elements accounts for various loss mechanisms, such as dielectric, conductor, and
radiation losses, ensuring that the model accurately represents practical attenuation
effects. Additionally, the transmission line feeding structure is modeled through a series
and parallel LC circuits.

A comparison of the results of the both EM and circuit model are shown in Fig.
5.4. It can be demonstrated that the circuit based model is showing almost similar
results. Minor discrepancies between the two models arise due to higher-order effects
and fringing fields, which are more accurately accounted for in EM simulations but
are approximated in the lumped-element circuit model. Despite these slight variations,
the circuit model proves to be a valuable tool for design optimization, providing a
faster means of analysing resonance behaviour and fine-tuning frequency responses
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without extensive computational simulations. In the circuit analysis, the coaxial feeding
was examined separately (R1, L1, L2, and C1), whereas the resonant behaviour of the
antenna was analysed as parallel RLC circuits. The capacitor C3 represents the spacing
between strip lines, while L5 demonstrates the inductance of strip lines. The circuit was
optimized in the Keysight ADS schematic environment. In ADS, antenna behaviour
can be model using an equivalent RLC circuit that represents its input impedance
characteristics. The ADS optimization tool is then used to adjust the RLC component
values so that the reflection coefficient of the circuit model closely matches that of the
CST-based full-wave electromagnetic (EM) model. The final optimized RLC circuit
parameters value are as follows: Term = 50Ω (matching), R1 = 62.08, R2 = 62.54, R3 =
52.50 (Ω), L1 = 974.26 (pH), L2 = 0.97, L3 = 0.005, L5 = 0.016, L4 = 0.010 (nH), C1
= 0.51, C2 = 5.56, C3 = 0.19, and C4 = 3.27 (pF).

5.2.2 Parametric analysis of the dual-band mmWave antenna

The reflection coefficient results of the designed dual-band mmWave antenna were
examined for various parameter modifications, as shown in Fig. 5.5. The analysis
specifically focused on four critical design variables: ym, xm, tw, and br, and their
effects on resonance behavior, although additional factors also influenced the results.

Fig. 5.5(a) demonstrates how altering ym, which denotes the vertical feed position
in the radiating element, impacts the antenna’s performance. Adjusting ym causes
a notable frequency shift in both resonant bands, with an increase in ym primarily
affecting the first resonance frequency while minimally impacting the second band.
The impact of xm, representing the horizontal feed location, is shown in Fig. 5.5(b).
Increasing xm results in shifts in both resonance frequencies. This suggests that xm is
critical in regulating the higher-frequency resonance, possibly due to its effect on the
radiating structure’s effective electrical length. Fig. 5.5(c) shows the strip line width tw

for different values. As can be seen that the larger tw is creating a downward shift in the
27 GHz frequency band, while the 28 GHz resonance band remains relatively stable.
Changes in tw also affect the impedance bandwidth, with narrower widths resulting
in slightly better matching. This indicates that tw mainly influences the frequencies
around 27 GHz and helps in optimizing impedance matching at these frequencies.
The effect of br, which represents the stripline curvature, is analyzed in Fig. 5.5(d).
Variations in br cause changes in both resonant frequencies, with a more pronounced
effect on the lower band. The results show that optimizing br is crucial for fine-tuning
impedance matching in both bands while maintaining a consistent bandwidth. Higher
br values slightly shift both resonances upward. The parametric analysis demonstrates
that each structural modification distinctly influences the dual-band mmWave antenna’s
impedance bandwidth characteristics. Consequently, to achieve the desired frequencies
in other bands, these parameters can be fine-tuned accordingly.
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Figure 5.5: Parametric results of (a) ym, (b) xm, (c) tw, (d) br, and (e) the structure
illustrating the parameters.

The surface current distribution and 3D radiation H-plane pattern of the dual-band
mmWave antenna at 27 GHz and 28 GHz are shown in Fig. 5.6. The current distribution
in Fig. 5.6(a) demonstrates that, at 27 GHz, a more pronounced current distribution is
observed near the lower sections (left side) of the K-shaped structure. This observation
indicates that this region contributes significantly to the 27 GHz frequency band. At 28
GHz, the current shifts slightly towards the upper strip (right) elements, illustrating their
influence in exciting the second resonance. Similarly, the far-field radiation patterns
shown in Fig. 5.6(a) for both 27 GHz and 28 GHz frequencies exhibit a stable broadside
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radiation characteristic, with a well-defined main lobe directed along the broadside.
The maximum gain of 4.79 dBi and 5.39 dBi at 27 GHz and 28 GHz was noticed.

Figure 5.6: (a) Surface current and (b) H-plane.

5.3 MIMO antenna evolution and final dual-band
mmWave design

The final MIMO antenna was achieved after three stages as illustrated in Fig. 5.7. This
process was performed to achieve improved isolation, reduced mutual coupling, and
enhanced radiation performance. The design stages are summarized as follows:

• MIMO1 represents the initial 2 × 2 MIMO configuration with a closely spaced
antenna layout. Owing to the close spacing, high mutual coupling was noticed in
this stage.

• MIMO2 introduces metallic vias between antenna elements to suppress surface
wave propagation, reducing unwanted interactions and improving isolation.

• MIMO3 incorporates a MTS structure, strategically placed above the antennas
to further mitigate mutual coupling and enhance radiation characteristics. The
MTS, shown in both front and back views, functions as a frequency-selective
structure that enhances decoupling while maintaining a compact footprint.
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Figure 5.7: Design evolution of the MIMO antennas.

5.3.1 Dual band Four-element MIMO1 design

The single antenna element was transformed into a four-element MIMO1 antenna design
and configured in a 2×2 arrangement as illustrated in Fig. 5.8. It is important to note
that the spacing in the X- and Y-direction was 1.1 mm and 1 mm, respectively. To meet
the increasing demands for compactness in modern electronic and portable devices, this
smaller distance was maintained. It should be noted that this distance in both directions
is significantly smaller than the half-wavelength of both desired resonance frequencies.

Figure 5.8: MIMO1 antenna (a) top face and (b) perspective view.

The reflection and transmission coefficient results for the MIMO1 antenna
configuration are presented in Fig. 5.9. The results are compared with the S11 of
a single antenna. The results in Fig. 5.9(a) show almost the same behaviour compared
to single element antenna. The dual-band resonance is clearly observed at 27 GHz and
28 GHz, with return loss levels reaching below -30 dB. A slight bandwidth shift in S22

and S33 is evident. The observed frequency shift is primarily attributed to the placement
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Figure 5.9: MIMO1 (a) reflection and (b) transmission coefficients results.

of antennas 2 and 3. Their position in the upper half of the structure results in more
EM boundary interactions, which shifts the bandwidth. The impedance bandwidth for
antenna 1 and 2 was: 26.83 GHz to 27.38 GHz and 27.81 GHz to 28.51 GHz. Likewise,
the frequency range for impedance bandwidth between antennas 2 and 3 was measured
to span from 26.72 GHz to 27.34 GHz, as well as from 27.79 GHz to 28.05 GHz.

The transmission coefficients or mutual coupling results of of MIMO1 antenna is
shown in Fig. 5.9(b). At 27 GHz, the coupling levels remain below -20 dB, suggesting
acceptable isolation between all antenna elements. However, at 28 GHz, only S41

maintains coupling levels below -20 dB, while S21 and S31 exhibit higher coupling of
-13 dB. This elevated coupling indicates that strong interactions occur, likely due to the
close spacing and shared surface currents as can be seen in Fig. 5.10(a). The current
distribution highlights the flow of surface current when antenna 1 is active while others
are matched with 50Ω. At both 27 GHz and 28 GHz frequencies, more surface currents
are concentrated in other antenna elements, which contribute to mutual coupling. These
elevated coupling levels may significantly impair system performance, necessitating
efforts to mitigate them. One approach to mitigate these couplings is to increase the
spacing between antenna elements; however, this will increase the size constraints of the
antenna, which may not be suitable for devices with limited space requirements. Thus,
alternate techniques are required to decrease the coupling levels without increasing the
antenna’s spacing. The H-plane radiation pattern for antenna 1 element is also shown in
Fig. 5.10(b). The results show maximum gain 7.06 dBi at 28 GHz.

5.3.2 Proposed technique for mutual coupling mitigation

For the two antenna elements (Ith, jth) shown in Fig. 5.11, mutual coupling arises from
radiated (Sij

Ra) and surface (Sij
Sur) waves. Thus, the total mutual coupling (Sij

T otal) is
given by equation 5.1.
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Figure 5.10: MIMO1 antenna (a) current and (b) far-field radiation patterns.

Figure 5.11: Mutual coupling basis and proposed decoupling techniques.

Sij
T otal = Sij

Ra + Sij
Sur (5.1)

When Sij
Ra and Sij

Sur are equal in magnitude but out of phase, a smaller Sij
T otal is

achieved. To mitigate Sij
Sur, metallic vias between antenna elements can be used. EM

waves between antennas induce currents on these vias, generating secondary fields that
interfere with the original wave, reducing overall field strength at the other antenna.
Similarly, to reduce Sij

Ra, a MTS can be deployed. The coupling arises from the stray
EM component A0e

jk0 , which propagates along the negative X-direction and induces
currents in antenna 2. To mitigate this effect, a suspended MTS can be positioned
above the MIMO antenna. This MTS generates a region with negative permeability and
positive permittivity (µr < 0, ϵr > 0), thus altering the propagation characteristics of
the EM waves [120]. In this region, the wavenumber is expressed as in equations 3.5
and 3.6. Equation 3.6 demonstrates that EM waves traveling along the MTS’s negative
x-direction exhibit evanescent behavior, leading to their attenuation. This effectively
suppresses the wave contributing to mutual coupling between antennas. Conversely,
when EM waves propagate along the z-direction with their magnetic field aligned along
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the x-axis, the anisotropic characteristics of the MTS enable effective radiation and
minimize mutual coupling.

5.3.3 Dual band Four-element MIMO2 design

In order to reduce Sij
Sur between antenna elements, metalic vias were introduced along

the x-direction between the antenna elemnts in MIMO2 design. The top face and 3D
perspective of this design are shown in Fig. 5.12. The radius of metallic vias was
determined based on two criteria: firstly, to ensure that the vias do not come into
contact with the antenna radiating elements, and secondly, to adhere to via fabrication
limitations. The placement of the vias was established through an optimization process,
with the proposed spacing yielding the most favorable results among all options
considered. The s-parameter results of MIMO2 design is shown in Fig. 5.13.

Figure 5.12: MIMO2 antenna (a) top face and (b) perspective view.
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Figure 5.13: MIMO2 results (a) reflection and (b) transmission coefficients.

From the results in Fig. 5.13(a), is evident that the MIMO2 antenna maintains a
nearly identical operational bandwidth of 26.85–27.50 GHz and 27.75–28.18 GHz
across all elements, confirming that the introduction of vias does not compromise
impedance matching. The improvement in mutual coupling is also noticed from the
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Figure 5.14: MIMO2 results when antenna 1 is active (a) current and (b) far-field
radiation patterns.

transmission coefficient results in Fig. 5.13(b), which shows a reduction in inter-element
coupling. Specifically, the coupling between antenna 1 and antenna 2 improved by
approximately -11 dB at 27 GHz (from -22 dB to -33 dB) and -22 dB at 28 GHz (from
-14 dB to -36 dB). Additionally, the coupling between antenna 1 and antenna 3 at 28
GHz was reduced by -19 dB, with no significant changes at 27 GHz. The coupling
between antenna 1 and antenna 4 also improved by -5 dB at 27 GHz and -10 dB at 28
GHz, validating the effectiveness of metallic vias in mitigating EM interactions. The
decrease in mutual coupling can be explained by the interaction of EM waves and of
vias in the designed compact MIMO antenna:

• Suppression of Surface Wave Propagation: The vias introduce localized high-
impedance paths, which effectively disrupt surface waves that would otherwise
propagate between adjacent antenna elements. This suppresses unwanted current
interactions, hence, reduce coupling effects.

• Common Ground Path for Current Flow: The metallic vias alter the surface
current distribution by providing a low-impedance return path (to ground plane),
thereby reducing direct coupling between antenna elements. This effect is clearly
observed in the surface current distribution results in Fig. 5.14(a), where current
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Figure 5.15: MIMO3 (final)antenna design.

concentrations around adjacent antennas are significantly reduced compared to
MIMO1.

• EM Field Disruption: The vias act as artificial obstacles, disrupting coupling by
altering the electric field distribution around the antenna elements. This effect is
particularly evident at 28 GHz, where coupling was initially higher in MIMO1

but has been significantly reduced in MIMO2.

• Reduction of Inductive and Capacitive Coupling Components: The presence of
vias modifies the effective inductive and capacitive coupling between elements by
introducing additional parasitic reactance. This contributes to improved isolation
between antenna elements.

The effectiveness of metallic vias in reducing mutual coupling is further analyzed
through the surface current distribution shown in Fig. 5.14(a) at both 27 GHz and 28
GHz, with antenna 1 active while the other elements are matched to 50Ω. The side view
of the metallic vias clearly illustrates the presence of current flow, which effectively
reduces the current distribution on adjacent antenna elements. Figure 5.14(b) shows
the H-plane far-field radiation patterns for antenna 1. The gain has exhibited a slight
increase, with values of 6.89 dBi and 7.37 dBi at 27 GHz and 28 GHz, respectively.
Although this reduction in coupling by decreasing Sij

Sur has achieved high isolation, the
subsequent design enhances coupling further through MTS integration.

5.3.4 Dual band Four-element MIMO3 design

The MIMO3 antenna design, as shown in Fig. 5.15, incorporates metallic vias and
a MTS to significantly enhance isolation and minimize mutual coupling. The MTS,
positioned above the antenna elements suppressing unwanted near-field EM interactions.
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5.3.4.1 Design of MTS

The design, boundary setup, and circuit model of the MTS unit cell, which is integrated
into the MIMO3 antenna, is presented in Fig. 5.16(a). It comprises rectangular patches
arranged in a plus shape on the top face and rotated 45 degrees on the bottom face. The
front and back views illustrate the distribution of these patches, which are designed to
function as a band stop and band pass filter. For the full-wave EM simulation of the unit
cell under periodic boundary conditions, it’s important to note that Floquet boundary
conditions are utilized, as illustrated in Fig. 5.16(b). The propagation direction of the
EM waves is defined by the Zmin and Zmax planes. The unit cell can also be analyzed as
an analytical equivalent LC circuit, where L represents the inductances of the patches,
and C represents the separation between patches. As the unit cell is designed to operate
on two dual-band frequencies, two series-parallel LC circuits are utilized. This lumped-
element circuit model was optimally designed in ADS schematic environment and helps
in understanding the resonance behavior and filtering characteristics of the MTS. The
circuit model elements values are as follows: with the optimized LC circuit values of
C1 = 0.5, C2 = 0.45, C3 = 1.24, C4 = 1, C5 = 1.59 (pF), L1 = 0.07, L2 = 8.86, L3 =
189.58, L4 = 2.37 (nH), and T1=T2 (377 Ω free space impedance).

Figure 5.16: MTS (a) side view, (b) floquet boundary, and (c) circuit model.

Fig. 5.17 presents a comparison of the results derived from EM and circuit
simulations models. The primary objective of the MTS in this design is to facilitate
signal transmission at 27 GHz and 28 GHz while effectively attenuating frequencies
within the 27.40–27.80 GHz range. In addition to its filtering functionality, the unit
cell is expected to exhibit negative permeability values in the pass band, ensuring its
capacity to manipulate EM wave propagation. A detailed examination of the results
confirms that the designed MTS successfully meets these requirements. In the stop-band
region, a significant variation in permeability (µ) is observed, indicating the presence
of a magnetic resonance phenomenon. Simultaneously, a notable change in permittivity
(ε) confirms the dielectric characteristics of the MTS. These variations in material
properties contribute to the selective filtering behavior which allow only the desired
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Figure 5.17: MTS s-parameters, permittivity and permeability.

frequency band to pass through while blocking the others. The close agreement between
the EM simulation results and the circuit model confirms that the proposed unit cell
design is effective in reducing mutual coupling. The unit cell was converted into MTS
and placed above the MIMO antenna the details of which are given in following section.

5.3.4.2 Result of MIMO3

In this stage, the designed MTS was optimally positioned 3.50 mm above the antenna.
It is important to note that this was the optimal location in terms of isolation, although
variations can be observed when the placement height is altered. Thus, the presence
of metallic vias in the antenna substrate, combined with the MTS on top, renders the
proposed design a hybrid approach. The results in terms of S-parameters are presented
in Fig. 5.18.

It can be observed that the inclusion of the MTS has led to minor variations in
impedance matching across the operational bands. The bandwidth of antennas 1 and
4 were 26.75 GHz-27.28 GHz and 27.77-28.19 GHz, whereas 26.69-27.28 GHz and
27.68-28.23 GHz was recorded for antennas 2 and 4. These values indicate that the
introduction of the MTS does not significantly degrade impedance performance but
slightly shifts the resonance frequencies due to EM interactions with the periodic
structure. The transmission coefficient results in Fig. 5.18(b) further confirm the
effectiveness of the MTS in mitigating mutual coupling. The inclusion of the MTS
has resulted in a noticeable reduction in coupling across all antenna pairs, with values
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Figure 5.18: MIMO3 results (a) reflection and (b) transmission coefficients.

Figure 5.19: Distributions of H-field (first two rows) and Poynting vectors (last two
rows) without and with MTS when antenna 1 is active.

consistently below -30 dB throughout the operational bandwidth. Notably, S31 exhibits a
substantial decrease in coupling levels, reinforcing the impact of the MTS in suppressing
unwanted inter-element interactions. These findings validate the design approach,
demonstrating that the integration of a MTS in the MIMO3 configuration effectively
enhances isolation without significantly compromising impedance bandwidth.

To assess the impact of the MTS on EM wave propagation and the reduction of
mutual coupling, a comprehensive examination of the magnetic field (H-field) and
Poynting vector [148] distributions was conducted along the YZ-plane. The results,
illustrated in Fig. 5.19, provide a comparative assessment of the MIMO antenna behavior
with and without the incorporation of the MTS at 27 GHz and 28 GHz. In the absence of
the MTS, the H-field in region A exhibits an irregular and unconfined rotational pattern
at both 27 GHz and 28 GHz. This unregulated field behavior results in strong mutual
coupling between antenna elements, as stray magnetic fields interact with adjacent
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antennas, leading to performance degradation. However, upon the integration of the
MTS, a distinct improvement is observed in region B, where the H-field vectors become
more structured and aligned. The rotational effects are significantly diminished, and the
field components are directed more effectively along the Y-axis. This regulated field
behavior indicates that the MTS acts as a guiding structure, suppressing undesired field
interactions and contributing to improved isolation between antenna elements. The last
two rows of Fig. 5.19 illustrate the corresponding Poynting vector distributions, further
validating the influence of the MTS on EM energy flow. Without the MTS, the Poynting
vectors in region C predominantly propagate laterally along the Y-direction, causing
unwanted power leakage and reinforcing mutual coupling. This lateral energy dispersion
can be detrimental to MIMO antenna performance, as it results in reduced radiation
efficiency and increased interference among elements. Conversely, when the MTS is
introduced, the Poynting vectors in region D exhibit a reoriented distribution, where
energy propagation is redirected towards the Z-direction. This alignment ensures that
the radiated power follows the desired path, effectively minimizing lateral coupling and
enhancing isolation between the antenna elements. By regulating the H-field distribution
and controlling the directionality of the Poynting vectors, the MTS mitigates mutual
coupling effects while ensuring efficient energy transmission.

5.4 Measured results of dual-band MIMO3 antenna

The dual-band MIMO3 antenna was fabricated and experimentally evaluated using
a VNA. The measurement setup, top and bottom faces are shown in Fig. 5.20(a).
During the measurement process, all non-active antenna elements were terminated with
50Ω loads to ensure proper impedance matching and minimize unwanted reflections.
Furthermore, a polystyrene foam layer with a thickness of 3.50 mm was placed between
the antenna and the MTS to maintain physical support. It is noteworthy that the foam
layer permittivity is almost 1 thus it also mimic the free space spacing in simulation.
Figs. 5.20(b-c) compares the simulated and measured results of the reflection coefficient
and transmission coefficients.. The simulated 10 dB impedance bandwidth for antennas
1 and 4 spans from 26.75 GHz to 27.28 GHz and 27.77 GHz to 28.19 GHz, respectively.
The measured results demonstrate a similar impedance bandwidth, ranging from
26.73 GHz to 27.33 GHz and 26.77 GHz to 28.16 GHz. Furthermore, antennas 2
and 3 exhibit nearly identical simulated and measured bandwidths, though minor
shifts in resonance frequencies and slight reductions in reflection levels are observed.
The effectiveness of the proposed antenna is further confirmed by the transmission
coefficient findings. Throughout the operational frequency range, both simulated and
measured coupling levels consistently remain under -30 dB, indicating exceptional
isolation between antenna components. There is a strong correlation between the
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Figure 5.20: MIMO3 measured results (a) reflection and (b) transmission coefficients.

Figure 5.21: Gain measurement of fabricated MIMO3 antenna in anechoic chamber.

simulations and measurements, despite some minor variations. These slight differences
can be explained by manufacturing tolerances, measurement inaccuracies, and potential
misalignment when positioning the foam layer. Nonetheless, the overall performance
aligns closely with the simulation.

The gain and radiation pattern measurements were performed in the anechoic
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Figure 5.22: Radiation patterns results of MIMO3 at 27 Ghz and 28 GHz.

chamber using gain transfer method. The fabricated antenna placement and
measurement setup is shown in Fig. 5.21. A detailed comparison between the simulated
and measured far-field radiation patterns at 27 GHz and 28 GHz are provided in
Fig. 5.22. The radiation patterns were analysed in both the E-plane and H-plane
to evaluate the consistency between simulations and practical measurements. At 27
GHz, both the the E-plane and H-plane, with only minor variations observed in the
measured data. These slight shifts can be attributed to fabrication imperfections and
experimental uncertainties. The measured gain at 27 GHz was almost 6.52 dBi. At
28 GHz, the radiation patterns exhibit broader main lobes and slightly suppressed
side lobes compared to 27 GHz. The maximum measured gain at this frequency is
6.74 dBi, which closely aligns with the simulated results. The similarity between
the radiation characteristics at both frequencies confirms that the MTS integration
effectively regulates the antenna’s far-field behaviour while maintaining high reflectivity
across the dual-band spectrum. Additionally both antenna elements of MIMO3 exhibit
strong correlation, which indicates minimal mutual coupling effects., as evident in the
results. This strong correlation signifies minimal mutual coupling effects, ensuring
independent radiation from each element. The well-aligned simulated and measured
radiation characteristics, along with the minimal distortions in both E-plane and H-plane,
validate the efficacy of the MTS in optimizing radiation performance and suppressing
unwanted coupling.
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5.5 Diversity analysis of the dual-band MIMO antenna

5.5.1 TARC analysis

In MIMO antenna analysis, TARC demonstrates the overall reflection performance of
all ports when simultaneously excited with varying phase angles. Lower TARC values,
measured in dB, shows enhanced impedance matching and reduced signal reflections in
response to phase angles. Fig. 5.23 shows the TARC outcomes for the final MIMO3

antenna across phase angles of 30◦, 60◦, 90◦, and 120◦. The TARC exhibits a minor
increase as the phase rises, suggesting greater reflection losses. Nevertheless, the TARC
is less than standard -10 dB across all scenarios in both bands.

26.0 26.5 27.0 27.5 28.0 28.5 29.0

-25

-20

-15

-10

-5

0

dB

Frequency (GHz)

 30°
 60°
 90°
 120°

Figure 5.23: TARC results of the MIMO3 antenna.

5.5.2 ECC and DG analysis

Figure 5.24 presents the ECC and DG results for the MIMO3 antenna configuration.
The results in Figure 5.24(a) demonstrate that the ECC remains well below the threshold
of 0.5 wherein all antenna elements the ECC values are less than 0.03. The low ECC
values at both operational bands confirm that the MIMO3 antenna ensures independent
radiation patterns and high spatial diversity, which are essential for achieving robust
MIMO performance in mmWave communications.

Similarly in Figure 5.24(b), the DG values for antenna pairs 1-2, 1-3, and 1-4
consistently remain above 9.97 dB in both frequency bands. Thee results confirms
that the antenna system effectively maintains high diversity gain. A minor variation
is observed around 27 GHz, where DG for the antenna pair 1-3 experiences a slight
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Figure 5.24: MIMO3 (a) ECC and (b) DG results.

Table 5.1: Comparison of the dual-band MIMO with reported works.

Ref. Size (λ) Center freq. Isolation (dB) Technique Gain (dBi)
[149] 1.81×1.81 28 >-24 Strip 3.5
[150] 4.08×4.08 28 >-23 FSS/DGS 8.6
[151] 1.96×0.55 26 >-30 Bar-L 5.8
[152] 2.15×0.61 28 >-20 MTS 12
[153] 0.69×2.56 25 >-20 CSRR NA
Prop. 1.96×1.25 27/28 >-30 Vias+MTS 6.52/6.74

decrease to approximately 9.75 dB. However, this frequency does not include in the
desired dual band/. The combination of low ECC and high DG values validates the
efficiency of the MIMO3 antenna in minimizing mutual correlation while maximizing
diversity gain. These characteristics make the dual-band design highly suitable for
mmWave MIMO applications, where maintaining low inter-element correlation and
high diversity gain is essential for improving channel capacity and link reliability.

The designed MIMO antenna is compared with previously reported designs to
highlight its advantages in terms of size, operating frequency, isolation, and gain
performance in Table 5.1. Compared to other antennas, the proposed design offers a
more compact footprint while maintaining operation at dual 27/28 GHz bands, which is
beneficial for mmWave applications requiring multi-band functionality. One of the key
strengths of this design is its high isolation, exceeding 30 dB, which is superior to several
reported designs that typically achieve isolation between 20–24 dB. While some existing
designs, such as the one in [152], achieve higher gain values (12 dBi), they often come
with the trade-off of larger physical dimensions, which may not be suitable for space-
constrained applications like wearable technology, IoT, and compact energy harvesting
systems. The proposed antenna balances size reduction and performance optimization,
achieving a gain of 6.52/6.74 dBi, which is competitive given its smaller form factor.
Additionally, unlike some reported designs that operate in a single frequency band, the
proposed work provides dual-band functionality, increasing its versatility in applications
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such as 5G, wireless power transfer, and sensor networks. By offering a combination of
high isolation, moderate gain, and compact size, the proposed antenna is well-suited for
high-density wireless communication environments where minimizing interference and
maximizing spectral efficiency are crucial.

5.5.3 Conclusion

This chapter presented the design and development of a dual-band MIMO antenna
for mmWave applications. To address the mutual coupling issues of surface waves
and near-field interactions, a novel hybrid approach incorporating metallic vias and
MTS was proposed to enhance isolation while maintaining a compact size. To achieve
dual-band resonance, a K-shaped patch with metallic strips was introduced. The
impedance bandwidths of the antenna range from 26.84–27.37 GHz and 27.81–28.16
GHz. The design was extended to a 2 × 2 MIMO configuration, where coupling
levels were analysed. A significant level of mutual coupling was observed, particularly
at 28 GHz. The decoupling method involved integrating metallic vias to suppress
surface waves and utilizing MTS to modify wave propagation, which significantly
reduced mutual coupling. Measurement results from the fabricated prototype confirmed
the effectiveness of the design, with bandwidths closely matching simulations and
coupling levels below -30 dB, indicating excellent isolation. Radiation patterns and
diversity performance, evaluated through ECC analysis, demonstrated strong agreement
with simulations. The findings highlight the potential of the proposed approach for
next-generation wireless communication systems.
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Chapter 6

Conclusion and Future Work
Directions

6.1 Conclusion

In recent technological advancements, the achievement of rapid data transmission
and stable wireless connectivity has emerged as a critical objective. To address
these increasing demands, mmWave MIMO antenna systems have been implemented.
The mmWave band offers extensive bandwidth availability, whereas MIMO antenna
systems enhance channel performance. Consequently, the significant path losses in
mmWave can be mitigated through MIMO antennas, wherein multiple antennas are
utilized. The employment of multiple antennas facilitates multiple data streams. To
ensure channel independence and reduce interference, it is necessary to maintain
adequate spacing between antenna elements. Although increasing the distance between
radiating components improves isolation, this method is not practical due to the size
limitations of contemporary communication devices, which require more compact
designs. Thus, the close placement of antenna elements in the mmWave band produces
mutual coupling, which becomes more critical when antenna elements are placed
less than half-wavelength spacing. The mutual coupling impacts the MIMO antenna
system performance, as it produces more correlation and disturbs the radiation patterns,
impedance matching, and decreases the efficiency and gain. Therefore, it is imperative
to minimize the coupling levels while considerably reducing the antenna dimensions
to meet the compactness demands of modern devices. Consequently, it is essential
to incorporate decoupling techniques that decrease the mutual coupling and enhance
the inter element isolation without impacting the antenna performance in a MIMO
communication system. To overcome mutual coupling challenges, various decoupling
techniques have been utilized. These techniques include the FSS, DGS, and MTS
designs for single, wideband, and dual-band MIMO antenna configurations. In
particular, hybrid approaches were considered for mutual coupling reductions. It
is important to note that the FSS and DGS primarily reduce the coupling which occurs
due to the surface current present between antenna elements. Alternatively, the MTS
reduces the interactions of near-field interactions.

A detail analysis were performed for effective on-body communication, a Vivaldi
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antenna was designed. This antenna comprised four-element Vivaldi patterns operating
at 28 GHz and 30 GHz with a 36.44% fractional bandwidth. The design integrates a
Vivaldi antenna with a FSS to reduce mutual coupling. This combination achieved inter-
element isolation below -20 dB within a compact 16×20 mm² size, which represents
a significant advancement compared to other reported works. The performance was
assessed through simulations on Gustav’s model (chest, hand, and leg) and practical
tests on the human body, evaluating parameters such as impedance bandwidth, gain,
efficiency, and radiation patterns. The MIMO antenna demonstrated a low ECC < 0.24,
high DG of more than 9.95 dB, and a TARC below -10 dB. Additionally, SAR analysis
confirmed safe operation with values of 0.397 W/kg at 28 GHz and 0.267 W/kg at 30
GHz. The results highlighted the antenna’s suitability for wearable WBAN applications
and its ability to maintain an endfire radiation pattern even when placed on the human
body.

A hybrid approach combining DGS and FSS to minimize mutual coupling is
thoroughly investigated. Initially, a dual-band antenna with a modified elliptical patch
and rotating arms was created using CMA. Building on this design, a six-element
dual-band MIMO antenna covering the ISM and 5G NR bands (23.63–32.90 GHz and
36.68–40 GHz) was developed. The isolation technique achieved a coupling reduction
of -33 dB between the MIMO elements. The antenna demonstrated broadside radiation
patterns with peak realized gains of 9.12 dBi, 9.19 dBi, 8.80 dBi, and 8.77 dBi at
26 GHz, 28 GHz, 30 GHz, and 38 GHz, respectively. MIMO performance metrics
included TARC below -10 dB, an ECC under 0.04, and a DG exceeding 9.91 dB.
Safety evaluation through SAR analysis confirmed compliance with limits for both
1g and 10g tissue models. Additionally, the designed MIMO antenna’s performance
was validated in a WBAN communication scenario, demonstrating high gain, strong
isolation, dual-band capability, reliable diversity and excellent power reception as well
as LM characteristics.

A novel hybrid technique for mutual coupling reduction in a compact dual-band
mmWave MIMO antenna, incorporating metallic vias and a metasurface, has been
investigated. The research addresses challenges in MIMO antenna design, such as
surface wave coupling and near-field interference resulting from compact element
spacing. Initially, a dual-band antenna was designed utilizing a Rogers RO4003C
substrate with modified K-shaped patch arms, achieving resonances at 27 GHz and
28 GHz. An equivalent RLC circuit model was developed to analyse the dual-band
response, with results from the circuit closely corresponding to full-wave simulations.
The MIMO antenna design process encompassed multiple configurations. The baseline
2×2 MIMO array (MIMO1) exhibited high mutual coupling (-13 dB). To mitigate
this, metallic vias were introduced, reducing surface wave coupling and improving
isolation to -22 dB. Further enhancement was achieved by integrating a metasurface
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above the MIMO2 array, which suppressed near-field interactions and reduced coupling
to below -30 dB across both operating bands. Fabricated prototypes were evaluated
in an anechoic chamber, with measured results aligning closely with simulations. The
final design demonstrated significant improvements, including isolation below -30 dB,
ECC less than 0.04, TARC below -10 dB, and diversity gain exceeding 9.91 dB. It is
noteworthy that this technique of combining metallic vias and metasurface in compact
spacing has not been previously reported, and to the best of authors’ knowledge, it
represents the first implementation of such a technique.

In conclusion, compact and highly isolated MIMO antenna systems at the mmWave
band are achievable through the implementation of these techniques without increasing
the dimensions of antenna designs. Furthermore, the findings contribute significantly to
the advancement of MIMO designs suitable for mmWave band WBAN, IoT, and 5G
communication systems.

6.2 Future work directions

The advancement of mutual coupling reduction techniques in MIMO antennas offers
various research opportunities for improving isolation performance. Below is a detailed
explanation of four such potential future directions:

1. Reconfigurable FSS designs:
The increasing demands in communication systems necessitate antennas that
operate at multiple frequency bands. However, designing FSS for mutual coupling
reduction that operate at multiple frequencies presents significant challenges.
This highlights limitations that can be addressed through reconfigurable FSS
designs. These surfaces function by selectively reflecting or transmitting certain
frequencies, which aids in blocking unwanted signals between closely spaced
antennas. By incorporating tunable components, such as varactor, the FSS can
modify its behaviour in real time. Varactors are electronic components that adjust
their capacitance based on the applied voltage. This will make the FSS to shift its
operating frequency as required and are particularly advantageous for multi-band
systems, such as 5G MIMO antennas, where multiple frequencies are utilized
simultaneously. Furthermore, reconfigurable FSS can respond to changes in the
surface current.

2. AI-Driven optimization:
Machine learning (ML) and artificial intelligence (AI) can optimize antenna
configurations by analyzing critical design parameters and predicting the most
efficient layouts. In MIMO antennas, where mutual coupling between closely
placed elements degrades performance, ML models can learn from simulations
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and experiments to identify configurations that enhance isolation. This approach
will significantly accelerates the design process time and results.

3. New materials:
More metamaterials, such as high-impedance surfaces (HIS), can be embedded
into substrates to minimize surface wave propagation, which is a major cause of
mutual coupling. Additionally, substrate flexibility in wearable antennas can be
explored to understand its impact on reducing coupling in WBAN applications.

4. Hybrid isolation approaches:
Combining multiple isolation techniques, including metallic vias, DGS, and
neutralization lines, offers a more comprehensive solution for mutual coupling
mitigation. Hybrid methods utilize the unique strengths of each approach which
will result in enhanced isolation and less mutual coupling.
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