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Abstract 

 

In this work, a four (4) elements linear microstrip patch antenna with a reduced mutual 

coupling degree to operate at the 2.45 GHz resonance frequency has been presented.  

Initially  a  single  rectangular patch  has  been  simulated  using  the  CST MICROWAVE  

STUDIO  printed on a FR4 dielectric material to resonate at 2.45 GHz with a reflection 

coefficient of  -55 dB.  

 Then, the work is extended to a patch with a parasitic element coupled in the 

radiating edge of the pilot.  The reduction of the mutual coupling is carried out by first 

spacing the patches; but the structure occupies more space. After that, curvatures and slots 

method is applied to reduce the occupied space. It is noted that the mutual coupling is 

amply reduced. 

 To quantify the mutual coupling reduction, the curvatures and slots method is 

further applied 4 elements linear antenna array. For purpose of comparison, the normal 4 

elements linear antenna array is studied. The obtained results show that the mutual 

coupling has acceptable levels that is sufficient to maintain the array characteristics 

insensible to this effect.   
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Chapter 1: Introduction to Antenna Arrays  

 

1.1 Introduction  

A device able to receive or transmit electromagnetic energy is called an antenna. 

Antennas have become ubiquitous devices and occupy a salient position in wireless 

system experienced the largest growth among industry systems. Antennas couple 

electromagnetic energy from one medium (space) to another medium as wire, coaxial 

cable, or waveguide. It also produces complex electromagnetic fields both near to and far 

from antennas. As a matter of fact, not all of the electromagnetic fields generated actually 

radiated into space, some of the fields remain in the vicinity of antenna and are viewed as 

reactive near fields; much the same way as inductor or capacitor is a reactive storage 

element in lumped element circuits [1]. There exist many forms of antennas which are 

characterized by specific feature and desirable applications in communication. Among 

the antenna forms we have wire, aperture, reflector, microstrip and array antenna. In the 

present work we will deal with linear microstrip array antenna. 

1.2  Antenna array  

In many applications it is necessary to design antennas with very directive characteristics 

(very high gains) to meet the demands of long distance communication. The radiation 

pattern of a single element is relatively wide, and each element provides low values of 

directivity, gain and bandwidth. This type (single element) of radiation is undesirable for 

point-to-point applications, and makes the design of antenna array overcome these 

shortcomings [1] 

       An antenna array is a group of antennas connected and arranged in a regular structure 

to form a single antenna that is able to produce strong radiation patterns. These antenna 

arrays are classified into linear, circular and planar arrays or 3-dimensional arrays 

depending on the positioning of the antenna elements [2]. The figure 1.1 illustrates these 

types.   

       The two basic types of antenna arrays are: uniform and non-uniform. Uniform 

antenna arrays are antennas with identical elements, where the input signal to each 

element consists of identical amplitudes and equal differential phase distribution. This 
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class of arrays has the narrowest main-lobe. On the other hand, Non-uniform array; with 

unequal amplitudes distribution, yields a more controlled side-lobe level due to many 

controlling inputs [4]. 

 

 

 

 

             

      

        a) Linear array antenna                                          b) Planar microstrip array 

  

                         Figure 1.1: Some types of antenna arrays [3] 

1.2.1 Array factor  

The gain of the antenna is increased using the principle of pattern multiplication. The later 

states that the total field of the array is equivalent to [2]  

𝐸(total)  =  [𝐸 (single element at reference point)] × [array factor] 

For illustration, consider the N-element array shown in the figure 1.2. Let us assume all 

elements have identical amplitudes but each succeeding element has a ß progressive phase 

lead current excitation relative to the preceding one (ß represent the phase by which the 

current in each element leads the current of the preceding element)[2]. 

 

 

 

 

 

 

  

 

 

            (a) Geometry                                                         (b) Phasor diagram  

      Figure1.2: Far-field geometry and phasor diagram of N-element array of isotropic 

sources positioned along z-axis [4]. 
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The discrete sources radiate individually but the pattern of the array is largely determined 

by the relative amplitude and phase of the excitation currents on each element and the 

geometric spacing apart of the elements. The array factor is given by [2]:  

AF = 1+  e j(kd cos + ) + e j 2(kd cos +  ) +…..+  e j( N −1)(kd cos + )                  ()     

 

𝐴𝐹 = ∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽)𝑁
𝑛=1                                            (1.2) 

It can be written as:       

𝐴𝐹 = ∑ 𝑒𝑗(𝑛−1)𝜓𝑁
𝑛=1                                                           (1.3) 

Where:  = kd cos +  

 k is the wave number given by 2Π/λ, d is the distance between the elements, 𝜃 is the 

angle of the main beam of antenna array and 𝛽 is the progressive phase shift between 

individual elements. 

Remark: For a uniform array the amplitudes are taken unity (amplitude = 1) 

1.2.2 Feeding antenna arrays 

Multiple antennas can be interconnected by means of a feed network to form an array and 

made to work for different purpose applications. The performance of the antenna array 

depends on our ability to feed the array elements with the appropriate feeding network. 

The most important feeding techniques are shown in the figure 1.3 and we can sum them 

as follow:  

• Parallel or corporate feed network, where all the elements are feed in parallel from 

a single source. The power splitters are released using special RF power dividers, such 

as Wilkinson power dividers, or lossless combiners. 

• Series-fed array, where antennas are feed in series from a common source. 

• Both concepts, series & corporate, can be combined into a hybrid feed. 

 

 

 

 

(a) Parallel / corporate feed                   (b) Series feed                             (c) Hybrid feed 

                                  Figure 1.3: Feeding array antenna techniques [5] 
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An Advantage of these arrays is that it implements something called frequency scanning, 

since the beam will scan with frequency [5]. 

1.2.2.1 Power divider 

Microstrip power dividers/combiners are frequently used in the design of microwave 

components such as feeding network for antenna arrays or power amplifiers. The main 

goal of the power dividers is to control the power distribution of its outputs. In the last 50 

years, several topologies of power dividers have been proposed. Amongst them we 

distinguish the Wilkinson power divider which is conventionally implemented with 

quarter-wave transmission lines. This structure provides a narrow bandwidth around a 

single center frequency. Recently, several modified Wilkinson structures have been 

introduced to principally extend its functionality to dual-band applications. We 

distinguish also the symmetric T-junction as equal power divider/combiner which is 

commonly used in the feed network of planar antenna arrays and Y-junction power 

divider. [6] 

By definition, a -3dB power divider is ideally a passive lossless reciprocal three port 

device that divides power equally in magnitude and phase. 

 

 

 

Figure 1.4: Block diagram power divider [2] 

The general expression of the S-parameter matrix related this device is: 

[S]=  (
S11 S12 S13

S21 S22 S23

S31 S32 S33

)                                                  (1.4) 

Since all the three ports of this power divider are matched, S ii = 0, and the network is 

reciprocal, Sij = Sji, the modified S-matrix can be written as: 

[S]=  (

0 S12 S13

S21 0 S23

S31 S32 0
)                                                  (1.5) 

Also as the network is lossless then this matrix should be unitary and yields,  

|S12|2 + |S13|2 = 1 𝑎𝑛𝑑  S23 × S13
∗ = 0                                                 (1.6a) 

|S12|2 + |S23 |2 = 1 𝑎𝑛𝑑  S13 × S12
∗ = 0                                                 (1.6b) 



 

5 

 

|S13|2 + |S23 |2 = 1 𝑎𝑛𝑑  S12 × S23
∗ = 0                                                 (1.6c) 

 

Considering the above equations, we see that the second column must have at least two 

out of three S parameters to be equal to zero. But if two of them were zero then one of 

the equations in the first column will be violated. Thus, we can conclude that it is 

impossible to satisfy all the three criteria of any power divider, such as, lossless, matched 

and reciprocal. Since relaxing anyone of them makes the other two achievable [2]. 

   In this study, we will design a process of a four way array feeder network using 

Wilkinson type power divider. The Wilkinson divider can meet the ideal three-port 

network conditions (if it is matched at all ports) being lossless, reciprocal, matched. 

Therefore, the Wilkinson divider is the best choice and will be used in the optimized 

design of the corporate-fed network for the array [2]. 

    The Wilkinson power divider is a three-port network that is lossless when the output 

ports are matched; where only reflected power is dissipated. Input power can be split into 

two or more in phase signals with the same amplitude. For a two-way Wilkinson divider 

using /4 impedance transformers having a characteristic impedance of √2𝑍0 and a 

lumped isolation resistor of 2Z0 with all three ports matched, high isolation between the 

output ports is obtained. The design of an equal-split (3 dB) Wilkinson is often made in 

strip line or microstrip form; all designs considered in this work are microstrip, as shown 

below in Fig.(a). Whereas the equivalent transmission line circuit is shown in Fig. (b) [7]. 

 

 

 

 

 

 

                       (a)                                                                           (b) 

Figure 1.5: The Wilkinson power divider [7]. (a) An equal-split Wilkinson power 

divider in microstrip form. (b) Equivalent transmission line circuit. 
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1.2.2.2 Phase shifter  

Phase shifters are important elements for use in oscillators and phased array antenna 

systems, they are also the key element in the beam forming network. Phase shifters are 

components of an electronically scanned array that steers the antenna beam in the desired 

direction without physically repositioning the antenna. By definition, they are a two ports 

network where output signal may adjust to have some desired phase relationship to the 

input signal by using a control signal [2] 

Phase shifters are classified into digital and analog types as show in figure1.6. 

 

 

 

 

 

 

                (a) Analog phase shifter [8]                             (b) digital phase shifter [9] 

Figure 1.6: Diagram of phased array showing both analog and digital 

 

Remark: While designing an array the feed point and the distance between each element 

are kept constant in order to provide equal phase excitation. 

1.2.3 Mutual Coupling  

Mutual coupling is an unavoidable phenomenon in multi-antenna systems, which degrade 

the system performance. In antenna array system when two antennas are placed close to 

each other, interaction takes place between them. This not only increases the transmission 

coefficient but also distorting the radiation pattern, and deteriorates the signal plus 

interference to noise ratio [10] 

      In other words, in a phased array, the electromagnetic (EM) characteristics of a 

particular antenna element influence the other elements and are themselves influenced by 

the elements in their proximity. This inter-element influence or mutual coupling between 

the antennas is dependent on various factors, namely, number and type of antenna 
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elements (A), inter-element spacing, relative orientation of elements, radiation 

characteristics of the radiators, scan angle, bandwidth, direction of arrival (DOA) of the 

incident signals, and the components of the feed network that is, phase shifters (P) and 

couplers (C)[11]. 

 Several researchers have studied the effect of mutual coupling on different types of 

adaptive arrays. These include Yagi array, power inversion array, circular array of 

isotropic elements and semi-circular array of printed dipoles, microstrip patch antenna 

arrays [11]. The effect of mutual coupling on the array parameters such as antenna 

impedance and steering vector, which further affects the radiation pattern, resolution and 

interference suppression ability cannot be completely ceased but it can only be reduced 

using the different techniques . 

 

 

 

 

 

 

 

              

 

 

              (a)                                                                      (b) 

 

Figure 1.7:  Diagram of mutual coupling mechanism.  

(a) Transmitting mode and (b) receiving mode [12] 

 

1.3 Mutual Coupling Reduction Techniques in Microstrip Array  

Mutual coupling is an undesirable electromagnetic phenomenon which degrades the 

system performance and exists in mainly all the antenna arrays. Over the past years, 

several methods have been proposed and provided to reduce the mutual coupling between 

radiating elements in antenna arrays. Some of the most important techniques to reduce 

mutual coupling are summarized in figure 1.8. 
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                                 Figure1.8: Mutual coupling reduction techniques [12] 

1.3.1 Electromagnetic Band Gap Structure (EBG) 

One of the methods that provide substantial solution to the disadvantages of microstrip 

antennas and arrays as the reduction of mutual coupling is Electromagnetic Band Gap 

(EBG) structures. EBG structures are defined as manmade periodic structures that prevent 

or stop the propagation of electromagnetic waves for a particular band of frequencies for 

all incident angles and polarization states. EBG structures can be dielectric materials or 

metallic conductors [13].  Different EBG structures are shown in figure 1.9 and they are: 

•  Three-, two-, and one-dimensional (3D, 2D, and 1D) EBG.  

• Mushroom and uniplanar EBG, and their successive advancement [14]. 

 

 

 

 

 

 

Figure 1.9: Different types of EBG structures [14] 

Microstrip Patch Antenna Array  

Mutual Coupling Reduction Techniques  

Electromagnetic Band Gap Structure (EBG) 

Metamaterials & Split Ring Resonator (SRR) 

Defected Ground Structure (DGS) 

Parasitic or slots elements  

Neutralization Lines (NL) 

concavity 
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The two dimensional and one dimensional structures are preferred over the three 

dimensional structures as the three dimensional structures are complicated to design and 

implement [13]. 

1.3.2 Metamaterial 

The meta-materials are artificial composites, homogeneous with electromagnetic 

properties not found in nature [16]. They have negative relative permittivity and/ or 

permeability, where these two properties will determine how a material will interact  with 

electromagnetic radiation [15]. 

  Spiral resonator acting as metamaterial (SR) presented is one of popular techniques 

which is proposed as a solution to reduce the mutual coupling in a microstrip array 

antennas (Figure 1.10). This structure can reduce the mutual coupling of about 5.5 dB 

[13]. 

 

 

 

                                 (a)                                                                                (b)    

Figure 1.10: (a) A unit cell of periodic Structure, (b) view of array antenna with SR 

structure for 3 rows [16] 

Complementary Split Ring Resonator (CSRRs) are usually periodic configurations 

of metallic ring, shunt strip or capacitive gap used to perform filtering as well as 

isolation improvements function and lower mutual coupling [12]. The idea is to place 

three etched spiral resonators in the ground plane of the two antennas, between their 

coaxial probes excitations, as shown in figure 1.11 (b). 

 

 

 

 

                             (a)                                                                               (b) 

Figure 1.11: (a) Complementary split spiral Resonator, (b) The proposed microstrip      

antenna (CSSR) unit cell [16]. 
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1.3.3. Defected ground structures (DGS) 

DGS is an etched periodic or non-periodic cascades configuration defect in ground of a 

planar transmission line (as microstrip…) which disturbs the shield current distribution 

in the ground plane cause of the defect in the ground [17]. 

 Coupling between adjacent antenna elements which caused by ground currents can 

be reduced by applying modifications to the ground plane. Ground plane modifications 

such as cutting slits or other shapes, as shown in figure 1.12. They work as band stop 

filter for the coupling fields generated by ground currents. Most commonly the defected 

ground structures are placed beneath the transmission line which reduces the effect of 

electromagnetic fields around the defect [18]. 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 1.12: Various DGS geometries 

(a) dumbbell-shaped, (b) spiral-shaped, (c) H-shaped, (d) U-shaped, (e) arrow head 
dumbbell,       (f) concentric ring shaped, (g) split-ring resonators, (h) interdigital, (i) 
cross-shaped, (j) circular head dumbbell, (k) square head connected with U slots, (l) 

open loop dumbbell, (m) fractal, (n) half-circle, (o) V-shaped, (p) L-shaped, (q) 
meander lines, (r) U-head dumbbell, (s) double equilateral U, (t) square slots connected 

with narrow slot at edge [19]. 

1.3.4 Concavity  

Another important solution to reduce mutual coupling in microstrip antenna array, is 

making concavity on the patch in horizontal, vertical or both sides as shown in figure 

1.13. Having a shape cute on the radiating edges of the antenna will help us reduce the 

mutual coupling effect and enhance the capacity of the antenna array. [20] 

 



 

11 

 

 

 

 

 

 

 

Figure 1.13: Array of concave rectangular antennas [20] 

1.3.5 Neutralization Lines (NL)  

Neutralization lines are also effective in reducing the coupling. In neutralization 

technique current taken from one element is fed to other element with reversed phase 

using a transmission line of suitable length to minimize the coupled currents with second 

element as shown in figure 1.14. The complication in this technique is, to select a proper 

location of maximum current to be picked up and to manage proper length of 

neutralization line to reverse the phase of that current with in limited space available. It 

takes very detailed analysis of current distribution and associated phase on antenna. Also 

these line are suitable for narrow band antennas, they are not as effective for wide 

bandwidth. Neutralization lines are not always straight lines; they can sometimes look 

like decoupling structures and can act as both a decoupling network and a neutralization 

line [18] 

 

 

 

 

 

 

Figure 1.14: Geometry of Elliptical multi-antennas with neutralization [21] 

1.3.6 Parasitic element   

They are the elements which are placed near antenna elements or between two elements, 

in case of antenna array systems to minimize coupling as illustrated in figure 1.15. They 

also create opposite coupling fields between antenna elements to counter coupling fields 

between antennas. Parasitic elements are not actually connected to antenna elements, they 

are placed near them. They are advantageous as they can be designed for various purposes 
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such as to control bandwidth along with decoupling. They can be composed of resonators 

or stubs with both floating and/or shorted arrangements [18]. 

  

 

 

 

 

 

 

Figure 1.15: Planar antenna with parasitic elements [22] 

1.3.7 Slots:  They are considered as another basic radiating element. It is realized by 

removing a small area of metal from an infinite ground plane or patch. For a practical 

design, however, the ground plane may be finite but large in size. The open area, or the 

‘slot,’ can be of any shape and size, but is shown in the figure below to be rectangular, as 

is often done for simplicity. A slot antenna may be excited by applying a voltage source 

across the slot (figure 1.16) [22]. 

 

 

 

 

 

 

 

   

            Figure 1.16: A Slot Antenna produced by a rectangular opening at the center of 

an infinite ground plane [23-24]  

1.4 Microstrip Antennas Overview  

1.4.1 Basic Structure of Microstrip Antenna  

The basic design of the microstrip patch antenna consists of other Radiating 

Metallic Patch on one side of dielectric Substrate, Ground Plane on the side and 

all printed directly onto a circuit board as shown in figure 1.17.   
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Figure 1.17: Microstrip patch antenna configuration [25] 

• The metallic patch is normally made of thin copper foil plated with corrosion resistive 

metal such as gold, tin or nickel. There exists different shape of patches, and the most 

common ones are the rectangular and circular patches. 

• The substrate allows isolating both conductive planes and characterized by 

permittivity. The typical range for dielectric constant of the substrate being used is    

2.2 ≤ εr ≤ 12 [25]. 

• The Ground plane is a conductor situated below the circuit on which is placed the 

substrate. 

1.4.2 Radiation mechanism of microstrip antenna 

Radiation from Microstrip antenna can be understood by considering the Figure 1.18 that 

shows a cutting of the Microstrip antenna where different regions may be distinguished 

according to the type of electromagnetic field [26]. 

In region (A) of the substrate between the two conductors, we find a concentration 

of the electromagnetic field. The lower the frequency of operation the higher this 

concentration is. Thus, there is propagation without radiation and the resulted structure is 

a transmission line or of its derivatives (junction, bend, etc) [26]. 

 

 

 

 

            Figure 1.18: Configuration of principle regions of a microstrip antenna [26] 
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 So the structure presents a behavior of an antenna. Since the surface currents are 

circulating essentially on the interior face of the above conductor, the radiation appears 

to be emitted at the ends (discontinuities). At this level of the structure, there is, in fact, a 

scattered field that is responsible of radiation [26] 

1.4.3 Feeding Techniques  

Microstrip patch antennas can be fed by a variety of method, these methods can be 

categorized into two main feeding methods as shown in figure 1.19 [27]:  

• Contacting (Direct) method: the RF power is fed directly to the radiating patch using 

a connecting element. 

• Non-contacting (Indirect) method: the electromagnetic field coupling is done to 

transfer power between the microstrip line and the radiating patch. 

Figure 1.19: Feeding Techniques methods 

 

i) Microstrip Line feed 

 A conducting strip is connected to the edge of the patch as illustrated by figure 1.20. The 

feed can be etched on the substrate. This method is simple, easy to fabricate and it can be 

etched on same substrate. But it gives undesired radiation [29]. 

 

 

 

 

 

 

Figure 1.20: Microstrip line technique [28] 
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ii) Coaxial probe feed  

The inner conductor of the coaxial connector extends through the dielectric and is 

soldered to the radiating patch, while the outer conductor is connected to the ground plane 

as shown in figure 1.21 below. The feed can be placed at any desired location with low 

spurious radiation. However, it results in narrow bandwidth and the method is difficult to 

model [29]. 

 

 

 

 

 

 

           

                Figure 1.21: Coaxial Probe Feed [28] 

iii)Aperture Coupled Feed  

Coupling between the patch and feed line is made through a slot or an aperture in the 

ground plane as depicted in figure 1.22. This method eliminates spurious radiation. The 

realization process of this method is difficult [29]. 

 

 

 

 

 

 

                                     

                                       Figure 1.22: Aperture coupled feed [28] 

iv) Proximity Coupled Feed  

Two dielectric substrates are used such that the feed line is between the two substrates 

and the radiating patch is on top of the upper substrate as shown in the next figure, 1.23. 

As the previous method, it eliminates spurious radiation but the thickness of antenna 

increases [29]. 
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Figure 1.23: Proximity coupled Feed [28] 

 

1.4.4 Methods of analysis  

The most well-known methods for the analysis of Microstrip patch antennas (figure 1.24) 

are divided into two groups of methods; (i) Analytical methods based on equivalent 

magnetic current distribution around the patch edges and (ii) Numerical methods based 

on the electric current distribution on the patch conductor and the ground plane [26]. 

 

 

 

 

 

 

 

 

Figure 1.24: Method of analysis of a Microstrip Antenna. 

1.4.5 Advantages & Disadvantages  

1.4.5.1 Advantages  

• Low weight, low profile planar configuration and low volume.  

• Simple to design and easy to modify according to needs. 

• Low cost of fabrication and ease of manufacturing.  

• They allow for dual- and triple-frequency operations.  

• They can be made compact for use in personal mobile communication. 

1.4.5.2 Disadvantages  

• Narrow bandwidth. 

• Lower efficiency and gain.  

Method of 
analysis 

Analytical  
method

Transmission 
Line Model

Cavity Model
the MNM 
method

Numerical 
method

MOM FEM FDTD
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• Low power-handling capability. 

• Extraneous radiation from feeds and junctions. 

• Poor end fire radiator except tapered slot antennas. 

However, because of the advantage of a single microstrip antenna, the usage of microstrip 

array antennas is quickly increasing… 

1.5 Microstrip Array  

Microstrip antennas are used in arrays as well as single elements. However, Microstrip 

arrays are capable of radiating efficiently only over a narrow band of frequencies and 

hence they can operate only at the low power levels of waveguide. Using a single element 

is difficult to increase the directivity and perform various functions, such as pattern beam 

forming, smart antennas, electronic scanning radars, missiles, military and satellite 

communication [30]. 

 In the microstrip array, elements can be fed by a single line called series feed or by 

multiple lines called corporate-feed network:  

A. Series feed network  

By connecting elements with high impedance transmission line and feeding the power at 

the first element Series feed microstrip array can be formed (figure 1.25). As the feed 

arrangement is compact the line losses associated with this type of array are lower than 

those of the corporate feed type [30]. 

 

 

Figure 1.25: Series feed of a microstrip array [30] 

 

The drawback of series feed arrays is the large variation of the impedance and beam 

pointing direction over a band of frequencies [30]. 

B. Corporate feed network 

The corporate feed (figure 1.26) networks are used to provide power splits of the order 

2n (i.e. n = 2; 4; 8; 16; etc.,) which can be accomplished by using either the tapered lines 

or by using quarter wavelength impedance transformers.  

Corporate feed arrays are general and versatile in nature. This particular method 

has more control of the feed of each element and therefore, it is ideal for scanning phased 

arrays. Accordingly, providing better directivity as well as radiation efficiency and hence  
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reducing the beam fluctuations over a band of frequencies compared to the series feed 

array [30]. 

 

 

 

 

 

 

                            Figure 1.26: Corporate feed of microstrip antenna array [30] 

Remark: The phase shifter is used to control the phase of each element while amplitude 

can be adjusted by using either the amplifiers or the attenuators [30]. 

1.6 Conclusion  

In this chapter, array antennas are introduced with emphasize on Microstrip Antennas 

type that will be used in this work throughout the next chapters. The phenomenon of 

Mutual coupling is also investigated and its reduction techniques are presented and 

analyzed. Most of these techniques need additional material or space occupation to 

proceed which is a drawback in the microstrip antenna array applications.  

Therefore, Concavity and slotting methods are the most suitable ones to apply in 

our work, where reducing mutual coupling by fringing effects will help to prevent the 

wave propagation to the nearby antennas that will grasp the power of the wave and less 

power is radiated to the desired direction. A change in the amount of concavity in length 

or width results in an alteration in the resonant frequency of antenna. As a result, the patch 

impedance is distorted and must be corrected by changing the other antenna parameters, 

such as the patch width and the excitation point. This technique is also applied with a very 

small distance between the radiating patches compared to the operating wavelength and 

will not affect the radiation patterns as will be shown in the next chapters. Furthermore, 

creating concavity in the patches is an effective solution to reduce the mutual coupling 

and return loss in the microstrip antenna array, as well as enhancing its capacity and 

efficiency. 
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Chapter 2: Rectangular Patch Antenna with a Parasitic    

Element 

 

2.1 Introduction  

Microstrip Antenna Array are introduced and discussed in the previous chapter, as well 

as the mutual coupling reduction techniques by emphasizing on concavity which is the 

one chosen to apply in our project. A rectangular shaped microstrip patch antenna will be 

designed to operate at 2.45 GHz using transmission line model, excited using a coaxial 

probe feed as shown in [31]. [31] Will be used as a reference to this part of our work and 

the simulation process is done using CST. 

2.2 Rectangular microstrip patch antenna 

The rectangular shape is probably the most used microstrip patch antenna for its 

simplicity as it is characterized by a Length (L), Width (W) thickness (t) all on a substrate 

of thickness (h) as shown in the figure 2.1. 

 

 

 

 

 

 

 

 

Figure 2.1: A rectangular microstrip antenna [32] 

2.2.1 Antenna Parameters and Characteristics 

Each antenna is characterized by fundamental parameters for a specific application where 

some of them are interrelated and not all of them need to be specified for complete 

description of the antenna performance. Among those parameters we can mention the 

most important ones in our work. 

2.2.1.1 Input Impedance (Zin)  

The Input Impedance is defined as the impedance presented by an antenna at its terminal, 

in other words it is the ratio of the voltage to the current at the pair of terminals or ratio 
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of the appropriate components of the electric to magnetic fields at a point [31]. The 

equation (2.1) illustrates this in a complex form where the real part is input resistance 𝑅𝑖𝑛 

and the imaginary part representing the input reactance 𝑋𝑖𝑛. 

𝑍𝑖𝑛 = 𝑅𝑖𝑛 + 𝑗𝑋𝑖𝑛                                                          (2.1) 

Zin can also be defined as the impedance view from the feed line and it is given by the 

equation (2.2)  

                                                            Zin = Z0
1+S11

1−S11
                                              (2.2)   

Where:  Z0 is the characteristics impedance. 

              S11 is the input reflection coefficient. 

2.2.1.2 Return Loss (S11) 

Return loss is one of the important parameter in antenna testing. Return loss, also stared 

as the S11 of the S-parameters, is the power of the reflected signal in a transmission line. 

It can be calculated by equation (2.3) and it is given in (dB) [33]: 

 RL(dB) = 10log (
Pr

Pin
) = 20log |

Zin−Z0

Zin+Z0
|                            (2.3) 

Pr: Power Reflected back from the antenna. 

Pin: Source incident power of the antenna. 

To obtain a satisfactory matching the return loss should be -10 dB and for an ideal one -

30dB. The less the return loss, the better the matching and the less power is reflected 

back. 

2.2.1.3 Voltage Standing Wave Ratio (VSWR) 

Another way to see how much the system is matched, VSWR is the ratio between the 

maximum voltage Vmax and minimum voltage Vmin in the transmission line, and can be 

defined as follows [33]: 

                                       VSWR = 
Vmax

Vmin
=  

1+ ρ

1− ρ 
                                                (2.4) 

 

Where ⍴ is the magnitude of the reflection coefficient | Γ | also known as S11 or Return 

loss. 

 

                         and                                  Γ =  
Zin−Z0

Zin+Z0
                                                    (2.5)   
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     Where Z0 is the characteristics impedance and it is set to 50 ohm for the coaxial 

cable. 

2.2.1.4 Bandwidth (BW) 

Bandwidth is defined from the frequency limits at which the standing-wave ratio (SWR) 

reaches a maximum threshold, assuming that the feeding transmission line that connects 

to the patch is perfectly matched at the resonance frequency (i.e., Z0 = R, if we neglect 

the effects of the probe inductance) [4]. The bandwidth is thus defined as: 

BW =
fH−fL

fr
                                                          (2-6)  

Where:  

fH and fL : The high and low frequencies on either side of the resonance frequency at which 

VSWR = 2,  or  S11 = -10 dB with S being a prescribed value.  

fr: The impedance resonance frequency of the patch. An antenna is said to be broadband 

if its BW is 2 or higher, otherwise it is said to be narrowband. 

2.2.1.5 Radiation Pattern  

The antenna pattern can be defined as “the mathematical function or graphical 

representation of the radiation properties as a function of space coordinates”. In most 

cases, the radiation pattern is determined in the far-field region and is represented as a 

function of the directional coordinates in a 2D or 3D pattern. It can represent several 

properties such as gain, power flux density, electric field, radiation intensity, field 

strength, directivity, phase or polarization [4]. 

- The tridimensional radiation patterns is measured in spherical coordinates, function of 

(θ, ϕ, r), the x-z plane (φ = 0°) usually indicates the elevation plane (E-plane), while 

the x-y plane (θ = 90°) indicates the azimuth plane (H-plane). 

- The bi-dimensional radiation pattern represents a cut of the 3D radiation pattern, for 

given angles θ = θ0 or ϕ = ϕ0 

2.2.2 Design of a rectangular microstrip patch antenna  

The considered antenna in our project, has the same specifications as the one in [31] 

where all the dimensions have already been calculated and the parameters of the dielectric 

material specified  
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2.2.2.1 Substrate and Frequency Specifications 

The dielectric material available in our laboratory is the FR4 glass epoxy and its 

parameters are shown in table 2.1. The dielectric materiel will be used as the dielectric 

substrate in our antenna operating at 2.45 GHz. 

        Table 2.1: Parameters of the dielectric substrate for the rectangular patch antenna 

Dielectric 

Substrate 

Thickness 

(h) 

Loss tangent 

(tanδ) 

Relative permittivity 

(Ԑ𝐫) 

1.6 mm 0.017 4.3 

 2.2.2.2 Calculated dimensions of the antenna  

Rectangular patch has four (4) parameters that should be calculated to obtain its Width 

(W) and Length (L). [4] 

a) Width (W)  

𝑊 =
𝐶

2𝑓𝑟
√

2

Ԑr+1
                                               (2.7) 

b) Effective Dielectric constant εreff 

 

Ԑeff =
Ԑr+1

2
+

Ԑr −1

2

1

√[1+12
h

W
]

                                          (2.8)  

c) ΔL         

∆𝐿 = h
(Ԑeff+0.3) (

W

h
+0.264)

(Ԑeff−0.258) (
W

h
+0.8)

                                             (2.9) 

d) Length (L)  

 

𝐿 =
𝐶

2𝑓𝑟√Ԑeff
− 2∆L         C   is the free space light’s speed                  (2.10)              

 

Using (2.7)-(2.10) we obtain: W = 37.61 mm and L = 29.15 mm  

W and L are responsible of controlling the input impedance and the radiation pattern and 

affecting the operating frequency respectively.  
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2.2.3 Design procedure and Simulation results  

2.2.3.1 Design Procedure  

To operate at exactly 2.45 GHz and achieve the exact matching, some adjustments are 

made in the antenna’s width and length as well as for the feeding point compared to the 

results of [31]. This is due to the difference in the software, mainly because IE3D has an 

infinite ground and CST a finite one where it has to be at least 2 times the patch 

dimensions. 

 After several simulations attempts and according to CST, the dimensions that 

produce the exact resonance frequency, 2.45 GHz and a satisfactory matching between 

the input impedance and the probe characteristics impedance (usually 50 ohm)  are 

summarized in the table 2.4 and shown in the figure 2.2.  In our case, we used a discrete 

port to feed our antenna, which is in CST equivalent to 50 ohm. The Feed port is varied 

at different coordinates across the x-axis (Xp) and not very far from 6.562 in [31] while 

the y coordinates are Yp = 0. Finally, we fixed the point to Xp = 6.49 mm that gave us 

the 50 ohm impedance. 

 

 

 

 

 

 

 

Figure 2.2: A rectangular patch antenna with optimized dimensions 

                                      Table 2.2: Dimensions of the ground 

Ground Dimensions 
Width (B) length (A) Depth (T) 

117 mm 75 mm 0.035 mm 
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                                        Table2.3: Dimensions of the Substrate 

Substrate Dimensions 
Width (B) length (A) Depth (h) 

117mm 75mm 1.6 mm 

 

                                    Table 2.4: Dimensions of the Patch 

                                                     

  2.2.3.4 Simulation results 

i) Input reflection coefficient and Bandwidth 

From CST software we obtained the graph of the reflection coefficient of our antenna 

shown in figure 2.3 and we can get:  

The magnitude is about -55 dB which is much less than the -10 dB matching value, which 

represents an ideal matching for our patch. The patch resonates at exactly 2.45 GHz. The 

Upper and Lower frequencies to obtain the bandwidth of the antenna using the equation 

(2-6) and operating at -10 dB as shown in Figure 2.4     

                    BW =
2.4758 −2.4242

2.45
× 100 = 2.147%  

 This means that our antenna is narrowband. 

 

 S11 

 

 

 

 

 

 

 

 

 

                     Figure 2.3: Input reflection coefficient of the rectangular patch antenna  

Patch Dimensions 
Width (W) Length (L) Excitation Point (Xp) Depth(T) 

37.6 mm 28.16 mm (6.49,0) 0.035mm 
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Another way to conclude the matching and the bandwidth is by observing the VSWR of 

the desired antenna. The figure 2.4 shows the VSWR. From that figure, we can see that 

the VSWR = 1 at the resonant frequency; which leads to a good matching of our antenna. 

  

                                                                                                                   VSWR  

 

 

 

 

 

 

                              

                        Figure 2.4: VSWR of the Rectangular patch antenna 

ii) Input impedance  

The input impedance at 2.45 GHz of the patch is 50 ohm and 0 for its real and imaginary 

parts, respectively as shown in Figure 2.5.  

 

 

 

 

 

 

 

 

Figure 2.5: Real and Imaginary part of the rectangular patch input impedance 
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iii) Current Distribution  

The current distribution is drawn at frequency of 2.45 GHz as shown in the figure 2.6. 

We can observe that the current is close to maximum in the center and around the feed 

port and minimum at the edges. The Figure also shows that the current distribution is a 

sort of arrows flowing in the x-axis showing the linear x-polarization.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Current distribution of the rectangular patch antenna at 2.45 GHz 

 

iv) Radiation Pattern  

a) 2D-Respresentation of Radiation field patterns 

The Radiation field patterns are shown in a 2D representation of the far field patterns in 

figure 2.7 a and b. They are presented in the polar form with the dBi as a scale.It is evident 

that the maximum radiation is perpendicular to the ground plane of the antenna (θ = 0◦) 

in the two planes (ɸ = 0° and ɸ = 90°), with a gain of 3 dBi. 

An antenna is said to have good polarization purity if the level of the cross polarization 

component, is at least 20 dB lower than the co-polarization component. The Ludwig 

definition of the 02 components of an antenna polarized along the x axis gives [34]:  

 

 

[
𝐸𝑐𝑜

𝐸𝑐𝑟𝑜𝑠𝑠

] = [
+cos(Φ)  − sin(Φ)

  +sin(Φ)    + cos(Φ)
] [

𝐸𝜃

𝐸Φ

]                                (2.11) 
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- E-plane: ɸ = 0 => Eco = Eθ  & Ecross = EΦ. Both E-plane’s co and cross polar 

components are shown in figure 2.7a. 

- H-plane: ɸ = 
𝜋

2
  => Eco = −EΦ  & Ecross = Eθ. Both H-plane’s co and cross polar 

components are shown in figure 2.7b. 

 For our work, we notice that both the E & H-plane the cross polar component is 

lower than the co-polar one by more than -20 dB. Therefore, we reached the good 

polarization purity and we can say that the level of the cross component is negligible.  

 

                      Co-polar                                                          Cross-polar  

Figure 2.7a: E-plane radiation field pattern of the rectangular patch antenna at 2.45 

GHz 

 

                Co-polar                                                     Cross-polar  

Figure 2.7b: H-plane radiation field pattern of the rectangular patch antenna at 

2.45GHz 
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b) 3D representation of Radiation pattern. 

Figure 2.8 shows the 3D representation of the radiation pattern at 2.45 GHz. It shows 

clearly that the rectangular microstrip antenna is a directional broadside radiating 

structure. 

 

 

 

 

 

 

 

Figure 2.8: 3D view of the Radiation Pattern at 2.45 GHz 

2.3 Effect of parasitic element on a rectangular microstrip antenna 

This part of our work aims to study the effect of adding a parasitic element in the radiating 

edge of the antenna on its properties. It also intends to analyze and discuss the results. 

When a parasitic element is used, electromagnetic energy is coupled from the driven patch 

to it by the main of both the space and the surface waves, and there is a gap between any 

two parasitic that must be small. Here in the figure bellow, figure 2.9, we show the effect 

of adding a single parasitic slice to the nearest edge of the single patch seen previously. 

The effect of mutual coupling between the two patches is investigated. 

 

 

 

 

 

 

 

 

 

Figure 2.9: Rectangular microstrip antenna with parasitic element 
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                                  Table 2.5: Pilot and parasitic patches dimensions 

Patch length 

(L1) 

Parasitic length 

(L2) 

Parasitic width 

(W) 

Gap Spacing 

(S) 

Excitation point 

(Xp) 

28.16mm 28.16 mm 37.6mm 1.5mm (6.49,0) 

As we can see in the table above 2.5, the dimensions of the parasitic patch are selected 

similar to those of the pilot one with letting a separation distance of 1.5mm. Knowing that 

the parasitic patch is added without the presentation of any other excitation point expect 

the one on the pilot patch at Xp = 6.49 mm. 

 Generally, the minimum distance between elements in an antenna array should be 

half of the wavelength 0.5 λ0 for a reduced mutual coupling and better performance. 

However, the less the distance the better the reduction of mutual coupling. That’s why it 

is a big challenge to bring the two antennas closer than the half while keeping mutual 

coupling very low. For our work, we managed to get the separation distance of 0.012 λ0 

which is very small. 

2.3.1 Input reflection coefficient  

The input reflection coefficient of the patch with the parasitic is shown in figure 2.10. As 

compared with the input reflection of the single patch (see figure 2.3) the addition of a 

parasitic highly affects the isolated element. The resonance frequency and the matching 

are both concerned by the changes done with the addition of the parasitic patch due to 

mutual coupling. 

 

 

 

 

 

 

 

 

 

Figure 2.10: reflection coefficient of the rectangular patch antenna with parasitic 

element. 
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2.3.2 Current distribution  

The current distribution at 2.45 GHz of the structure shown in the figure 2.10 is drawn in 

the figure 2.11. Even though the parasitic patch is not fed, some current is distributed on 

it indicating the effect of coupling between the two patches. 

 

 

 

 

 

 

Figure 2.11: Current distribution of the rectangular patch antenna with a parasitic at 

2.45 GHz 

  We know that it’s intrinsic to the nature of antennas that when two antennas are in 

proximity and one is transmitting, the second will receive some of the transmitted energy, 

with the amount dependent on their separation and relative orientation. Even if  both 

antennas are transmitting, they will simultaneously receive part of each other’s 

transmitted energy. Furthermore, antennas re-scatter a portion of any incident wave and 

thus act like small transmitters even when they are nominally only receiving. The result 

is that energy interchanges between particular elements of an array. This effect is a 

manifestation of “mutual coupling” that exist between array antennas. It is not usually a 

negligible effect and complicates the design of such antennas [31] 

2.3.3 Parametric study  

i) The feed point position  

In order to get a better matching, we have moved the feed point to XP = -10.3 mm. The 

resulting input reflection graph is shown in figure 2.12. 
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  Figure 2.12: Input reflection coefficient of RMPA with parasitic element for Xp = -

10.3 mm. 

We can also see that the return loss at 2.4 is equal to -11 dB, the return less at 2.48 is 

equal to -12 dB and the bandwidth is increase equal to 6.53% when it was 2.272% for 

the single patch. This is explained by the superposition of the two resonances of the two 

patches which are closed to each other. The mutual coupling has a great impact on 

resonance frequency and impedance bandwidth. Owing to coupling effect we have 

observed that we have two resonance frequencies instead of one. 

ii) Separation gap, S, effect 

Mutual coupling is highly affected by the separation between the patches. In this part 

we will see the effect of varying the separation gap S. 

 

 

 

 

 

 

 

 

Figure 2.13: RMPA with a parasitic element for S = 8 mm 

Several values of S are tried and studied in [31] so that by increasing the separation 

distance between patches, the mutual coupling between them are reduced. Taking S = 

8mm, the mutual coupling becomes extinct.  In our work, and because of the use of CST 
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Studio instead of IE3D, some changes have been made in order to adjust the results and 

obtain the good matching (see table 2.6). 

 

                               Table 2.6: Parasitic patches dimensions. 

 

The simulation of the structure with these values has given the input reflection 

coefficient and the input impedance shown in figures 2.14 and 2.15 respectively 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: reflection coefficient for S=8mm. 

 

 

 

 

 

Figure 2.15: Real and Imaginary part of RMPA with parasitic element input 

impedance for S= 8mm 

Parasitic length(L2) Parasitic width (W) Gap Spacing (S) Excitation point (Xp) 

27.988 mm 37 mm 8 mm (6.29 mm, 0) 
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• As we can see in the figure 2.14 the second resonance frequency has been 

removed and best matching is realized. 

• At 2.45 GHz the input impedance is 50 ohm and 0 for its real and imaginary 

parts, respectively as shown in figure 2.15.  

Figure 2.16 illustrates the current distribution of the structures. We can see that the 

current in the parasitic patch is reduced as we increased the separation between the two 

patches and this allow as to say that the mutual coupling is also reduced. 

 

 

 

 

 

Figure 2.16: Current distribution on the two patches at 2.45 GHz for S = 8 mm. 

2.4 Conclusion:  

This review work describes two of the mutual coupling reduction techniques considered 

in microstrip patch antennas. In the first part when changing the feeding point position 

we got two resonance frequencies but when the gap distance S is set to 8mm we got one 

resonance frequency with a good matching equal to return loss of -55dB. We have seen 

that the mutual coupling effect cannot be definitively eliminated, but  it can only be 

reduced. 

In microstrip antennas the technique of increasing the antenna separation is mainly used.  

         In the next chapter, we will study another technique of reducing mutual coupling 

which is the effect of curvatures to the patch antenna and we will expand our study to an 

antenna array with four patches with and without concavity where the results will be 

compared. In array antennas using microstrip elements, the effect of mutual coupling 

should not be ignored. 
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Chapter 3: Linear Microstrip Array with Reduced Mutual 

Coupling 

3.1 Introduction 

In the previous chapter, we have seen that when two patches are too close to each other, 

the effect of mutual coupling appear leading to the variation of its input impedance and 

radiation pattern. It has been proved that by increasing the distance between the patches 

this effect may be decreased.  

 In this Chapter, another solution to overcome the problem of mutual coupling in 

microstrip array antenna will be presented. This solution is based on the use of concavity 

in the radiating edges of the patches and slots in the non-radiating edges without affecting 

the global dimensions of the structure. The studies will be extended to 4 elements antenna 

array with and without concavity and a comparison will be done for the best solution.  

3.2 Rectangular patch and parasitic with curvatures radiating at the original 

frequency 

In the previous chapter, we discussed a theoretical part the method used to reduce the 

mutual coupling effect which is the use of curvatures and slots on a rectangular microstrip 

patch. In this part we will show how it is done.  

 An elliptical curvature shape is cut from the radiating edges on the patch antenna. 

An ellipse is created and centered exactly on the edge of the patch; this means that only 

a half of the ellipse is overlapped with the patch. The ellipse is characterized with a 

primary axis radius (W/2) and secondary axis radius, which is called the curvature of the 

patch C.  

 Again same method is used to cut a slot in the middle of the non-radiating edges of 

the rectangular patch. This time, the ellipse is characterized with 6 segments points, a 

fixed secondary axis of 1 mm and varying primary axis that refers to as N.  

 The study of the effect of C and N is done in [31]. The results are as follow:  

• The increase in C leads to the increase in the resonant frequency of the structure and 

the later is due to decrease in the resonant length of the patch leading to shortening the 

path of the current. 
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• The resonance frequency decreases as the primary axis radius N of the elliptical slots 

increases. This is explained by lengthening of the patch of the current as a slot is cut 

in the non-radiating edge. 

        The final structure of the two adjacent rectangular patches with curvatures and slots 

is presented in the figure below (figure 3.1). After several trials we recovered the original 

resonant frequency, the suitable slot has a width of 1 mm and depth of  N = 7.6 mm. We 

have also fixed the following values: L = 28.943 mm, W = 29.95 mm, C = 2.9 mm,           

Xp = 4.88mm and S=1.5 mm (separation distance).  

 

 

 

 

 

 

 

    Figure3.1: Structure of two patches with curvature and slots. 

3.2.1 Simulation Results  

3.2.1.1 Return loss  

The reflection coefficient of the structure of figure 3.1 obtained from simulation is shown 

in the figure 3.2. As we can see only one resonance is obtained indicating a reduction of 

the mutual coupling due to the used technique. Also the proper choice of the excitation 

point results in the very good matching; with the input reflection coefficient level about - 

67dB at exactly the original resonant frequency (2.45GHz). 

 

 

 

 

 

 

 

 

 

 

 

 

   Figure 3.2: Input reflection coefficient of two patches with curvature and slots  
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We can also use the figure 3.2 to obtain the frequency bandwidth using the frequencies at 

-10dB.The calculation using (2-6) 

                                        𝐵𝑊 =
2.4833−2.4167

2.45
× 100 = 2.71%. 

Indicating that the structure has a narrow bandwidth. 

3.2.1.2 Input Impedance  

Figure 3.3 illustrates the input impedance of two patches with curvatures and slots. As 

we can see, at 2.45 GHz the impedance of the system is perfectly matched to 50 Ω. 

 

 

 

 

 

 

 

 

               Figure 3.3: Real and Imaginary parts of the two patches with curvature and 

slots. 

3.2.1.3 Current Distribution  

To analyze the effect brought by the pilot patch on the parasitic one, the surface current 

distribution is shown in figure 3.4. When observing this figure, we notice that the strong 

current distribution mainly focuses on the pilot patch and the intensity of the current on 

the parasitic patch is negligible. This indicates that the use of the curvatures reduces the 

mutual coupling. 

 

 

 

 

 

         

Figure 3.4: the current distribution on the two adjacent patches with reduced coupling 

at 2.45 GHz. 
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3.2.1.4 2D-Respresentation of Radiation field patterns: 

The radiation pattern is presented in the polar form with the dB scale. The radiation 

patterns of the two adjacent patches with reduced mutual coupling operating at 2.45 GHz 

is drawn in the E-plane (𝜙 = 0°) => 𝐸𝑐𝑜 = 𝐸𝜃   in the figure 3.5a.  

The radiation pattern in the H-plane (𝜙 = 90°) is shown in figure 3.5b. In this plane, 

the pattern of the two adjacent patches is almost similar with the single patch pattern 

shown in chapter 2 (figure 2.7b) since the parasitic element is in the radiating edges and 

free from mutual coupling. 

a) E-plane                                                         b) H-plane  

Figure 3.5: E and H plane pattern for the two adjacent patches with reduced coupling at 

2.45 GHz. 

3.2.2 Two patches with curvature and slots compared to the one with large gap 

spacing:  

a) Input reflection Coefficient  

In order to compare the structure with concavity and slots and the one with two patches 

separated with large gap, we have drawn the two graphs of their input reflection 

coefficients. The figure 3.6 represents the two graphs obtained after the simulation of the 

two previously mentioned structures. We can clearly see that the one with curvatures 

(blue graph) has a narrower bandwidth and a better matching compared to the one with a 

big space gaping (red graph) with a difference of 15 dB which is due to the advantage of 

the curvatures when reducing the mutual coupling of our structure. However, the one with 

space gap is sufficient but not efficient for the case of our application.  
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                                                                                                             Large space gaping  

                                                                                                                   Curvatures 

Curvatures                                                                                                   

 

 

 

 

 

 

Figure 3.6: input reflection coefficient of the two structures at 2.45 GHz 

b) Radiation Pattern  

When it comes to far field results, we compare the results of figure 3.5 with ones of 3.7. 

Clearly there is not a big difference between the two, just small deviations and a 

difference of 2 dB, the one of 8mm space gaping is less than the one with concavity, 

which made it another advantage for the concavity mutual reduction technique.  

a) E-plane                                                       b)  H-plane  

Figure 3.7: E and H field radiation pattern for the two adjacent patches with S=8mm at 
2.45 GHz. 

3.3 Four element array antenna  

Since the array procedure enhances the behavior of the microstrip patch antenna, we are 

going to extend our previous work to four elements array, where all the elements are 

fed, in order to show that the previous technique reduces mutual coupling with a 
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specific reduction degree. 

The choice of 4 elements has been made regarding the port of the Vector Network 

Analyzer of our lab for eventual measurements. 

3.3.1 Four element array antenna without concavity  

In this part we will extend our studies done in chapter 2 to an array of four patches without 

concavity in order to compare it with the ones with concavity. Except that all the patches 

are fed at the same point and equally at the same time. The physical structure and 

dimensions of the proposed 4-element antennas are shown in figure 3.8 and table 3.1 

respectively. The array elements are identical and are separated by same gap distance. 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: 4-element normal rectangular microstrip array antenna at 2.45 GHz. 

                Table 3.1: Dimensions of the rectangular patch used in the array 

Length  Width Excitation point  Gap spacing  

L=28.16 mm W= 37.6 mm Xp=(-10.3,0) S=1.5mm 

  

In the previous sections, the exsitance of the mutual effect between microstrip patches, in 

a structure containing more than one patch, is verified only qualitatively via the input 

reflection coefficient and the current distribution. Here, this effect will be quantified by 

finding the transfer coefficient, Sij, between different patches.    

 After simulating the structure, the obtained results are graphically shown in figure 

3.9. This figure indicates clearly that the patches interact between each other since the 

lowest level (S14), at the resonant frequency, shown in the figure is only –18 dB and 

occurs between the far elements, the first and the fourth. The close elements are strongly 

coupled with a level around -8 dB.  
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Figure3.9: Coupling coefficients of the 4-element normal rectangular patch array 

antenna. 

 Figure 3.10 shows the 2-D polar plot of the E plane and H plane field radiation 

pattern for the microstrip patch antenna array. The radiation pattern of the array is 

evaluated as the sum of the contribution of each element. The element pattern, however, 

is influenced by the presence of the neighbors and is different from the one of the isolated 

element. 

a) E-plane                                                               b)   H-plane  

    Figure 3.10: E-plane and H-plane radiation pattern for the normal rectangular array. 
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3.3.2 Four element array antenna with concavity  

When it comes to this part of our work, we have extended the studies done in the first part 

of this chapter to 4 elements, by keeping the same feeding point (Xp = 4.88 mm) position 

and applying it on the 3 others as shown in figure 3.11. The purpose of this operation is 

to study the network of the microstrip patch antenna array with the previous reduced 

mutual coupling results to see the effect on its S-parameters. S=1.5 mm 

 

 

 

 

 

 

 

Figure 3.11: 4-element rectangular patch array antenna with concavity and slots. 

3.3.2.1 Simulation results  

• Input Reflection Coefficient  

After the simulation of the previous antenna, using the CST software we were able to get 

the following results.   

 Figure 3.12 represents the return loss parameters of our array, it is clear that all the 

ports are matched at the operating frequency below -10 dB. 

 

Figure 3.12: Input Reflection Coefficients S11, S22, S33, S44 of the four elements of the 
rectangular array antenna with concavity at 2.45 GHz 

 Figure 3.13 illustrates the transfer parameters between the elements of the 

rectangular array with concavity. As compared to the case of the array with normal 

rectangular elements, the level of the transfer parameters is reduced by an average value 
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-7 dB because of the concavity introduced in the radiating edges of the rectangular 

patches. The parameters between the closest elements are passed from -8dB to -15 dB 

and those of the far elements are passed from -18 dB to -23 dB.  

 

Figure 3.13: Coupling coefficients of the 4-element rectangular patch array with 

concavity  

• Radiation Pattern 

 

(a) Co-polar                                                        (b) Cross-polar 

  

Figure 3.14a: E-plane, co & cross polar components radiation field pattern of 4 

elements microstrip patch antenna array at 2.45 GHz. 

 

From Figure 3.14 (a) & (b) we can notice that the cross-polar component is lower than 

the one of the co-polar, which can lead to a good polarization purity. 
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We mainly notice the maximum value in the co-polar component at both E & H plane 

due to the excitation amplitude controlled by the CST software.  

We also can see some deviation on the back lobes and the small level of side lobes on 

both planes. 

 

                    (a) Co-polar                                                        (b) Cross-polar  

 

Figure 3.14b: H-plane, co & cross polar components radiation field pattern of 4 elements 

microstrip patch antenna array at 2.45 GHz. 

 

3.3.3 Comparison between array with and without concavity. 

For the application of any antenna array, the reduction of mutual coupling is a must for a 

good performance of the network. It can be seen by a simple comparison between the 

coupling coefficients of both our linear four elements microstrip antenna array with and 

without concavity.  

After analyzing our results, figure 3.9 and figure 3.13. We can notice that coupling 

coefficient of the optimal concave array in the resonant frequency is good, about 7 dB 

less than the one of the ordinary rectangular array antenna, representing the mutual 

coupling reduction degree. Overall, the proposed optimal concave array antenna has low 

amounts of mutual coupling with a 7 dB degree.  
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Figure 3.15:  E and H-plane radiation field pattern of 4 elements microstrip patch 

antenna array with and without reduced mutual coupling at 2.45 GHz. 

 

  Represents the pattern of our array with reduced mutual coupling.  

  Represents the pattern of our array without reduced mutual coupling. 

 

 The simulation results, Figure 3.15 shows a clear improvement in the directivity and the 

gain, at both planes. The shape of our patterns didn’t change much, Some small deviation 

has been observed for the case of the array without reduced mutual coupling at the H-

plane and a shift of 3° toward the maximum for the case of the array with reduced mutual 

coupling in the E-plane. Explained by the fact that the mutual coupling effect affects the 

radiation pattern by the cancelation effect resulted from the induced and the main 

radiations.   

Another element that should be mentioned is the half power (-3dB) beamwidth in the 

maximum radiation direction at the operating frequency of our application, 2.45 GHz. 

 

Table 3.2 summarizes the radiation characteristics and propagation information 

extracted from the radiation pattern for all the structures that have been studied before. 

 An amelioration of a 4.36 dBi directivity from the single patch to the final 4 elements 

array with concavity is presented along with the -3dB beamwidth at the maximum 

radiation. 
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              Table 3.2:  Antenna’s radiation characteristics at 2.45 GHz. 

 

        Structure  Beamwidth (°) 

Maximum 

Direction of 
propagation(°)  

Maximum 
Directivity (dB) 

Single patch  

E-plane 104.8° 1° 
         5.29 dBi 

H-plane  90.4° 0° 

2 patches with large 

space gaping.  

E-plane  57.5 ° 34° 
7.17 dBi 

H-plane  66.7° 0° 

2 patches with 
concavity. 

E-plane  48.2° 38° 
8.21 dBi 

H-plane 85.5 ° 0° 

4 elements antenna 
array without 

concavity. 

E-plane  90.4° 3° 
9.62 dBi 

H-plane 75.4° 0° 

4 elements antenna 
array with concavity. 

E-plane 50.0 ° 1° 
9.65 dBi 

H-plane 78.7° 0° 

 

3.4 Design of a 1-to-4 Wilkinson Power Divider for antenna array feeding network  

In perspective of realization and measurement of the designed arrays, the Wilkinson 

power divider appears more appropriate and it can easily be used to feed the array based 

on the coaxial feeding. So, in this section a 1-to-4 Wilkinson Power Divider is designed. 

3.4.1 Parameters to be considered while designing a Wilkinson Power Divider 

As mentioned in the first chapter, Wilkinson power divider is the best choice for feeding 

an antenna array network for its possibility of meeting the ideal  network conditions (if it 

is matched at all ports) being lossless, reciprocal, matched. However, the following 

parameters are to consider while designing a power divider. The parameters are [35]  

• Insertion loss  

• Return loss   

• Isolation loss  

• Bandwidth   

• Input and output Impedance 
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3.4.1.1 Insertion Loss 

Insertion loss is the loss of signal power resulting from the insertion of a device in a 

transmission line or optical fiber and is usually expressed in decibels (dB). The ideal value 

of insertion loss is 0 dB. The insertion loss is defined as  

The Insertion loss (dB) = 10 log (Pi/Po) 

Where Pi: Maximum amount of power that can be transmitted before the insertion of a 

device in a transmission line. 

           Po: Maximum amount of power that can be received after the insertion of a device 

in a transmission. 

3.4.1.2 Return Loss  

Return loss or reflection loss is the loss of signal power resulting from the reflection 

caused at a discontinuity in a transmission line or optical fiber. This Discontinuity can be 

a mismatch with the terminating load or with a device inserted in the line. It is usually 

expressed in decibels as given in Equation (2.3). 

3.4.1.3 Isolation Loss 

 Isolation is the insertion loss in the open path of a switch or between two ports on a 

passive device. It is measured between any one of the output port and input port with the 

condition of another port in terminating condition. It allows the signal only in the forward 

direction value should be high. The Isolation loss is defined as  

Isolation loss (dB) =10 log (Po/Pi) 

Where,   Po: Amount of power received at output ports. 

               Pi: Amount of power incident on a transmission line. 

3.4.1.4 Bandwidth 

The 10 dB bandwidth is commonly calculated for return loss where VSWR is less than 2 

and more than 90% of signal transmitted as shown in equation 2.6. 

3.4.1.5 Input and Output Impedance  

The design of microstrip power divider is constructed using one input and 4 output ports 

which are terminated by 50 ohm. The characteristics impedance of microstrip line and 
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microstrip curved bend are 50 ohm and 70.71 ohm as shown in the table 3.3 and 

figure3.16. 

 

               Figure 3.16: Block Diagram, of a 4 output ports Wilkinson power divider  

                 

                   Table 3.3: Ideal design parameters of Wilkinson power divider 

Z0 2Z0 (shunt resistor )  √2  𝑍0 (characteristic impedance ) 

50 Ω 100  Ω 70.71 Ω 

3.4.2 Dimensions of microstrip lines  

In our work, the design of the Wilkinson power divider is done in microstrip lines of 50 

ohm and 70.71 ohm and the initial dimensional expression is to be calculated by using 

equation (3.1) to (3.5) programmed in MATLAB environment. [36] 

• The effective dielectric constant of a microstrip line: 

εeff =
𝛆𝐫+𝟏

𝟐
+

𝛆𝐫−𝟏

𝟐
[

𝟏

√𝟏+𝟏𝟐(
𝐰

𝐝
)

]                                                               (3.1) 

For given characteristic impedance Z0 and dielectric constant 𝜺𝒓 the 
𝒘

𝒅
  ratio can be found 

as: 

𝐖

𝐝
=

𝟖𝐞𝐀

𝐞𝟐𝐀−𝟐
                                                                    (3.2)      

 

Where                                               A =
𝐙𝟎

𝟔𝟎
√

𝛆𝐫

𝟐
+ 

𝛆𝐫−𝟏

𝛆𝐫+𝟏
(0.23 +

𝟎.𝟏

𝛆𝐫
)                           (3.3) 

 

 

𝑾 is the width of the microstrip line and  𝒅 is the substrate thickness.  
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The length of the microstrip line l and  the velocity factor K0 are related  to the operating 

frequency f0 with a phase shift of 90° as  

 

K0 =
𝟐∗𝒇𝟎∗𝒑𝒊

𝒄
                                                                               (3.4) 

l =
𝟗𝟎∗(𝐩𝐢/𝟏𝟖𝟎)

𝐊 𝟎∗√𝛆𝐞𝐟𝐟
                                                              (3.5) 

      

The calculations using the previous formulas result in the values given in table 3.4 

 

Table 3.4:  Dimensions of the microstrip line for different impedances and at 2.45 GHz 

Impedances (ohm) Width (mm) Length (mm) 

50 3.1118 16.9 

70.71 1.6549 17.3 

100 0.7288 17.8 

 

3.4.3 Design Procedure  

To feed our network, the power divider must operate at the same operating frequency, 

2.45 GHz, and using the same substrate material as our array (FR4 glass epoxy) to achieve 

the matching for all the five ports. For our case it is required to have an equal power for 

the output ports and a good isolation between them. 

3.4.3.1  Dimensions adjustments for 50 ohm line impedance 

The power divider network is implemented in the software environment as shown in 

figure 3.17. Since there is a slight difference between the theory and the simulation, we 

had to make some changes in the calculated dimensions to reach the 50 ohm line 

impedance at the five (5) ports. Where it is lower than 50 we had to make it narrower and 

if it is too high we made it wider. Then, we terminated our ports with a waveguide port, 

which 50 ohm by default in the software used CST MWS. 
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Figure 3.17: 3D view of the Wilkinson power Divider showing the waveguide ports. 

  

After assigning the ports and adjusting the width and length of the microstrip line, and 

after many attempts and variation of the microstrip sharp bends and the other dimensions 

we were able to find the final dimensions that are presented in the table 3.5 & 3.6 and 

shown in figures 3.18 & 3.19. 

Figure 3.18: A Wilkinson Power Divider with optimized dimensions 

          Table 3.5: The ground dimensions and the distance between the output ports 

A B D1 D2 

49.67 mm 150 mm 33.5 mm 25 mm 

 

              Table 3.6: Width & Length of the microstip line at 50 ohm and 70.71 ohm 

L W L2 W1 L1= (L/2)  L3 

17 mm 2.93 mm 25 mm 1.6 mm 8.5 mm 50 mm 
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(a). Dimensions of the bend at port 2 and 4    (b). Dimensions of the bend at port 3 and 5  

 

 

 

 

 

 

 

 

 

                   (c). Dimensions of the right and left sharp bends of the input port (1) 

Figure 3.19: The dimensions of the bend at the 5 ports. 

The final demensions results of the different sharp bends that suits our work are 

summarized in the table 3.7.  

       Table 3.7:  Dimensions of the sharp bend at the 5 ports of the power divider 

m1 m2 m3 m4 m5 m6 m7 m8 m9 

2.93mm 2.1mm 1.27mm 3.63mm 1.97mm 2.8mm 3.3362mm 1.8362mm 0.3362mm 

3.4.3.2 Simulations Results 

a) Return Loss 

The input and output return loss are represented in picture 3.20. It shows that all the graph 

are better than -10 dB at the operating frequency 2.45 GHz leading to a good matching 

for all the ports and especially at the input impedance as it is -24.72 dB 
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Figure 3.20: 1:4 Wilkinson Power Divider S11, S22, S33, S44, S55 Return loss at 

2.45GHz. 

b) Insertion loss  

Figure 3.21 shows that S21, S31, S41, S51 are almost identical S21 = S31 = S41 = S51 explained 

by the fact that input power is equally divided between its output ports; showing a 

satisfactory performance with minimum insertion loss, 6.89 dB at 2.45 GHz.  

 

Figure 3.21: 1:4 Wilkinson Power Divider S11, S21, S31, S41, S51 Insertion loss at 

2.45GHz. 

c) Isolation 

As part of the simulation results, we have obtained the graphs represented in figure 3.22. 

Showing that: 

• The power divider is reciprocal (Sij=Sji). 

• S42 = S24 = S53 = S35 = S52= S25 = S34 = S43 ∽ -13.49 dB  => are identical,  Good 

isolation. 

• S32 = S23 = S45 = S54 = - 4.85 dB  =>  insufficient isolation. 
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The unsatisfactory isolation between port 2&3 and 4&5 is due to the distance between 

the ports. However, for our work, this is widely enough to be incorporated into our array 

network. 

 

 

    Figure 3.22: 1:4 Modified Wilkinson Power Divider S32, S42, S52, S23, S43, S53, S24, S34, 

S54, S25, S35 Isolation at 2.45 GHz. 

d) Voltage Standing Wave Ratio (VSWR) 

The figure 3.23 represents the 5 VSWRS of the 5 ports, respectively. Where all the graphs 

are below 2 along the range 2.2-2.7 GHz except the one of the input port that start 

approximately from 2.25 to 2.63 GHz, explaining a narrower band.  

However, at the exact operating frequency 2.45 GHz, we can see that all that values of 

the VSWR are below 2. This leads to the good performance of our Wilkinson Power 

Divider at 2.45 GHz. 

 

Figure 3.23: Voltage Standing Wave Ratio of 1:4 Wilkinson Power Divider at 2.45 

GHz. 
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3.5 Conclusion: 

This chapter of our work demonstrates the second method studied to reduce the effect of 

mutual coupling and are extended to a four (4) elements microstrip antenna array 

application which is required for the next generation of mobile communication (5G).The 

new dimensions 28.943 mm x 29.95 mm of our new shaped antenna has be developed 

from the chapter’s two rectangular antenna. The simulation results and the comparison 

done with the technique explained in the previous chapter, 8 mm space gaping between 

the two antenna elements, have proved that a patch with concavity on the radiating edges 

and slots on the non-radiating with an identical parasitic at 1.5 mm distance give a better 

matching, gain and directivity at 2.45 GHz. 

To enhance the advantage of using the concavity technique to eliminate the mutual 

coupling, we extended our work to 4 elements linear array, where it is the mostly used 

due to the importance of small distance spacing especially for beamforming and future 

generation communication systems. The Return loss and radiation patterns of our array 

were studied and discussed and a comparison between the two (2) arrays with and without 

concavity has been made. Hence, from the results, it is clear that the array with concavity 

has nearly eliminate all the mutual coupling and gave a good matching for our network.  

Finally, to feed our array we designed a 1:4 Wilkinson power divider, with 4 matched 

ports. The Simulation showed a good isolation, insertion and return loss results. For any 

eventual measurements, we will feed our antennas equally at the same time using the 4 

ports of our Network Analyzer and another time its one port with the input port for the 

power divider.    
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General Conclusion 

 

In order to design a perfect array microstrip antenna, it is necessary to achieve a high gain 

due to the high path loss at mm-wave frequencies and reduce the mutual coupling effect. 

The presented work dealt with the analysis, design and simulation of 4 elements Linear 

Microstip Antenna array using transmission line model, excited using a coaxial probe 

feed with reduced mutual coupling and a wilkinson power divider to feed the network. 

The proposed structure operates at 2.45 GHz, modeling and performance evaluation of 

the proposed antennas have been carried out using the CST Microwave studio. 

        Numerical studies were first conducted for the pilot, design and simulation are done 

and results in a 37.6 x 28.16 x 1.6 mm rectangular patch with a reflection coefficient of -

55 dB and extended to 2x1 linear array. A non-exited patch with the exact same 

parameters is placed in a close distance to the excited patch lead to a high level of mutual 

coupling that must be eliminated. 

        Furthermore, two solution to reduce the mutual coupling has been presented and 

proved that one is more efficient than the other: The use of curvatures in the radiating 

edges and slots in the non-radiating edges with dimensions of 29.95 x 28.943 x 1.6 mm 

with N= 7.6mm and C =2.9 mm and the enlargement of the separation distance between 

the patches with S=8mm. It is evident from the results that the one with concavity reduces 

the mutual coupling more compared to the big space gaping. Where the first one has a 

narrower bandwidth and a better matching compared to the second technique with a 

difference of 15 dB in term of return loss, which is due to the advantage of the curvatures. 

When it comes to the radiation pattern, it’s demonstrated that there is a difference in gain 

of 2dB,  making it another advantage of using curvatures in addition to the small space 

occupation which is required in the application of our 4 elements array.  

The four (4) elements of our array are all excited, in both cases: concavity and without 

suing simple patch (pilot).Where the separation distance between element is set to be 1.5 

mm, which is very small as compared to the operating wavelength and the global 

dimensions of the patches. The level of the transfer parameters in the array with concavity 

is reduced. The parameters between the closest elements are passed from -8dB to -15 dB 
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and those of the far elements are passed from -18 dB to -23 dB, which is due to the 

concavity on the radiating edges. The shape of our radiation pattern didn’t change much 

and an amelioration of a 4.36 dBi directivity from the single patch to the final 4 elements 

array with concavity is presented. Overall, the proposed 4x1 array antenna with concavity 

has high gain with good impedance matching and a good performance in terms of 3dB 

beamwidth, gain, directivity and coupling parameters (S-parameters). The last shows a 

low amounts of mutual coupling with a 7 dB degree. 

        To investigate the feasibility, test our linear array and develop this project, an 

eventual implementation is to be done in the future and for that purpose a Wilkinson 

power divider with 4 outputs ports is designed and simulated using the same dielectric 

substrate and operating at the same frequency as the antennas. The input and output ports 

are all matched with an input reflection coefficient of -24.72 dB leading to a good 

performance and the equal division of the input power.  

Many different experiments and implementations can be added in the future since it was 

not possible to fulfill all the requirements of this challenging work due to the lack of time 

and equipment in the actual situation. It proposed:  

• Study of concavity effect along the non-radiating edges in planar microstrip patch 

antenna arrays, 8, 16, 32… elements with a corporate feed. 

• Increase in the frequency to SHF and EHF bands. 

•    Generalization of this technique to two-dimensional configuration. 
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Appendix A:  

 CST MICROWAVE STUDIO  

To refine the calculated results, we have used the COMPUTER SIMULATION 

TECHNLOGY MICROWAVE STUDIO (CST MWS) software instead of the IE3D 

software for [31].  CST is a 3D simulator that is based upon a Finite Integration Technique 

(FIT) very similar to the finite different time domain (FDTD) analysis one. Whereas IE3D 

is based on MoM solution which is not suitable for large antenna array application. Thus, 

for simpler shape like rectangular or circular, a slight difference in results may be obtained 

due to the difference in the methods of analysis and the algorithm of the EM simulation 

software, which is the case for us.  

CST MWS is an efficient tool for 3D EM simulation enabling high accuracy simulation 

results for complex antenna structures and it specifically suitable for wideband antenna 

simulation. It has a much better interface which enables the user to include very fine 

details in the geometry of the simulated structure. This software offers a number of 

different solvers, mainly time and frequency domain for its high accuracy, and that’s for 

a different types of application in a very high frequency range. The figure A.1 shows the 

different application the in CST software. 

 

 

 

 

 

 

 

 

 

               Figure A.1: Front page of CST showing the different application available. 
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CST is generally used in different type of antenna simulations, where all the parameters 

can be obtained like the S-parameters, input impedance, current distribution, VSWR, 

radiation patterns at all the planes as well as many other features that were very helpful 

during our simulations.   

 


