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ABSTRACT

The project aims to design and analyze a microstrip slotted monopole antenna for sub-

6 GHz 5G applications. The antenna is designed using symmetrical staircase and a

ring slot. The proposed antenna is simulated using High Frequency Simulation

Software (HFSS) to analyze its performance. The antenna exhibits a dual-band

behavior. The first band extends from 2.3 to 4.9 GHz with a resonance at 3.5 GHz

whereas the second band ranges from 5.3 to 7.2 GHz with a resonance at 6.6 GHz.

The antenna is highly efficient with a maximum efficiency of about 97% and a peak

gain of 3.4 dBi.

Based on the developed single patch, a 2x1 Multiple-Input Multiple-Output (MIMO)

is developed. The obtained configuration provides qualitative Envelop Correlation

Coefficient ad diversity gain making it suitable for sub-6 GHz 5G applications.

Keywords:Monopole antenna; dual-band; MIMO; 5G.
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General Introduction

Nowadays, wireless communication is extensively used carrying information in different

forms including voice, images and data. The magic of radio waves lies in the ability of

antennas to detect and capture these vibrations from the air, and then convert them into usable

data. Antennas are the key component that enables wireless devices to transmit and receive

radio waves. A transmitting antenna takes signals from a transmission line and transforms

them into electromagnetic waves, which are then broad casted into the surrounding space. At

the receiving end of the link, a receiving antenna collects these Electromagnetic waves and

converts them back into their original signal form [1] .

In high-performance aircraft, spacecraft, satellite, and missile applications, where size, weight,

cost, performance, ease of installation, and aerodynamic profile are constraints, and low

profile antennas may be required. To meet these requirements, microstrip antennas can be

used [2-3] .

Microstrip antennas in its simplest configuration consists of a radiating patch on one side of

dielectric substrate (��≤10), which has a ground plane on other side [4] .

The ever-growing demands for wireless communication face serious constraints on the 4th

generation (4G) technology in terms of data-rate, bandwidth and delay. This has triggered the

need for a 5th generation (5G) wireless communication technology which would not only

provides a higher data-rate, large bandwidth, and lower delay, but also enable a variety of

innovative applications such as self-driving cars, augmented reality and machine to machine

communications. Fifth generation technology allows to provide faster internet speeds, lower

latency and connect more devices simultaneously. Hence, It enables new applications that

require high-bandwidth, low-latency connectivity [5] .

Microstrip antennas offer several advantages for 5G applications including ability to provide

directional radiation patterns, support of multiple-input multiple-output (MIMO)

configurations. This makes microstrip antennas critical components in the development and

deployment of 5G technology [6] .

This project aims to propose a dual-band monopole antenna operating in frequency ranges
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located in the Sub-6GHz frequency range allocated to 5G applications. This is obtained using

a symmetrical star-case structure along with a slotted ring yielding a single element which is

then used for development a MIMO configuration [7] .

This document includes three main chapters.

The first chapter discusses fundamentals of antenna parameters and microstrip structures.

The second chapter focuses on the design process of symmetrical staircase and ring slotted

microstrip antennas. The chapter provides an in-depth discussion of the design steps taken to

achieve performance from these antennas.

The third chapter provides a detailed insight into the development a MIMO structure based

on the single element described in chapter 2.

Finally, the document ends up with a conclusion.
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Chapter 1

Generalities on Microstrip Antennas

1.1 Introduction

Antennas are devices that are designed to transmit or receive electromagnetic waves. They are

widely used in communication systems, including radio, television, mobile phones, and Wi-Fi.

the antenna is the transitional structure between free-space and a guiding device, The guiding

device or transmission line may take the form of a coaxial line or a hollow pipe (wave-guide),

and it is used to transport electromagnetic energy from the transmitting source to the antenna,

or from the antenna to the receiver. In the former case, we have a transmitting antenna and in

the latter a receiving antenna [8] .

Antennas come in many shapes and sizes, and the choice of antenna depends on the specific

application. Some common types of antennas include dipole antennas, patch antennas, Yagi

antennas, and helical antennas.

1.2 Microstrip Antenna

Throughout the evolution of wireless communication, antennas have captivated the attention

of engineers, scientists, and wireless planners. Over the past few decades, antennas have

undergone a significant transformation, transitioning from large dish-like structures to

compact, foldable printed components found inside mobile phones and watches. As time

progresses, the design and manufacturing of antennas have become increasingly convenient,

thanks to the advent of Microstrip patch antennas [9] .

the discovery and widespread adoption of microstrip patch antennas were driven by the need

for compact, versatile, and cost-effective antenna solutions that could be seamlessly integrated

into modern electronic systems. Their ability to offer miniaturization, integration flexibility,

frequency range adaptability, directional control, and manufacturing ease made them a

preferred choice over ground plane monopole antennas in the evolving landscape of wireless

communications.
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FIGURE 1.1Microstrip Patch Antenna Configuration [10]

1.3 Microstrip Antenna Characteristics

A microstrip patch antenna (MPA) is a type of antenna that consists of a metallic patch

printed on a grounded substrate. This configuration forms a microstrip transmission line

structure. Patch antennas are known for their ease of design, simplicity of fabrication, and

compact size, which has made them popular and widely used in wireless applications [11] .

1.4 Feeding Techniques

Feeding techniques in antenna design refer to methods of delivering signals to the antenna.

The most commonly used techniques can be classified into two primary groups: the

contacting methods and the non-contacting methods, as shown in the figure 1.2.

FIGURE 1.2 Classification of microstrip antenna feeding techniques [12]



Chapter 1 : Antenna Basics and Microstrip Antennas

5

The four different feeding techniques of MPA’s are presented in the following figure:

FIGURE 1.3Microstrip Line Feed [13]

FIGURE 1.4 Coaxial Probe Feed [13]

FIGURE 1.5 Proximity Coupled Feed [13]
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FIGURE 1.6 Aperture coupled feed [13]

1.5 Fundamental Parameters of an Antenna

There are several parameters that are used to describe the performance and characteristics of

an antenna. These parameters are important for designing and optimizing antennas for specific

applications and understanding them can help in selecting the right antenna for a particular

use case, here are some of the basic antenna parameters:

1.5.1 Input Reflection Coefficient

Input reflection coefficient describes the amount of reflected power from an input device port

with respect to the incident power. It is expressed in dB as:

|�11| �� = 10 log
��

���
= 20���

��� − �0

��� + �0
(1.1)

Where: ��� is the antenna input impedance.

�0 is the transmission line characteristic impedance.

��� is the power supplied by the source and �� denotes the reflected power.

1.5.2 Bandwidth

The bandwidth(BW) is a significant parameter for antennas,it is the antenna operating

frequency band within which the antenna performs as desired.It is defined as the frequency

range over which the magnitude of the input reflection coefficient remains below a certain

threshold, typically -10 dB. In this definition, �1 and �2 represent the upper and lower

frequency points, respectively, at which the reflection coefficient reaches -10 dB.

The equation is given as [14] :

BW%= f2−f1
f2+f1

×200 (1.2)
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1.5.3 Directivity: The directivity of an antenna is simply the measure of an antenna's ability

to concentrate its radiated energy in a particular direction(ϕ, θ).It is noted that the proposed

formula provides a more accurate estimate of directivity than the geometrical mean formula

[15] .

The directivity of an antenna is defined as:

D(θ, ϕ) = �(ϕ, θ)
�0

= �(ϕ, θ)
����

4�

=4��(ϕ, θ)
����

(1.3)

1.5.4 Gain: Antenna gain determines the radiation pattern direction and the power

transmitted or received in that direction, higher gains enhance wireless communication

systems by improving range, coverage, and reliability.

The antenna gain G(�, �) , is related to the directivity via equation [16] :

G(θ, φ)=Prad
Pin

×D(θ, φ)=��D(θ, φ) 1.4

�� is the total efficiency given by [14] :

� � = � � ( 1 − | � 1 1 | 2 ) 1.5

where �� denotes the antenna radiation efficiency.

1.6 Evolution of Wireless Communication Systems

Nowadays, one of the fastest growing sectors in technology is wireless communication. Its

increasing popularity stems from its ability to facilitate communication between multiple

entities over any distance without the need for physical wires or cables. This communication

is totally based on radio frequency (RF), With high speed data transmission rate . Wireless

communication can be accessed from any location and at any time. That’s why the modern

world is running into the latest generation of technology, After crossing 1�� to 4�ℎ generation,

we are now in the era of 5th generation (5G) technology [17] .

1.6.1 Fifth Generation Wireless System

Fifth Generation (5G) Technology is a recent generation of mobile networks. 5G provides a

high data rate, improved quality of service (QoS), low-latency, high coverage, high reliability

[18] .
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5G new radio (NR) supports operation in two frequency ranges: FR1 below 7,125 GHz which

is known as Sub-6 GHz and mmWave bands (FR2) between 24.25 and 52.6 GHz [19] .

A sub-6 GHz (Mid band) has become the main focus of researchers due to the limitation of

mm-waves. Since mm-waves are high-frequency waves, they can only cover very short range

[20] .

The figure bellow shows the band spectrum utilized in different countries:

FIGURE 1.7 The global 5G band spectrum [21]

1.6.2 5G sub 6-GHz and microstrip antenna

5G sub-6 GHz refers to the lower band frequencies used by 5G networks. Microstrip patch

antennas are an optimal choice for 5G sub-6 GHz applications due to their low cost,

lightweight, and compact design. The design of antennas for 5G operation in the sub-6 GHz

frequency band significantly improves the performance as it leads to improve the overall

system performance of the communication systems [22] .

Several studies have proposed different microstrip patch antenna designs for 5G

communication, including wide band microstrip patch antennas, high-gain wide band

microstrip patch antennas, and patch antennas with enhanced gain and bandwidth. These

antennas are designed to operate in the sub-6 GHz frequency range and are capable of

providing wide band and high-gain performance. A low-profile rectangular slot antenna is
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also suitable for sub-6 GHz 5G wireless applications. These antennas are essential for

providing reliable and high-speed connectivity to 5G devices operating in the sub-6 GHz

frequency range.

1.7 Conclusion

In this chapter, microstrip patch antennas were introduced along with feeding techniques.

Antenna parameters such as gain, reflection coefficient and directivity take a huge amount of

interest when analyzing the antenna performance.
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Chapter 2

Design and Analysis of Dual-Band
Monopole Antenna

2.1 Introduction

This chapter aims design and analysis of a single element dual-band monopole antenna

suitable for wireless fifth generation applications in the sub-6 GHz frequency interval. As a

rectangular patch structure is one of the basic investigated antenna geometries then a

monopole antenna with a rectangular patch is initially considered and is taken as a reference

design [23] . Modifications consisting on staircase geometry and a circular (ring) slot

insertion are successively performed to end up with the final single element geometry.

The final symmetrical staircase and ring slotted antenna consists of staircase radiating element,

50-ohm feed line, partial ground with two symmetrical stubs, ring slot in the middle. The

antenna is designed on an FR-4 substrate layer with �� = 4.4, tan � = 0.02 and a thickness

(h) of 1.6 mm. The antenna dimensions are 30x20x1.6 mm3. The next section describes the

achieved design steps and procedure using High Frequency Simulation Software (HFSS).

2.2 Design and Geometry of the Proposed Dual-BandAntenna

2.2.1 Antenna design procedure and evolution

2.2.1.1 Step-1 ( Rectangular patch antenna )

Initially, a reference antenna consisting of a microstrip line fed rectangular patch antenna with

a partial ground plane is used. The advantage of reducing the length of the ground plane is

that it reduces capacitive coupling of the ground plane with the radiator, and hence, it helps to

increase the bandwidth [24] .

In the first stage, the simple planar monopole antenna is taken as illustrated in figure 2.1 with

the referenced dimension �� = ����, �� = ����, �� = ��. ���,

�� = ����, �� = ��� [25] .
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FIGURE 2.1 Rectangular monopole antenna

A. Effect of the gap between edges

First, the effect of the distance between the ground and the lower edge of the patch is

investigated. To do that, a parametric study is carried out on the gap as illustrated in figure 2.2

which shows the input reflection coefficient for some gap (g) dimensions.

FIGURE 2.2 Input Reflection coefficient magnitude versus Frequency
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This figure shows that a � = � �� gives the best results of bandwidth (BW = 2.05 GHz) and

impedance matching. We notice that the impedance bandwidth improvement comes from

selecting a proper separation between the two edges.

2.2.1.2 Step-2 (Symmetrical staircase patch antenna)

In the second stage, two symmetrical staircases are inserted at the lower corners of the patch.

Cutting L shapes at the corners of the patch increases separation from the patch to the ground

plane.

FIGURE 2.3 Symmetrical staircase patch antenna

The first rectangle is characterized by the dimensions S1 and S2, while the second rectangular

has the dimensions S3 and S4 as shown in Figure 2.3. We perform a parametric study on each

rectangular that shows their effect on the bandwidth and the impedance matching provided by

this radiator.

A. Effect of the first rectangular dimensions S1 and S2

We vary S1 while the other dimension is fixed as: �� = �. � �� .The obtained results are

illustrated in table 2.1.
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TABLE 2.1 Effect of S1 on the performance of the antenna

The value �� = � �� gives the best result in terms of bandwidth and impedance matching.

Using the value �� = � �� found from the previous parametric study the parameter S2 is

studied.

The obtained results are illustrated in table 2.2.

TABLE 2.2 Effect of S2 on the performance of the antenna

It can be seen from Table 2.2 that the value �� = � �� gives the best result of S11 in

terms of bandwidth and impedance matching.

B. Effect of the second rectangular dimensions S3 and S4

We vary S3 while the other dimension is fixed as: � = �. � �� the parameter S3 is studied.

The obtained results are illustrated numerically in table 2.3.

TABLE 2.3 Effect of S3 on the performance of the antenna

It is noticed that the value �� = �. � �� offers the best result in terms of bandwidth and

impedance matching.

Using the value S3 = 4.8 mm obtained from the previous parametric study, the effect of the

parameter S4 is studied.

The obtained results are illustrated numerically in table 2.4.

S1 (mm) 5 5.2 5.4

��� (dB ) at 3.5 GHz -15.3 -15.3 -15

BW(GHz) 2.05 1.9 2

S2(mm) 5.6 5.8 6

��� (dB ) at 3.5 GHz -14.72 -15.32 -16.6

BW(GHz) 1.9 1.95 2

S3(mm) 4.6 4.8 5

��� (dB )at 3.5 GHz -15.6 -16.7 -16

BW(GHz) 2 2.1 2.1
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TABLE 2.4 Effect of S4 on the performance of the antenna

The value �� = �. � �� gives the best result in terms of bandwidth and impedance

matching. Figure 2.4 shows the input reflection coefficient of the antenna with the staircase

dimensions: �� = � �� , �� = � �� , �� = �. � ��, �� = �. � �� ,which generates

two bands of operation. The first band with a bandwidth BW = 2.2 GHz ,the range of the

band is [2.2 GHz - 4.7 GHz] with a resonant frequency around 3.5 GHz which is suitable for

5G sub-6 GHz application. The second band need to be reduced to fit 5G sub-6 GHz

operation. This is achieved in the next step by adding ring shaped slot [26-27] .

FIGURE 2.4 Input reflection coefficient of symmetrical staircase antenna

2.2.1.3 Step-3 (Proposed 5G Dual Band Antenna)

In this stage, a ring shaped slot with internal and external radii, R1 and R2, is inserted into the

staircase patch as shown in Figure 2.5 to achieve a dual-band operation, fitting sub-6 GHz

wireless 5G systems frequency band requirements [21] .

S4 (mm) 2.9 3.1 3.3

��� (dB ) at 3.5 GHz -16.6 -17.3 -16.4

BW (GHz) 2.1 2.2 2
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Two symmetrical stubs are added to the ground plane to offer an inductance between the

ground plane and patch, which neutralizes the capacitive and inductive effects to achieve a

purely resistive impedance, hence a good impedance matching is provided with two bands of

sub-6 GHz FR1 range [28] .

FIGURE 2.5 Dual-band proposed antenna

In order to optimize the dimensions of the ring slot which is described by the circles of radii

R1 and R2, we introduce the distance parameter between the two circles � = �� − �� where

R1 is fixed. The obtained results are illustrated numerically in Table 2.5 which displays the

level of the input reflection coefficient ( �11 (dB)) for each value of the distance parameter d,

and these values indicate appreciable matching of the patch at the second band.
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TABLE 2.5 Input reflection coefficient magnitude and bandwidth for different values of d at the

resonance of the second band

Radius 1 (R1) (mm) 2.5 2.5 2.5 2.5

Radius 2 (R2) (mm) 4.8 4.9 5.0 5.1

Distance d (mm) 2.3 2.4 2.5 2.6

��� (dB ) at 6.6 GHz -18.86 -24.00 -27.00 -31.23

BW (GHz) 1.55 1.6 1.7 1.9

It is deduced from Table 2.5 that the value � = �. � �� gives the best results.

The design study is further extended, for purpose of accomplishment, to the dimensions ls and

ws of the added symmetrical stubs to the ground. The results of this study are summarized in

Table 2.6.

TABLE 2.6: Effects of the dimensions of the symmetrical stubs on the performance of the antenna

The values ws = 0.8 mm and �� = �. � �� give the best result in terms of bandwidth and

impedance matching.

The optimized dimensions of the proposed antenna are mentioned in table 2.7 below.

ws (mm) 0.8 0.8 0.8 0.8 0.8

ls (mm) 3 3.2 3.4 3.6 3.8

��� (dB ) at fr1= 3.5 (GHz) -20.3 -20 -20 -20 -20.3

��� (dB) at fr2= 6.6 (GHz) -17.41 -20 -23 -27.66 -31.33

BW (%) of 1st band 65 65 67 68 74.28

BW (%) of 2nd band 20.9 22.42 24 25.45 28.33
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TABLE 2.7 The optimized dimensions of the proposed antenna

Figure 2.6 shows the input reflection coefficient of the proposed antenna where, the first band

is [2.3 GHz - 4.9 GHz] with a bandwidth BW = 2.6 GHz and a resonant frequency �� = 3.5

GHz, the second band [5.3 GHz - 7.2 GHz] with a bandwidth of BW = 1.9 GHz and a

resonant frequency ��= 6.6 GHz.

FIGURE 2.6 Input reflection coefficient of the proposed antenna

2.2.2 Current Density Distribution

Figure 2.7 depicts the current density distribution at two different frequencies, the frequencies

were chosen to be the two resonant frequencies of the 1st and 2nd bands.

Parameters Ls Ws Hs Lp Lf Wf R1

Values (mm) 30 20 1.6 15.5 20 2 2.5

Parameters R2 S1 S2 S3 S4 ls ws

Values (mm) 5.1 5 6 4.8 3.1 3.8 0.8
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FIGURE 2.7 Current Distribution at a) 3.5 GHz, b) 6.6 GHz

It is seen from the figure 2.7 that the current density is mainly concentrated along the

microstrip feeding line, around the ring slot and its center for the low resonance (3.5 GHz). As

for the high resonance (6.6 GHz), it is also concentrated between the staircase structure and

the ring slot.

2.2.3 Radiation Pattern

The directivity antenna is visualized in the 2D polar radiation pattern is shown in Figure 2.7.

At f = 3.5 GHz , the antenna exhibits a bidirectional pattern in the E-plane with a maximum

directivity D = 0.42 dB at θ = 180° , and an omnidirectional pattern in the H-plane with a

maximum directivity D =0.14 dB at θ = 180°.

At f = 6.6 GHz , the antenna exhibits a bidirectional pattern in the E-plane with a maximum

directivity D = 2.77 dB at θ = 350° , and an omnidirectional pattern in the H-plane with a

maximum directivity D =2.73 dB at θ = 0°
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Figure 2.8 The 2D radiation pattern, E plane, and H plane at a) 3.5 GHz b) 6.6 GHz
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Figure 2.9 represent the simulated 3D radiation pattern of the proposed antenna at frequencies

3.5 GHz and 6.6 GHz.

FIGURE 2.9 The 3D radiation pattern

2.2.4 Gain and Efficiency

The antenna peak gain and efficiency are illustrated in Figure 2.10 and Figure 2.11

respectively. The high gain and efficiency parameter values are attained in the sub-6 GHz

band. The values of the gain at the two resonances are 1.1 dBi and 3.1 dBi respectively. The

radiation efficiency of the antenna is around 96% over the range of operating frequencies, and

its peak is obtained at the resonant frequency of the first band (3.5 GHz) with a value of -0.1

dB, so 10-0.01which gives 0.9772 so the maximum efficiency is 97.72%. This is evidence that

the symmetrical staircase with ring slot antenna has a good gain and efficiency values that

contribute to its operation in 5G applications.
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FIGURE 2.10 Gain (dBi) versus frequency (GHz) of the proposed antenna

FIGURE 2.11 Radiation efficiency versus frequency of the proposed antenna

2.3 Experimental results

The proposed staircase monopole antenna is constructed in a private company (SNC

ALMITech enterprise laboratory in Kouba ‘Algiers’). A photograph of the fabricated antenna

is shown in Figure 2.12
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FIGURE 2.12 The fabricated antenna

2.3.1 Input Reflection Coefficient

The simulated and the measured reflection coefficient magnitude in dB of the proposed

microstrip antenna is shown in Figure 2.13. The measured results confirm the dual band

operation of the analyzed structure, however it can be observed that there are some deviations

between simulated and measured. These deviations are due to several causes such as

inaccuracies in the thickness and the dielectric permittivity of the fabricated substrate along

with the experimental conditions. The differences are summarized in table 2.8.

TABLE 2.8 Comparison between the simulated and the measured parameters of the staircase ring

slotted monopole antenna

Parameters Simulated Measured Deviation

1st resonant frequency 3.5 GHz 4.5 GHz 28.57 %

2nd resonant frequency 6.6 GHz 7.5GHz 13.63 %

�11 at 3.5 GHz -20.3 dB -26 dB 28.07 %

�11 at 6.6 GHz -31.33 dB -45 dB 43.63%
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FIGURE 2.13 The measured and simulated input reflection coefficients

2.4 Comparison with related works

Table 2.9 shows a comparison between the proposed antenna characteristics with other works

aiming similar objectives. These table shows that the proposed antenna exhibits acceptable

performance especially dealing with gain, input reflection coefficient and efficiency

TABLE 2.9 Comparison with related works

References [29] [30] [31] Proposed
antenna

Operating band
(GHz)

3.11 - 3.82

5.15 - 5.82

3.23-4.27

5.60-6.50

3.12-3.22

5.27-5.47

2.30 - 4.91

5.30-7.20

Dimensions (���) 22 × 22 × 1.6 34 × 20 × 1 25.5 × 20 × 1.6 30 × 20 × 1.6

Peak Gain(dBi) 1.58 2.75 1.89 3.4

Efficiency (%) 92 95.8 85 97

Min ��� (dB) of 1st
band -12 -20 -24.65 -20.3

Min ��� (dB) of 2nd
band -26 -31 -18.04 -31.33
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2.5 Conclusion

In this chapter, a single element monopole antenna has been designed and analyzed. The

structure of the staircase with ring slotted antenna has dual-band operation of (2.3 GHz to 4.9

GHz) and (5.3 GHz to 7.2 GHz) which are suitable for 5G applications desired bands with a

compact size.
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Chapter 3

Design and Simulation of a 2x1 MIMO
Antennas

3.1 Introduction

With the swift advancement of contemporary communication technologies, the multiple-input

and multiple-output (MIMO) antenna systems have been progressively favored and

extensively employed to acquire a substantial data transmission rate and expansive channel

capacity. The primary drawback of the MIMO antenna is the mutual coupling between the

radiating elements. In this chapter, the design of dual element MIMO antennas that are based

on the symmetrical staircase and ring slotted antenna will be developed. The proposed

design’s evolution stages are also investigated. Furthermore, a parametric study is done on

several parameters to get the accurate results to isolate the elements and keep them matched

throughout the required 5G bands applications.

3.2 Dual-element MIMO antenna design procedure

The design is based on arranging two identical symmetrical staircase and ring slotted radiators

on the top surface of the substrate, both parallel and orthogonal to each other. In the parallel

configuration, the two elements are separated by a distance d of less than half-wavelength,

because less than -20 dB of mutual coupling, and thus good isolation, can be easily achieved

when the distance between radiators is larger than λ/2, but this does not meet the compactness

requirement [32] . At the bottom, the antennas share the same partial ground plane with the

same height as the single antenna.

3.2.1 Parallel configuration

Figure 3.1 shows the placement of the two radiators parallel to each other. To maintain the

bandwidth performance and a good impedance matching in the two bands with a low mutual

coupling while having a compact size, a parametric study is conducted on the distance d

between the two patches.
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FIGURE 3.1 2×1 Parallel MIMO antenna

Figure 3.2 displays S-parameters of the parallel MIMO antenna at different distances

� = ��� = ��/�� , � = � �� = ��/�� and � = �� �� = ��/� . It is seen that the

acceptable minimum edge-to-edge distance between the radiators is set to be 10 mm which is

equivalent to λo/9 where the curve of the input reflection coefficient (�11 ) at the two bands

(2.3 Ghz - 5 Ghz) with BW = 2.7 Ghz and (5.6 Ghz-7.3Ghz) with BW = 1.7 Ghz indicates

that the antenna is matched.The �12 is below -15 dB indicating that the antennas are isolated

exclusively at all frequencies.

Remark: Since the elements are arranged symmetrically, the results for one port will be

identical to those of the other one. For the sake of brevity, we will just simulate one port,

observe and discuss it, while the same comments and observations are made about the other

port.

FIGURE 3.2 Input reflection coefficient of Parallel MIMO antenna at different spacing
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FIGURE 3.3 Transmission coefficient of Parallel MIMO antenna

3.2.1.1 Envelope correlation coefficient (ECC)

The degree of independence relating to the radiation patterns of two antennas is described

with the help of ECC , the value of ECC must be must be minimum. The envelope correlation

coefficient is calculated by equation (3.1) [33] .

��� = �11 �12 +�21 �22 ²
(1− �11

2+ �21
2 )(1− �22

2+ �12
2 ) 3.1

Through figure 3.3, it is evident that the value of ECC is below 0.075 over all frequencies,

which can be considered a good envelope correlation coefficient. Concerning the operating

band of the antenna the value of the ECC approaches zero at the resonances and is

considerably low elsewhere.
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FIGURE 3.4 Envelope Correlation coefficient of the Parallel MIMO antenna

3.2.1.2 Diversity Gain

The diversity gain (DG) is a figure of merit used to quantify the performance level of

diversity techniques. It is related to correlation coefficient by the equation [33] :

�� = 10( 1 − ��� 2 ) 3.2

The equation (3.2) shows that the lower the correlation coefficient the higher the diversity

gain will be. Therefore, a high isolation is required between the antennas otherwise the DG

will be low. For a satisfactory operation of MIMO antenna, DG should be close to 10 [30] .

It is shown from Figure 3.5 that the diversity gain of MIMO antenna has values above 9.97

over the entire band

FIGURE 3.5 Diversity Gain of the MIMO antenna with Parallel configuration
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3.2.1.3 Realized Gain

Figure 3.6 represents the parallel MIMO antenna’s gain versus frequency. It is shown that the

gain is enhanced as compared to the gain of the reference antenna (3.1 dBi) with a gain of

3.85 dBi.

FIGURE 3.6 Gain of MIMO antenna with Parallel configuration

3.2.1.4 Current Density Distribution

The current density distribution on the two elements when exciting “port 1” at frequencies 3.5

and 6.6 GHz are illustrated in figure 3.7 and figure 3.8 respectively. This figure indicates

clearly the current path involved in each of these frequencies. As expected, this path includes

the main radiator length at both frequencies.
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FIGURE 3.7 Current density distribution of the MIMO antenna with Parallel configuration at 3.5

GHz.

FIGURE 3.8 Current density distribution of the MIMO antenna with Parallel configuration at 6.6

GHz

3.2.1.5 Radiation Pattern

The directivity of the two element MIMO antenna is visualized in the 2D polar radiation

pattern at port 1 shown in Figure 3.9.

At f = 3.5 GHz , the antenna exhibits a bidirectional pattern in the E-plane with a maximum

directivity D = 0.59 dB at θ = 155° , and an omnidirectional pattern in the H-plane with a
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maximum directivity D =1.31 dB at θ = 205°.

At f = 6.6 GHz , the antenna exhibits a bidirectional pattern in the E-plane with a maximum

directivity D = 4.12 dB at θ = 350° , and an omnidirectional pattern in the H-plane with a

maximum directivity D =3.65 dB at θ = 0°.

Figure 3.9 The 2D radiation pattern of the MIMO antenna with Parallel configuration, E plane

and H plane at a) 3.5 GHz, b) 6.6 GHz
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Figure 3.10 demonstrate the 3D radiation pattern of the two element MIMO antenna.

Figure 3.10 The 3D radiation pattern of the MIMO antenna with Parallel configuration

Table 3.1 summarizes the results in details of the dual element MIMO antenna.

TABLE 3.1 The results of the MIMO antenna with Parallel configuration

Number of elements 2

Size ( ��3) 50 × 30 × 1.6

Materials FR-4 (�� = 4.4)

Bandwidth of 1st band (GHz) 2.9

Bandwidth of 2nd band (GHz) 1.7

Isolation (dB) -15.5

ECC <0.075

DG (dB) >9.97

Peak Gain (dB) 4.49
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3.2.2 Orthogonal polarization diversity configuration

Figure 3.11 depicts the orthogonal configuration of the two-element antennas.

FIGURE 3.11 Proposed 2×1 MIMO for orthogonal polarization diversity

It can be inferred from Figure 3.12 that while the input reflection coefficient at port 1 (�11 )

produces a dual-band characteristic extending from 2.4 GHz to 4.3 GHz with a resonant

frequency fc = 3.4 GHz and from 5.6 GHz to 7.25 GHz with fc = 6.4 GHz , the input

reflection coefficient at port 2 (�22) produces a wide band characteristics extending from 2.2

GHz to 7.4 GHz. One can observe from Figure 3.13 that the antennas are already isolated over

the whole band with an edge-to-edge distance of � = 1 mm only.

FIGURE 3.12 Input reflection coefficient at port 1 and port 2
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FIGURE 3.13 Transmission coefficient of the Orthogonal MIMO antenna

3.2.2.1 Envelope correlation coefficient (ECC)

From Figure 3.14, it is clearly that the value of ECC is below 0.073.

Furthermore, this value can be considered a good envelope correlation coefficient.

FIGURE 3.14 Envelope Correlation coefficient of 2×1 MIMO system for Orthogonal

polarization diversity
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3.2.2.2 Diversity Gain

It is shown from Figure 3.15 that the diversity gain of MIMO antenna has values above 9.95

over all frequencies, this value can be considered a good diversity gain.

FIGURE 3.15 Diversity Gain of the MIMO antenna with orthogonal configuration

3.2.2.3 Realized Gain

Figure 3.16 represents the orthogonal MIMO antenna’s gain versus frequency. It is shown that

gain is enhanced compared to the gain of the reference antenna with a peak gain of 4.5 dBi.

FIGURE 3.16 Gain of MIMO antenna with orthogonal configuration



Chapter 3 : Design And Simulation of a 2x1 MIMOAntennas

36

3.2.2.4 Current Density Distribution

The current density distribution on the two elements when exciting “port 1” at frequencies 3.4

GHz and 6.4 GHz are illustrated in figure 3.17 and figure 3.18 respectively. This figure

indicates clearly the current path involved in each of these frequencies. As expected, this path

includes the main radiator length at both frequencies.

FIGURE 3.17 Current density Distribution of the MIMO antenna with orthogonal configuration at

3.4GHz

FIGURE 3.18 Current density Distribution of the MIMO antenna with orthogonal configuration at

6.4 GHz

3.2.2.5 Radiation Pattern

The directivity of the two element MIMO antenna is visualized in the 2D polar radiation

pattern at port 1 is shown in Figure 3.19.
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At f = 3.4 GHz , the antenna exhibits a bidirectional pattern in the E-plane with a maximum

directivity D = 0.72 dB at θ = 180° , and an omnidirectional pattern in the H-plane with a

maximum directivity D =0 dB at θ = 220°.

At f = 6.4 GHz , the antenna exhibits a bidirectional pattern in the E-plane with a maximum

directivity D = 3.39 dB at θ = 170° , and an omnidirectional pattern in the H-plane with a

maximum directivity D =3.31 dB at θ = 180°.

FIGURE 3.19 The 2D radiation pattern of the MIMO antenna with orthogonal configuration, E plane,
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and H plane at a) 3.4 GHz b) 6.4 GHz

Figure 3.20 The 3D radiation pattern of the MIMO antenna with orthogonal configuration

Table 3.2 summarizes the results in details of the dual element MIMO antenna with

orthogonal configuration antenna.

TABLE 3.2: The results of the MIMO antenna with orthogonal configuration

Number of elements 2

Size ( ��3) 51 × 30 × 1.6

Materials FR-4 (�� = 4.4)

Bandwidth of 1st band (GHz) 1.9

Bandwidth of 2nd band (GHz) 1.65

Isolation (dB) -18

ECC <0.075

DG >9.95

Peak Gain (dBi) 4.5

3.3 Comparison between parallel and orthogonal configuration

The evaluation results demonstrate that the 2x1 MIMO parallel configuration, with its smaller
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size, offers a greater bandwidth than the orthogonal configuration. Despite similar gains and

envelope correlation coefficients, the orthogonal configuration provides superior isolation.

3.4 Experimental Verification

Following to the above comparison, the parallel 2×1 MIMO parallel configuration has been

selected and, a prototype is fabricated and tested. Figure 3.21 shows the photograph of the

fabricated antenna.

FIGURE 3.21 The front and the back view of 2x1 parallel fabricated MIMO antenna

The measurement of the reflection and transmission coefficients were obtained using VNA.

Thought the simulated coefficient are equal because of the parallel configuration symmetry

thought we observe small difference in the measured coefficients due to experimental

conditions. Despite, we observe quite similar profile in both figures.

The Figure 3.22 and Figure 3.23 show the simulated and measured input reflection coefficient

at port 1 and port 2 respectively.
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FIGURE 3.22 Input reflection coefficient at port 1

FIGURE 3.23 Input reflection coefficient at port 2

Figure 2.24 shows the transmission coefficient �21 where we observe relative deviation of

the measured value which in some frequency band is slightly greater than -15 dB .Again this

is attributed to experimental conditions and fabrication errors ( geometrical dimensions,

welding...).
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FIGURE 3.24 The transmission coefficient of the simulated and measured MIMO antenna

3.5 Comparison with related works

Table 2.9 shows a comparison between the characteristics of the proposed 2 × 1 MIMO

antenna in parallel configurations with other works aiming similar objectives. This table

shows that the proposed antenna exhibits acceptable performance especially dealing with

Size, gain, input reflection coefficient and isolation.

TABLE 3.3 Comparison with related works

References [34] [35] [36] Proposed
antenna

Configuration 2×1 2×1 2×2 2×1

Operating band
(GHz) 4.5-5 3.26–3.61 3.18-3.9

2.3-5

5.6-7.3

Dimensions (���) 50 × 35 × 1.6 85 × 50 × 4 150 × 75 × 1.6 50 × 30 × 1.6

Gain (dBi) 1.83 5 4.75 4.5

ECC <0.07 <0.01 <0.01 <0.075

DG >9.95 >9.97 >9.9 >9.95

��� (dB) -17.18 -16.33 -22 -31.33

Isolation (dB) -17.2 -18 -11 -18
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3.6 Conclusion

Based on the single antenna element developed in the previous chapter, 2×1 MIMO structures

in both orthogonal and parallel configuration have been considered in this chapter. Despite the

required large distance for isolation between the elements of the parallel configuration, it has

been observed that the orthogonal configuration is larger in size.

A prototype of the parallel configuration has been fabricated and tested.
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General Conclusion and further work

The goal of this project is to design and study a dual-band microstrip patch antenna, in both

single element and 2×1 MIMO configurations, that can be used in wireless communication

systems operating in 5G sub-6 GHz applications.

The first part describes the design procedure which has ended up with a monopole staircase

ring slotted microstrip patch antenna. The antenna operates in two sub-6 GHz frequency

bands dedicated for wireless 5G application, the antenna shows good input reflection

coefficient level a quasi-omnidirectional radiation pattern and qualitative radiation efficiency.

After that a parallel and an orthogonal 2×1 MIMO configurations based on the developed

single element have been considered and their characteristics involving input reflection

coefficient, isolation, envelope correlation coefficient, diversity gain and realized gain were

investigated.

Two structures of both configurations achieving MIMO requirement have been obtained.

Furthermore the proposed single element and parallel MIMO configuration have been

compared to other referenced similar works, where it is observed that the proposed design

achieve acceptable performances. Moreover prototype of these structure have been fabricated

and tested.

As further work we suggest:

Extends the number of elements of the MIMO structure.

Using other dielectric material.

Extending the proposed structure for array applications.
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