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ABSTRACT 

 

This thesis presents a method for modeling the mutual coupling between antenna 

elements mathematically and investigate the impact of the coupling on radiation 

patterns in linear half-wave dipole antenna arrays. A method developed in this 

thesis aims at saving simulation time and achieve accurate theoretical radiation 

patterns, which include the impact of the mutual coupling. Utilizing the method 

is especially advantageous during the initial stages of the antenna array designing 

when the coupling between elements is examined. Mutual coupling parameters 

formed for various scenarios are utilized in radiation pattern calculations. These 

parameters are necessary for the mutual coupling consideration. Also, linear 

arrays utilize some simplifications for faster calculations. 

    The array simplification is done by dividing array’s antenna elements to edge 

elements, near-edge elements and middle elements. It is also assumed that middle 

elements contain similar radiation patterns with each other. Therefore, radiation 

patterns of N-element linear arrays can be represented by classifying antenna 

elements into these three groups. 

   The proposed method is based on theoretical mutual coupling equations, which 

are assisted by the simulated data. The proposed method provides equations for 

various mutual coupling parameters that linked phase differences and amount of 

coupling to simple radiation pattern equations, in which the mutual coupling is 

not considered. The thesis examines especially dipole antenna arrays utilizing the 

element distances from 0.5 to 0.8 wavelengths. Antenna elements are also rotated 

around their centers whilst the ground plane is stable, since practical antenna 

elements couple with each other at different angles. This impacts their current 

distribution. 

    Additionally, several prototypes are simulated, constructed and measured to 

prove the functionality of the proposed method. Multiple half-wave dipole 

antenna arrays are simulated for 3.5 GHz. Their element distances and 

configurations vary for acquiring versatile results.  

Mathematical models presented in this thesis can model the impact of the 

mutual coupling in radiation patterns but last side lobes might have slight offsets 

when compared to realistic. 
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Karhu V-M. (2018) Lineaaristen dipoli-antenniryhmien säteilykuvioiden 

mallintamisen yksinkertaistaminen ja keskinäiskytkennän huomiointi. Oulun 

yliopisto, sähkötekniikan tutkinto-ohjelma. Diplomityö, 82 s. 

 

TIIVISTELMÄ 

 

Tässä diplomityössä esitellään keino mallintaa matemaattisesti lineaarisen 

puoliaaltodipoleista koostuvan antenniryhmän elementtien välisen 

kytkeytymisen vaikutus niiden säteilykuvioihin. Työssä kehitetään menetelmä, 

jonka tavoitteena on säästää simulointiaikaa ja tuottaa tarkkoja teoreettisia 

säteilykuvioita, jotka huomioivat antenniryhmän keskinäiskytkennän 

vaikutuksen. Työtä voidaan käyttää erityisesti hyödyksi antenniryhmien 

suunnittelun alussa, jossa pohditaan elementtien kytkeytymistä. Säteilykuvioiden 

laskennassa on hyödynnetty keskinäiskytkentälaskuihin liittyviä 

kytkeytymisparametreja, joille on myös muodostettu eri tilanteisiin sopivat 

kaavat. Lisäksi antenniryhmälle on tehty yksinkertaistuksia, joilla voidaan 

nopeuttaa laskentaa. 

    Antenniryhmän yksinkertaistamisessa jaetaan ryhmän antennit 

reunaelementteihin, niiden viereisiin elementteihin ja keskielementteihin. 

Keskielementeille voidaan myös olettaa samankaltaiset säteilykuviot, joka 

yksinkertaistaa säteilykuvioiden laskemista. Näillä keinoilla useiden elementtien 

lineaaristen antenniryhmien säteilykuviot voidaan laskea käyttämällä vain 

kolmea erityyppistä elementtiä.  

Tutkittu menetelmä perustuu teoreettisiin laskutoimituksiin, joissa on 

hyödynnetty myös simuloitua dataa. Se myös hyödyntää kaavoja 

kytkeytymisparametreille, jotka yhdistävät kytkeytymisvaiheet ja kytkennän 

suuruuden yksinkertaisiin säteilykuvioiden laskentakaavoihin, joissa ei ole 

huomioitu keskinäiskytkennän vaikutusta. Työssä tutkitaan erityisesti 

dipoliantenniryhmiä, joiden elementtien välinen etäisyys on 0.5 ja 0.8 

aallonpituuden välillä. Antennielementtejä myös pyöritetään keskikohtansa 

ympäri maatason pysyessä paikallaan, sillä useissa käytännön antenniryhmissä 

antennit kytkeytyvät keskenään eri asennoissa ja se muokkaa elementtien 

virtajakaumaa.  

Tämän lisäksi työssä simuloidaan, rakennetaan ja mitataan muutamia 

antenniryhmien prototyyppejä, joilla voidaan varmistaa ehdotetun menetelmän 

toiminta. Prototyyppiantennit ovat puoliaaltodipoliryhmiä 3.5 GHz:n 

taajuudelle. Antenniryhmien elementtien väliset etäisyydet sekä konfiguraatiot 

vaihtelevat mahdollisimman kattavien tulosten saamiseksi.  

Työssä esitetyillä matemaattisilla malleilla saadaan mallinnettua 

keskinäiskytkennän vaikutus säteilykuvioissa, joskin viimeisissä sivukeiloissa 

saattaa olla lieviä poikkeamia todellisiin tuloksiin. 

  

Avainsanat: keskinäiskytkentä, säteilykuvio, antenniryhmä, puoliaaltodipoli. 
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SYMBOLS AND ABREVIATIONS 

 

5G 5th generation 

AF Array Factor 

AG Array Gain 

CST Computer Simulation Technology 

COL Collinear 

FM Frequency Modulation 

FNBW First Null Beam Width 

HPBW Half Power Beam Width 

LTE Long Term Evolution 

MCS MIMO Channel System 

MWS Microwave Studio (CST) 

SBS Side-by-side 

SMA SubMiniature Version A, a connector type used in the prototype 

PIE Parallel-in-echelon 

RF Radio Frequency 

 

A A-parameter, adjusts the magnitude in the proposed method 

Aedge A-parameter for edge elements  

Anear-edge A-parameter for near-edge elements 

Amiddle A-parameter for middle elements 

B0 Modified Bessel function 

c Speed of light 

Cn+1 Coupling factor of the next element 

Cn+2 Coupling factor of the one after the next element 

Cnm Coupling of elements n and m 

Cn-1 Coupling factor of the previous element 

Cn-2 Coupling factor of the one before the previous element 

d Distance (between dipoles) 

D Directivity of an array 

D0 Maximum directivity 

DCOL Directivity of an element in a collinear configuration 

Dn Directivity of an element n 

DPIE Directivity of an element in a parallel-in-echelon configuration 

DSBS Directivity of an element in a side-by-side configuration 

E Radiation Pattern, electric field pattern 

𝐸θ
d Direct component of an electric field 

𝐸θ
r Reflection component of an electric field 

Eedge Radiation pattern of an edge element 

Emiddle Radiation pattern of a middle element 

Emn Radiation pattern considering the coupling between m and n elements 

En Theoretical pattern of the element n 



 

Enear-edge Radiation pattern of a near-edge element 

En+1 Radiation pattern of a next coupling element 

En+2 Radiation pattern of a next after the next coupling element 

Etotal,n Radiation pattern of an observed element n  

En-1 Radiation pattern of a previous coupling element 

En-2 Radiation pattern of a previous before the previous coupling element 

ecd Radiation efficiency 

f Frequency 

G Gain 

h Height of the antenna 

I Current 

I0 Maximum current 

In Current at port n 

j Imaginary number 

Kn A amount of power divided for element n from the total power. 

k Wave vector 

L Length of a sequence 

l Length of the antenna 

N Number of elements 

n Considered element 

Prad Radiating power 

r Radius / Distance 

Rr Radiation resistance 

Snn Reflection of the port n 

Snm Coupling between elements n and m 

U Radiation intensity 

Uavg Average radiation intensity 

Umax Maximum radiation intensity 

V Voltage 

Vn Excitation voltage at the port n 

W Window function 

w Ratio used at Tukey-window in MATLAB code 

x Element spacing divided by the wavelength 

Z Impedance 

Znm Mutual impedance between elements n and m 

 

α Alpha-parameter in Kaiser-window for adjusting side lobe levels 

β Beta-parameter for Kaiser-window in MATLAB code /  

 Phase excitation difference 

η Intrinsic impedance 

λ Lambda, wavelength 

Ω Ohm, unit for impedance 

φ Phi, azimuth angle 



 

π Pi, a constant, approximately 3.14159 

ΨOn Phase between the origin and element n 

Ψn+1 Coupling phase between the observed element and the one next to it 

Ψn+2 Coupling phase of the element after the next element 

Ψnm Coupling phase between elements n and m 

Ψn-1 Coupling phase between the observed and the one before it 

Ψn-2 Coupling phase from the one before the previous element 

θ Theta, Elevation angle 

µ Micro 

| · | Absolute value 

 

 



 

1. INTRODUCTION 

 

The antenna technology is going towards the 5th generation (5G) but its standards and 

requirements are still under development. Despite that fact, the antenna research 

cannot halt since the whole telecommunication business is taking a major step forward 

from the Long-Term Evolution (LTE) technology towards the 5G. The everlasting 

antenna theory is not going to be changed but the upcoming 5G will revolutionize old 

standards and unforeseen antenna inventions will see the daylight [1]. 5G will utilize 

Massive MIMO (Multiple-input Multiple-output) and beamforming techniques in base 

stations for achieving improvements in wanted characteristics like throughput, 

coverage, capacity and reliability [2][3]. Reaching the 5G performance requires tight 

antenna arrays where distances between antenna elements are short. The short element 

spacing enables the beam steering feature and it also shrinks the physical space needed 

for the array but unfortunately the isolation between elements suffers. Elements couple 

with each other and that affects the performance of the array [4]. This phenomenon is 

commonly called as the mutual coupling. 

    The target of this Master’s thesis is to model the mutual coupling in linear half-wave 

dipole antenna arrays mathematically, simplify equations and inspect the effect of the 

mutual coupling in radiation patterns. This saves a lot of simulation time especially in 

larger arrays with unknown coupling characteristics. The presence of the mutual 

coupling can be seen from radiation patterns which differ from patterns based on the 

basic antenna theory. The difference can be modelled by utilizing appropriate mutual 

coupling parameters and phase differences in coupling calculations. These parameters 

are introduced in the proposed method which considers the impact of the mutual 

coupling in radiation patterns.  

The proposed method requires a linear antenna array which consist of multiple half-

wave dipole antennas with equal element spacings. Various element spacings and 

configurations are observed in simulator and compared to the theoretical version 

utilizing the proposed method. Regardless, the proposed method is examined only for 

linear arrays, it can be applied to non-linear arrays as well but they are not covered in 

this thesis.   

Also, multiple prototype antenna arrays are built for verifying the proposed method. 

These prototype antennas are simulated and then practically measured. Results are then 

compared to theoretical radiation pattern calculations obtained from the proposed 

method. 

At first, this thesis briefly covers the basics of the antenna theory and it focuses on 

half-wave dipoles. The next two chapter goes deeper into the mutual coupling and the 

proposed method. The proposed method requires some simulated data and its 

simulations are thoroughly explained in the simulations chapter. Following two 

chapters focus on simulating, building and measuring prototype antenna arrays. After 

that, results between the proposed method and measurements are compared. Last two 

chapters discuss on observations and conclude the thesis.   
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2. BASICS OF ANTENNA THEORY   

 

The theory part of this Master’s thesis first converses on the basic theory behind 

antennas and antenna arrays, including antenna’s radiation and often used terms in 

antenna designing with their explanations. This leads to the basics of dipole antenna 

theory since it is the exploited antenna type in simulations and prototypes.  

2.1. Fundamental antenna parameters 

Antenna is often defined as a conductor which transmits and receives electromagnetic 

waves over the air. Basically, everything radiates electromagnetic waves but antennas 

are designed to have a good performance at specific frequencies and bandwidths. [1] 

2.1.1. Radiation Patterns 

Antennas can be divided into isotropic, omnidirectional and directional antennas by 

their radiation patterns. In theory, an isotropic antenna radiates equally to all directions 

uniformly but in practice it is impossible to build one. Omnidirectional antennas are a 

common choice for FM-radios (Frequency Modulation), cell phones and some 

wireless networks since they form a radiation field around the antenna that can cover 

a wide area simulatenously. For instance, a wire antenna or a dipole without a 

conducting ground plane can produce an omnidirectional radiation pattern since the 

radiation field forms a “tire” around the antenna. [1] 

    While omnidirectional antennas can cover a wide area around them, their 

communication range is not as long as directional antennas’. Directional antennas can 

focus the available power to certain directions much more efficiently than 

omnidirectional or isotropic antennas. On the other hand, their beam width is narrower. 

Directional antennas are used as base station antennas, satellite television antennas and 

in other applications where a good performance to the specific direction and a long 

communication range are required. On the other hand, a directional antenna does not 

cover its surroundings like an omnidirectional antenna and for example, base stations 

in middle of the city might need three directional antennas to cover the area 

omnidirectionally if each antenna can cover 120 degrees. [1]  

A radiation pattern for an antenna array can be theoretically calculated when the 

gain or directivity of each element and distances between elements are known. Gain 

and directivity present the ratio of radiation intensity to certain direction and average 

radiation intensity. The average radiation intensity can be written as 

 

 
𝑈𝑎𝑣𝑔 =

𝑃𝑟𝑎𝑑

4𝜋
 (1) 

 

where 𝑃𝑟𝑎𝑑 is the radiating power. 

 It is possible to theoretically provide these parameters but they highly depend on 

the antenna’s type and position in its environment. When observing the radiation 

pattern in a two-dimensional plane, an antenna is typically looked from a specific 

azimuth or elevation angle, while the other angle is rotating 360 degrees. An azimuth 

angle, phi, is rotating in an azimuth plane and an elevation angle, theta, rotates in an 
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elevation plane. Figure 1 presents these angles in a three-dimensional coordinate 

system.  

 

 

Figure 1. Azimuth and elevation angles in a spherical coordinate system. 

   When observing an antenna from a certain azimuth and elevation angle, the radiation 

pattern forms a two-dimensional cut. Often antennas radiation patterns are looked from 

a side and this view is commonly called as a vertical cut. It presents how the antenna 

radiates in the vertical plane. Observing the antenna from above or below forms a 

horizontal cut and it provides information, how much the antenna radiates to its sides.  

    An example antenna locates at the origin of the Figure 1. It radiates towards the z-

axis and the xy-plane functions as a large ground plane. The vertical cut can be taken 

when elevation angle rotates a full circle and the azimuth angle is the observation 

direction in the xy-plane. In this same scenario, the horizontal cut is taken when 

azimuth angle rotates a full circle and azimuth angle is along the z-axis. 

These cuts provide easy-to-read data of antennas radiation patterns and this thesis 

uses the above-mentioned definition of a vertical cut later on. 

2.1.2. Radiation Fields 

Antenna’s radiation fields can be divided into three regions, a reactive near-field, 

radiating near-field and far-field. The reactive near-field is surrounding an antenna 

element and in that region the electric and the magnetic field are very hard to predict. 

A short distance away from the reactive near-field, the radiating near-field becomes 

dominant and as the name derives, it is the region where the radiation field of an 
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antenna is taking its form. Once the pattern is formed, the outermost field becomes 

dominant and it is called as the far-field. Usually measurements and beam patterns are 

observed in the far-field since it eases the calculations. This does not mean that near-

field regions can be ignored and this thesis discusses the mutual coupling which is a 

problematic phenomenon especially formed in near-field regions of antenna arrays. [1] 

2.1.3. Directivity, Gain and Efficiency 

Understanding concepts of a directivity, gain and efficiency are essential for antenna 

designers. Constantine Balanis simplified the definition of the directivity in the 

following way, “… the directivity of a non-isotropic source is equal to the ratio of its 

radiation intensity in a given direction over that of an isotropic source.” [1]. 

Directivity, D, has no unit but it can be expressed as dB (decibel) or dBi (decibel 

compared to isotropic radiation) which uses isotropic antenna as a reference [5]. 

Antenna efficiency calculations generally multiplies a reflection efficiency, a 

conduction efficiency and a dielectric efficiency together, resulting a total efficiency 

of an antenna. Antenna’s radiation efficiency is a multiplication of the conduction 

efficiency and the dielectric efficiency. Gain, 𝐺, in terms of elevation and azimuth 

angles, which are theta and phi respectively, is pointed out in equation 

  

 𝐺(𝜃, 𝜑) = 𝑒𝑐𝑑𝐷(𝜃, 𝜑) (2) 

 

where 𝑒𝑐𝑑 is the antennas radiation efficiency and 𝐷(𝜃, 𝜑) is the directivity in terms 

of theta and phi angles. [1]  

2.1.4. Radiation Pattern Lobes 

The radiation intensity of an antenna element or an array is portioned to various beam 

peaks called as lobes.  The highest lobe is called as a main lobe or a major lobe and it 

is formed to the direction where antennas’ radiations sum constructively to each other. 

In an antenna array, phase differences within antenna elements can be used for rotating 

the main lobe to other directions. [1] 

Minor lobes include side lobes and back lobes. The beam of the back lobe is formed 

to the opposite direction from the main lobe. Side lobes are adjacent to the main lobe 

and therefore, they radiate towards a different direction than the main lobe. The 

magnitude of a side lobe is lower than main lobe’s magnitude and its value is often 

specified in antenna’s performance requirements. A side lobe radiates towards 

undesired directions and therefore its level should be as low as possible.  

A common characteristic providing information of antenna’s functionality is a Half 

Power Beam Width (HPBW). It represents the main lobe’s beam width, as degrees or 

angles, at -3 dB from the maximum radiation intensity. HPBW provides valuable 

information for antenna comparisons and usually an antenna is considered to operate 

properly within that angle. First Null Beam Width (FNBW) is less used term and it 

represents the main lobe’s beam width between nulls.  [1] 
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2.1.5. Polarization 

Electromagnetic waves propagate with a certain magnitude and phase.  Electric field 

vectors are perpendicular towards the propagating wave and the magnetic field vectors. 

Depending on their orthogonality, magnitude and phase, they can form a linear, 

elliptical or circular polarization. The sub-section 2.1.2. introduced radiation fields of 

an antenna and they can be presented as the transmitted power in a function of 

observation angles. This same power can be also presented for individual 

polarizations. Transmitting and receiving antennas should utilize the same polarization 

for the transmission. Often polarization is divided to co-polarization and cross-

polarization by the observation direction. Cross-polarization is orthogonal to co-

polarization and they are examined in the far-field region. Orthogonal polarizations 

also have a great benefit, since they do not interfere with each other. If two antennas 

are orthogonally polarized, they can save a lot of mechanical space and still transmit 

or receive individual data. [1] 

2.1.6. Antennas’ Reciprocity  

Radiation characteristics for a practical antenna in a receiving mode and a transmitting 

mode are similar, and that phenomenon is called as reciprocity. Reciprocity simplifies 

antenna design because its gains, impedances, polarizations, radiation patterns and 

bandwidths are same to both directions of transmission. Antennas can have various 

shapes and materials but the medium material between antennas should be linear like 

air. Non-linear medium consists of magnetizing materials. If nonlinear components 

and materials are used, the antenna is no longer reciprocal. Since the medium material 

is usually non-magnetic, the transmitting and receiving antennas are reciprocal. [1] 

2.1.7. Input Impedance 

Input impedance is the impedance between the input terminals of an antenna. It must 

be always taken into account when designing an antenna since it remarkably influences 

on the matching of an antenna. A proper impedance matching between a port and an 

antenna minimizes unwanted reflections. An impedance in measurement devices is 

commonly 50 Ω and therefore, the antenna input impedance is 50 Ω as well. These 

two impedances see each other as similar and it minimizes the reflection. 

Mathematically input impedance is a sum of antenna’s resistances and reactances at 

its terminals. Antennas resistance is a sum of radiation resistances and loss resistances. 

The input impedance depends on the geometry of conducting objects, their 

conductivity characteristics, the excitation method and characteristics of surrounding 

objects. Some antennas are not based on conducting metals and their resonation 

depends on, as an example, dielectric materials or slots in a plane. Their input 

impedances depend on other characteristics, such as the permittivity of the dielectric. 

[1] 

2.2. Dipole Antennas 

This thesis focuses on half-wavelength dipole antennas and antenna arrays. A dipole 

antenna has a very simple design and its dimensions are easy to determine. Therefore, 
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dipole array calculations are easy to comprehend. Simple half-wavelength dipole 

antenna consists of two metal rods which are connected to each other via a feed port, 

which is matched at 50 Ω. Diameters of the rods are thought to be very small and the 

distance from the one end of the wire to the another end in half-wavelength dipole is 

ideally a half-wavelength long. Often practical antenna applications include a ground 

plane at a quarter wavelength below the half-wavelength dipole antenna so the 

reflection from it will not destruct the radiation and the beam is more directional. The 

length of an antenna depends on the frequency and the speed of light in a medium, 

which is usually air. The equation for the wavelength can be written as 

 

 𝜆 =  
𝑐

𝑓
 (3) 

 

where c is the speed of light and f is the used frequency. The speed of light is 

299792458 m/s. 

    The current distribution in center-fed half-wavelength dipoles depends on directions 

of currents in dipoles’ branches. Ideally the current flows towards the same direction 

in both branches and the maximum of the current is at the center of the dipole. The 

current also has nulls at ends of a half-wavelength dipole’s branches. Longer dipoles 

have more current peaks and nulls than half-wavelength dipoles, while shorter dipoles 

do not reach as high maximum current as half-wavelength dipoles. [1] 

2.2.1. Dipole Antennas Above the Ground Plane 

Often in practice, there is a radiative ground plane at a certain distance away from the 

dipole and it will reflect the signal. When correctly placed, a ground plane will add 

some gain and directivity towards the opposite direction. [1][6] 

    Determining a theoretical amount of reflection can be done using the image theory. 

The law of reflection states that the energy propagating in a homogeneous media will 

fully reflect from a conductor in a straight line along the shortest path. The energy that 

propagates from the actual source to the observation point somewhere above the 

ground plane can be considered to have a virtual source or so-called ‘image’ below the 

ground plane. The virtual source is a mirrored actual source with an equal negative 

distance to the ground plane. The electric field component must be calculated in two 

parts; the first component is presenting the direct component and the second 

component presents the reflected propagation coming from the virtual source. When 

the observation point is above the ground plane and the current in the antenna is 

constant, the direct component of the electric field can be calculated from equations  

 

 
𝐸𝜃

𝑑 = 𝑗𝜂
𝑘𝐼0𝑙𝑒−𝑗𝑘𝑟1

4𝜋𝑟1
𝑠𝑖𝑛 𝜃1 

(4) 

 

 

 𝑟1 = [𝑟0
2 + ℎ2 − 2𝑟0ℎ cos 𝜃]1/2 (5) 

 

where 𝑟0 is the distance from the ground plane to the observation point and 𝑟1 is the 

distance from the antenna to the observation point. Height from the ground antenna is 

ℎ and 𝜂 =  √𝜇/𝜀  ≈ 120π is the intrinsic impedance. Parameter 𝑘 is a wave vector, 𝐼0 
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is the maximum current and 𝑙 is the length of the dipole. The reflection is also 

presented in Figure 2. 

 

 

 

Figure 2. Reflection from the ground plane. 

 

The reflection component of the electric field can be calculated similarly from 

equations 

 

 
𝐸𝜃

𝑟 = 𝑗𝜂
𝑘𝐼0𝑙𝑒−𝑗𝑘𝑟2

4𝜋𝑟2
𝑠𝑖𝑛 𝜃2 

(6) 

 

 𝑟2 = [𝑟0
2 + ℎ2 − 2𝑟0ℎ cos(𝜋 − 𝜃)]1/2 (7) 

 

where 𝑟2 is the distance between the observation point and the virtual source. [1] 

If the distance from the antenna to the observation point is very long compared to the 

distance between the antenna and the ground, equations (5) and (7) can be simplified 

into following equations 

 

 𝑟1 ≈ 𝑟0 − ℎ cos 𝜃 (8) 

 

 𝑟2 ≈ 𝑟0 + ℎ cos 𝜃 (9) 
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in this case the 𝑟1 and the 𝑟2 are considered to propagate parallelly towards the same 

direction. [1] In this scenario, the electric field above the ground plane can be equated 

as  

 

 
𝐸𝜃 ≅ 𝑗𝜂

𝑘𝐼0𝑙𝑒−𝑗𝑘𝑟2

4𝜋𝑟0
sin 𝜃 [2 cos(𝑘ℎ cos 𝜃)] (10) 

 

and the electric field below the ground plane is zero. The radiating power of a dipole 

antenna with a ground below it can be derived to  

 

 
𝑃𝑟𝑎𝑑 = 𝜋𝜂 |

𝐼0

𝜆
|

2

[
1

3
−

cos(2𝑘ℎ)

(2𝑘ℎ)2
+

sin (2𝑘ℎ)

(2𝑘ℎ)3
] (11) 

 

The radiation intensity is needed for calculating the maximum directivity of an 

antenna. The radiation intensity is highest when  𝜃 =  𝜋/2 similarly to the scenario 

where dipole did not have a ground plane. [1] The maximum radiation intensity is 

written as  

 

 
𝑈𝑚𝑎𝑥 =  

𝜂

2
|
𝐼0𝑙

𝜆
|

2

 (12) 

 

and the maximum directivity is therefore written as  

 

 
𝐷0 =

4𝜋𝑈𝑚𝑎𝑥

𝑃𝑟𝑎𝑑
=  

2

[
1
3 −

cos(2𝑘ℎ)
(2𝑘ℎ)2 +

sin (2𝑘ℎ)
(2𝑘ℎ)3 ]

 
(13) 

 

 

Maximum values do not offer enough information for comparisons between the theory 

and calculations. When an antenna is looked from a specific azimuth angle and the 

elevation angle is rotating around the antenna, the total pattern for directivity is 

provided in  

 

 
𝐷(𝜃) =  

2 ∗  𝑠𝑖𝑛2(𝜃) 𝑐𝑜𝑠2(𝑘ℎ cos 𝜃)

[
1
3 −

cos(2𝑘ℎ)
(2𝑘ℎ)2 +

sin (2𝑘ℎ)
(2𝑘ℎ)3 ]

 
(14) 

 

which assumes that the ground plane is very large. [1] 

2.3. Antenna Array Principles 

Antenna array consists of multiple antenna elements. Often antenna elements in an 

array are identical with each other and their distances to other elements are equal or 

follow a certain pattern. Antenna arrays improve the directivity of an antenna and 

allow beamforming and MIMO-applications to the radio system. [1][7] 

Every antenna element in an array has an individual directivity. When that 

directivity is multiplied with the function called as the array factor (AF), the result is 
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the directivity of the whole array. The array factor defines influences of the 

combination of each radiating antenna element while it does not consider element 

specific radiation patterns. When using the gain instead of the directivity, the array 

factor is called as the array gain (AG). In case all elements in an array are identical and 

they are similarly orientated, the array factor multiplied with the directivity or gain is 

called as a pattern multiplication. [1][8] 

Array factor can be also thought as an electric-field intensity in the far-field region 

and for linear arrays with equal amplitudes at each antenna port and equal spacings 

between elements, the array factor can be written as 

 

 

𝐴𝐹 =  ∑ 𝑒𝑗(𝑛−1)𝜒

𝑁

𝑛=1

 (15) 

 

 

where 𝜒 = 𝑘𝑑 cos (𝜃) +  𝛽 (16) 

 

 

In Eq. (15), N is the number of elements and in Eq. (16) 𝛽 is the phase excitation 

difference between antenna elements, 𝑑 is the distance between two antenna elements 

and 𝑘 indicates a wave vector that points out the plane wave’s phase variation. When 

the wave plane propagates towards the antenna and while the elevation or the azimuth 

angle is zero, the wave vector can be expressed as 

 

 
𝑘 =  

2𝜋

𝜆
 (17) 

 

where 𝜆 is the wavelength. [1]  

Array factor is also presented in Figure 3, in which the spacing between elements is 

0.5λ. Array factor of a single element is presented as a blue graph, which is always one 

at every angle of theta. Adding elements into the array, increases the array factor to 

the direction of the main lobe and they also form nulls and peaks. 
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Figure 3. Array factors from one to five elements in linear scale. 

 

 

The radiation direction of an antenna array can be separated to broadside radiation 

and end-fire radiation. When considering a linear array that is along the z-axis in the 

three-dimensional coordinate system, the end-fire array would radiate towards the z-

axis and away from it. Broadside array would radiate to its perpendicular direction. 

2.3.1. Dipole Array Configurations 

Antenna arrays can be divided to linear and planar arrays when observed above the 

array. Planar arrays are basically linear arrays divided to columns and rows but these 

columns and rows might have different distances compared to each other. In this thesis, 

one-dimensional linear arrays are divided to three different geometrical 

configurations. The first dipole array configuration is called as a side-by-side (SBS) 

configuration which is presented from above in Figure 4. Dipoles have a certain 

distance d between them and the ground plane is below these dipoles. The current 

distribution between dipoles is stable in this formation but the isolation between 

elements might become a problem. 
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Figure 4. Side-by-side configuration from above. 

 

The second geometrical dipole array configuration is called as a linear collinear 

(COL) array. This formation is presented in Figure 5 where three dipoles are a distance 

d away from each other. When this configuration is used and the distance between 

elements is the same as in the side-by-side configuration, the mutual coupling is not 

as effective but it takes a lot of space to the direction of dipoles. When the distance d 

is very short, dipoles couple with each other considerably.  

 

 

 

Figure 5. Collinear configuration from above. 

 

The third linear array formation is called as a parallel-in-echelon (PIE) configuration 

which has a specific angle that determines the direction each dipole is facing. Often 

this angle is 45 degrees because this provides similar performances to both 

polarizations in a cross-shaped dipole antenna. The parallel-in-echelon configuration 
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is presented from above in Figure 6, where dipoles are rotated 45 degrees and the 

distance between each dipole is d.  In this configuration, the current distribution 

between elements might become unstable, which might cause phase differences 

between elements and the mutual coupling becomes harder to estimate. The next 

chapter explains this phenomenon more thoroughly. [9]  

 

 

Figure 6. Parallel-in-echelon configuration from above. 

2.3.2. Beam Tilt and Power Dividing 

Antenna array’s lobes can be tilted to specific directions by adjusting elements’ phases 

and amplitudes electronically. This is called as the beam steering and it can be done 

with various techniques, including complex mathematical algorithms. [10]  

    Also, the power divided for each antenna element can be adjusted with a well-

designed power dividing. The feed network before radiating parts of the antenna array 

focuses on dividing the power correctly for each element. In mathematical radiation 

pattern equations, the power divided for each element can be presented with a 

multiplier. Obviously, the division is more complicated in practice. 
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3. MUTUAL COUPLING 
 

When antenna elements in an array are considered to be ideal, they do not interact with 

other elements and they radiate all the power coming at their inputs towards wanted 

directions. In that case, currents would be distributed equally for each element and a 

theoretical pattern multiplication would be valid. In reality antenna arrays do not 

behave like that. In the array, antenna elements are in the reactive near-field where 

they interact with each other and that changes the flow of current and impedances 

between elements. Mutual coupling considers these interactions and phenomena in an 

array. [11] 

    Antenna elements in an array can be determined by their self-impedances or self-

admittances in free-space. If all antenna elements in an array are excited to form a 

specific radiation pattern, the input impedance of each element is called as the scan 

impedance. The direction of the phase-steered beam affects the impedances, 

magnitudes and current distributions within antenna array. [12] 

The mutual coupling depends on the radiation characteristics of each antenna 

element, relative separation between them and relative orientation between them. In 

practice, the mutual coupling is generally different for transmitting and receiving 

antennas even though observed antennas are reciprocal, since the direction, phase and 

magnitude of the incoming wave towards the receiving antenna can be constantly 

changing. [1][13]  

3.1. Mutual Coupling in Transmitting Mode 

Simplest way to express the mutual coupling is a setup of two similar antennas at a 

short distance away from each other. Only one element is transmitting whilst the 

second antenna element can be considered as a parasitic element. In a practical antenna 

array, most of the energy radiated from the transmitting antenna propagates to the 

wanted direction but some of it will couple to the parasitic antenna element. After that 

energy interacts with the parasitic element, it can rescatter into the air, reflect back to 

the transmitting antenna and travel towards the generator of the parasitic element. 

When the energy reflects back to the transmitter, the transmitting antenna is 

complementarily redirecting the radiation towards the air, to the generator or reflect it 

back again. The cycle will continue until the transmitting antenna is not excited 

anymore. Adding more elements into the array demonstrates that other antenna array 

elements, besides the currently transmitting antenna, also affect the beam pattern even 

though they are not similarly excited. [1] 

The energy traveling from the antenna to its generator adds vectorially to waves 

produced by that generator and therefore, it strengthens the standing wave pattern 

within that antenna element. If both antennas in the array of two antenna elements are 

excited similarly with the same phase, magnitude and wavelength, only differences 

between the transmitting antenna and the coupled antenna are the phase and the 

magnitude. The phase depends directly on the distance between antenna elements, 

while the magnitude depends on the input signal of the transmitting antenna. The 

coupling and the excitation of two antennas in an array determine the behavior of the 

interacting waves in them. Adding these waves together will have an impact on the 

input impedances of antennas. [1][13]  
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3.2. Driving Impedances within the Antenna  

The antenna impedance is simply the impedance of a single isolated antenna element. 

Antenna impedances can be also divided to branches that depend on the antenna 

excitation. If only one element in an array is excited and other elements are terminated 

to their usual generator impedance, the impedance looking to the excited element is 

called as the passive driving impedances. The passive driving impedance does not 

differ significantly from the antenna impedance and it is commonly called as the 

antenna impedance as well. In a situation where all antenna elements are excited, the 

impedance looking towards a single antenna element is called as an active driving 

impedance. The active driving impedance affiliates with the distances and excitations 

of antenna elements in vicinity of the observed antenna. Therefore, the optimal input 

impedance varies with the excitation of an array. [1][13]  

3.3. Mutual Coupling in Receiving Mode 

The mutual coupling in receiving antennas can be expressed with a similar two-

element array as in the transmission section but both of these elements are thought to 

function passively as parasitic elements. A radio signal far away propagates as a plane 

wave towards the antenna array and it causes a flowing current in receiving antenna 

array’s elements. In case the incoming wave comes from a certain angle, and it does 

not hit both elements at the same time, there would be a phase difference between 

elements. If considering the first hit element, a share of that energy caused by the plane 

wave will scatter in the air and some of it will couple with another antenna element. 

When the energy propagates towards the receiver, and if the receiver is mismatched, 

the wave will partially reflect back to the antenna. Setting a proper antenna impedance 

and optimizing the matching will minimize the reflection of that plane wave and 

maximize the energy received.  

After the plane wave reached the first antenna element in the array, it soon hits the 

second antenna element as well and vectorially sums with the scattered part from the 

first element. Reflections and absorptions behave in the same way as in the first 

element. [1][13]  

3.4. Scattering Parameters and Impedances 

Scattering parameters, commonly known as S-parameters, ease the understanding of 

antennas’ performance. They are presented in a logarithmic scale and point out the 

reflection and the coupling between antenna elements. For an antenna array of two 

antenna elements, the S-parameter S11 presents the reflection of the first element and 

the S22 shows the reflection of the second element. If they are near the zero, all power 

will be reflected back but if they are very small, like -30 dB, the reflection from the 

antenna is minuscule. Shortly, S11 and S22 indicate the matching of an antenna element. 

Generally, a good matching improves antenna’s total efficiency, which improves the 

antenna’s gain. 

    There is also scattering parameters S21 and S12 and they present the coupling 

between two antenna elements. These parameters present logarithmically how much 

voltage is coupled from the one antenna element to the second. In reciprocal situation, 
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S21 and S12 are the same thing and just like in matchings, the lower value is usually 

better because then less power is coupled between antenna elements. [1] 

However, in many cases the mutual coupling is not considered through the S-

parameters. Instead they are presented with impedance-parameters or so-called Z-

parameters. They are related to the scattering parameters and a conversion between Z- 

and S-parameters is possible mathematically. Impedances are also easy to understand 

since they are presented in a linear scale and they show the matching and coupling in 

a way that someone with less experience in Radio Frequency (RF) designing can 

understand them as well. In a case where an antenna element should be matched to 50 

Ω load but it was accidentally matched to 60 Ω load, there is a little mismatch and 

some of the power will be reflected.  

3.5. Mutual Impedance 

As mentioned in the previous section, mutual coupling can be determined by using 

impedances or impedance matrices. Z-parameters Z12 and Z21 are mutual impedances 

between the first and the second antenna element in a linear array. If the medium 

between these antenna elements is isotropic, passive and linear, due to reciprocity, the 

equation for these impedances can be written as (18), (19) and (20) 

 

 
𝑍21 =  

𝑉2

𝐼1
 𝑤ℎ𝑖𝑙𝑒 𝐼2 = 0 (18) 

 

 
𝑍12 =  

𝑉1

𝐼2
 𝑤ℎ𝑖𝑙𝑒 𝐼1 = 0 (19) 

   

 𝑍21 = 𝑍12 (20) 

 

where 𝑉1 and 𝑉2 are excitation voltages and 𝐼1and 𝐼2 are currents at ports. Another 

antenna element or an obstacle near the observed antenna element affects the current 

distribution, radiated field and the input impedance of an antenna. The mutual 

impedance differs with the array’s geometrical configuration. [14]  

3.6. Mutual Coupling Mechanisms 

Mutual coupling between antenna elements is caused by the direct space coupling, the 

indirect coupling and the feed network coupling which provides the signal to antenna 

elements.  Indirect coupling is caused by other objects near the antenna element and 

those objects might cause detrimental scattering or reflections to antenna. As an 

example, surface currents on top of the ground plane and possible walls between 

antenna elements cause indirect coupling. [12] These coupling modes affect the shape 

of the radiation pattern, input impedances and the array gain of a phased array [15].  

Placing the antenna properly would minimize these effects. The feed network coupling 

can be also minimized in the feed-network so the focus is in the direct mutual coupling, 

which affects within the reactive near-field of an antenna [12].  
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3.7. Existing Methods for Simulating the Mutual Coupling  

The mutual coupling is discussed in very various ways and for very different scenarios. 

Even though the modeling of the mutual coupling has been researched for decades, 

there is no single proved theory that can fit to all scenarios and antenna types. Actually, 

there is mixed opinions in measurement configurations as well. Some antenna 

researchers support an idea where all antennas, except the currently measured antenna, 

should be open-circuited [16], while the others say that they are supposed to be 

terminated into an impedance or a lumped element. Using individual terminations at 

each antenna port considers some aspects the open-circuited counterparts do not. 

Open-circuited terminals do not account impedance differences between the 

transmitting and the receiving modes while the impedance-terminated terminals do 

that. In practice, antenna terminals are also terminated to an impedance and all 

terminals affect the mutual coupling. It might be thought that adjacent open-circuited 

antenna elements do not rescatter energy which is incorrect and therefore the most 

informative way to observe mutual coupling of a single element is to terminate other 

antenna terminals to 50 Ω impedances when they are not measured. [17] 

A phased antenna array with unequal spacings and different sizes between elements 

makes the modeling of the mutual coupling a lot harder. Obstacles between antenna 

elements add some challenges and the simplified mathematical model of the mutual 

coupling is no longer simply at all. However, the mutual coupling is possible to derive 

from radiation patterns which already include the effect of these obstacles but on the 

other hand, this information does not include the completely theoretical version of the 

same scenario and it would need complex mathematics. [15] 

Compensating the mutual coupling in radiation patterns might seem very 

complicated and while that is absolutely true, there is some hope. Steyskal and Herd 

formed a coupling coefficient for identical antenna elements in a uniformly spaced 

array and that coefficient is a starting point for the compensation of mutual coupling 

[18]. This coefficient is based on measured array element patterns decomposed by 

Fourier transformations and it uses single-mode element patterns to model an array. 

Single-mode assumes that antenna element’s current-density distribution cannot have 

different shapes and only phase and magnitude can change. This coefficient has some 

more flaws since it is not similar for antenna arrays with the spacing of under a half-

wavelength and for over a half-wavelength. It can be used for observations in the 

receiving mode and non-reciprocal antenna elements. The coefficient restores active 

element patterns and radiation patterns of isolated elements but it does not include 

diffraction effects and this causes some errors. [18] 

Fortunately, these diffraction effects can be separated from the mutual coupling by 

using individual active element patterns for all antenna elements in an array. These 

isolated element patterns are also referred as average active element patterns and they 

are the sum of diffracted, reflected and direct radiation components. The before 

mentioned coupling coefficient is proportional to all of these components and can then 

be applied into calculations. [19] 

The mutual coupling can be compensated in the radiation pattern if the active 

element radiation pattern and isolated element radiation pattern are both known. This 

requires twice the amount of simulations or measurements for each antenna element 

in an antenna array. One simulation or measurement for each individual isolated 

antenna element and one for each element when they are active and in the presence of 

mutual coupling.  
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4. PROPOSED METHOD 
 

Modeling the mutual coupling with a good accuracy and simple implementation is 

possible by combining the antenna theory and the data from simulations. This led to 

the proposed method, which utilizes several simplifications for radiation pattern 

calculations. In the proposed method, simulating a five-element array offers enough 

data for modeling radiation patterns of a larger array in a MATLAB script. Middle 

elements were duplicated and only two adjacent elements were considered to couple 

with the observed element. A five-element antenna array was divided to edge elements, 

near-edge elements and middle elements. Last mentioned middle elements are 

assumed to contain similar directivities. Used simplifications are more thoroughly 

explained in the next section.  

    Radiation patterns for each element were based on a simulated data from Computer 

Simulation Technology’s (CST) Microwave Studio (MWS). The data from radiation 

patterns was used as a reference for mathematical equations that aims to model those 

simulated patterns. These equations include useful window functions for modeling the 

directivity of each element. Directivity patterns are modified with coupling factors and 

coupling phases that are based on CST MWS simulations. Equations were utilized in 

mathematical scripts formed in MATLAB. Essential steps for forming radiation 

patterns of large linear arrays are presented in Figure 7. Briefly, after CST MWS 

simulation of a small array is completed, the required data is imported to MATLAB. 

In MATLAB, a script observes the impact of the mutual coupling to each element 

individually and then forms a model of a larger array. 

 

 

Figure 7.  Required data from CST simulations and calculated functions in 

MATLAB script for the proposed method. 

 

Unfortunately, it is hard to form a directivity function that also includes dimensions 

of the ground plane. Therefore, the ground plane must be large in simulations to force 

undesired nulls far away from the main lobe. The proposed method observes the 

impact of the mutual coupling in radiation patterns and it cannot separate direct 

coupling from indirect coupling.  
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4.1. Simplifying the Mutual Coupling in an Array 

Simulating a linear antenna array of large number of antenna elements takes a lot of 

time, even with a very simple design. Some simplifications for calculating the impact 

of the mutual coupling can be done by considering a linear array that contains a lot of 

elements and its element spacing is equal. The first simplification states that an array 

can be divided to edge elements, near-edge elements and middle elements. Multiplying 

these elements mathematically provides a fast way to approximate larger arrays. The 

second simplification assumes that only two, three or four surrounding elements in a 

linear array are considered to couple with the element under examination. The third 

simplification assumes that each middle element has identical directivity patterns, and 

just their phases vary. Furthermore, directivity patterns can be also simplified by using 

window functions or other functions that look alike them. Aforementioned 

simplifications can decrease the calculation time significantly and still provide 

accurate radiation patterns. 

The impact of the mutual coupling to single antenna element radiation pattern, and 

thus to whole array pattern, can be added to these individual theoretical radiation 

patterns if the antenna type, antennas’ dimensions and array configuration are known. 

The accuracy of the calculation also depends on the number of interfering antenna 

elements next to the observed element. When none of the elements are considered to 

interfere with the observed element, the result is the same as the theoretical radiation 

pattern. 

 When four parasitic adjacent antenna elements are interfering with the excited 

observed element, their coupling is calculated and then added to the radiation pattern 

equation along the theoretical radiation pattern of the observed element. This is 

presented in Figure 8 and Eq. (21)  

 

 

Figure 8. Four adjacent elements couple with the observed element. 

 

 𝐸𝑡𝑜𝑡𝑎𝑙,𝑛(𝜃) = 𝐸𝑛(𝜃) + 𝐸𝑛−1(𝜃) + 𝐸𝑛+1(𝜃)  + 𝐸𝑛−2(𝜃)  + 𝐸𝑛+2(𝜃) (21) 

 

where the vertical cut assumes that the phi angle is stable and the theta angle is rotating. 

In these calculations phi angle is at -90 degrees. Similar results can be obtained when 

phi angle is 90 degrees. 𝐸𝑡𝑜𝑡𝑎𝑙,𝑛 is the total radiation pattern of a single excited element 
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containing its theoretical radiation pattern summed with the influence of the four 

adjacent elements’ radiation patterns. 

    At first, it is necessary to choose the location of the coordinate origin, since it must 

be the same for all elements in the array. A reference plane can be thought to go 

through the origin and the distance from that plane to array’s elements determines 

phase differences between them. The origin can locate anywhere but in Figure 8 it 

locates at the first element for simplifying calculations. 𝐸𝑛 can be calculated by 

multiplying the element’s directivity with its phase difference to the reference plane. 

The directivity can be based on the antenna theory, such as Eq. (14), or a window 

function or any other function that resembles the directivity of the chosen antenna 

element. The phase difference can be calculated utilizing Euler’s formula. Pattern 

𝐸𝑛(𝜃) can be calculated with above-mentioned information and it is presented in 

 

  𝐸𝑛(𝜃) =  𝐷𝑛(𝜃) ∗  {cos(𝛹𝑂𝑛(𝜃)) + 𝑗 ∗ sin (𝛹𝑂𝑛(𝜃))} (22) 

 

in which 𝐷𝑛 presents the directivity pattern of the observed element. It is multiplied 

with a complex number, which is the location determined phase information of that 

element. If the origin locates at the first element, as in Figure 8, the value for the phase 

difference 𝛹𝑂𝑛 can be calculated with  

 

 
𝛹𝑂𝑛(𝜃) =

(𝑛 − 1) ∗ 2𝜋 ∗ 𝑑

𝜆
∗ 𝑠𝑖𝑛( 𝜃) (23) 

 

Here, 𝑛 is the considered element, 𝑑 is the element distance and 𝜆 is the wavelength. 

In case the main lobe is formed at 90 degrees of theta angle, a cosine should be used 

instead of sine.   

A graphical presentation of the 𝛹𝑂𝑛 is presented in Figure 9, in which the element 

distance 𝑑 is 0.5 wavelengths. The straight blue curve presents the 𝛹𝑂𝑛 for the first 

element, red one is for the second element, yellow one is for the third element, the 

purple one is for the fourth element and the green one is for the fifth element. 

Aforementioned curves cross each other at zero theta degrees, which is where the main 

lobe is constructed.  
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Figure 9. Phase difference 𝛹𝑂𝑛 caused by the element location.  

 

    In Figure 8 the observed element is the third one and elements one, two, four and 

five interfere with it. These interfering antenna elements have individual multipliers, 

which are called as coupling factors and they indicate the coupling between the 

adjacent and the observed element. Additionally, so-called coupling phases must be 

taken into account by adding them to phases in radiation pattern equations. Coupling 

phases indicate the phase difference caused by the interfering element at the observed 

element. Coupling factors and coupling phases are more thoroughly explained in 

upcoming sections. 

    When an element is considered to interfere with the observed element, its impact 

can be calculated with an equation  

 

   𝐸𝑛𝑚(𝜃) = 𝐷𝑚(𝜃) ∗ 𝐶𝑛𝑚

∗ {cos(𝛹𝑂𝑚(𝜃) + 𝛹𝑛𝑚) + 𝑗 ∗ sin (𝛹𝑂𝑚(𝜃) + 𝛹𝑛𝑚)} 
(24) 

 

Here, subscript 𝑛 belongs to the observed element, 𝑚 is the impacting element and 𝑂 

is the origin. The directivity function 𝐷𝑚(𝜃) is the same as 𝐷𝑛(𝜃) in Eq. (22) if they 

are similar elements. 𝐶𝑛𝑚 is the coupling factor and 𝛹𝑛𝑚 is the coupling phase. This 

can be done backwards as well by calculating the impact of the observed element to 

each impacting element but the result is the same. 

    Once 𝐸𝑛𝑚 is calculated for each interfering element, radiation pattern 𝐸𝑡𝑜𝑡𝑎𝑙,𝑛 can 

be calculated from Eq. (21) and it includes the impact of the mutual coupling at the 

element 𝑛. Patterns from each 𝐸𝑡𝑜𝑡𝑎𝑙,𝑛 can be combined when calculating array’s 

radiation patterns where multiple elements are excited. 

When observing the middle element, it has four impacting elements and their 

influence is taken into account. This is not a valid situation for near-edge and edge 
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elements. Near-edge elements consider only three adjacent elements and edge 

elements only two elements. As in Figure 8, the first element is an edge-element and 

it only takes the impact of the second and third elements into account. Therefore, Eq. 

(21) for the first element does not include 𝐸𝑛−1 and 𝐸𝑛−2. The second element is a 

near-edge element and it excludes 𝐸𝑛−2.  

An array of five elements has only one middle element but when examining larger 

arrays, such as twenty elements, 𝐸𝑡𝑜𝑡𝑎𝑙,𝑛 would be calculated twenty times for the 

radiation pattern calculations, if all elements are considered. For the simplification, 

middle elements have almost similar 𝐸𝑡𝑜𝑡𝑎𝑙,𝑛 equations with each other. The only 

changing parameter is 𝛹𝑂𝑛. 

A directivity of a single element without the mutual coupling can be calculated using 

Eq. (14). It resembles a sine function sin(𝜃) within a range of  𝜃 = [0, 180] degrees, 

and it has a peak at 90 degrees and nulls at zero and 180 degrees. The absolute 

magnitude of this sine function is not correct since the sine wave goes from -1 to 1. 

The magnitude must be adjusted to the correct level with a factor that suits the used 

directivity equation. 

4.1.1. Array Gain 

Calculating 𝐸𝑡𝑜𝑡𝑎𝑙,𝑛 for each element and then combining them is called as the array 

gain. This can be also used as the radiation pattern of an array. A vertical cut of the 

array gain can be calculated vectorially using the equation  

 

 
𝐴𝐺(𝜃) =  ∑{𝐾𝑛 ∗  𝐸𝑡𝑜𝑡𝑎𝑙,𝑛(𝜃) ∗ [cos(𝛹𝑂𝑛(𝜃)) + 𝑗 ∗ sin (𝛹𝑂𝑛(𝜃))]}

𝑛

𝑛=1

 (25) 

 

The power divided for each element is normalized but it can be also equally divided 

by replacing 𝐾𝑛 with a multiplier 
1

√𝑁
. In Eq. (25), 𝐸𝑡𝑜𝑡𝑎𝑙,𝑛 considers each element 

individually and multiplies them with their phase information. The phase 𝛹𝑂𝑛 for each 

element considers the distance between the element 𝑛 and origin along with the 

coupling phase. 

4.1.2. Coupling Factor 

Section 4.1. introduced the coupling factor, which determines the impact of the mutual 

coupling from an interfering element to the observed element. As shown in Eq. (24), 

the coupling factor 𝐶𝑛𝑚 is a multiplier. There are multiple ways to represent the 

coupling factor and it can be based on pure mathematics or functions derived from the 

measured data. In addition, the equation can be based on mutual impedances but in 

that case coupling equations are very complex, since array’s current distribution, 

geometry and coupling phases cannot be unequivocally added to these functions. 

[20][21][14] 

    Another way to represent the coupling factor is based on simulations and formulas 

utilizing them. Simulated data is observed and then parametrized. This also led to the 

proposed method which is based on coupling factors and coupling phases for 

simplifying linear arrays. 
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When considering the mutual coupling, radiation pattern equations require the 

coupling information to adjacent elements. 𝐶𝑛𝑚 in Eq. (24) is the coupling factor 

between the observed element 𝑛 and interfering element 𝑚. When the interfering 

element is right next to the observed element, 𝐶𝑛𝑚 can be written as 𝐶𝑛+1. When it is 

before the observed element, it is called as 𝐶𝑛−1. The coupling factor 𝐶𝑛+2 belongs to 

an element after the next element and 𝐶𝑛−2 belongs to an element before the previous 

element. 

Coupling phases between the observed element and interfering elements are 

similarly referred as 𝛹𝑛+1, 𝛹𝑛−1, 𝛹𝑛+2 and 𝛹𝑛−2. It is assumed that the previous and 

the next element have similar coupling factors and phases when their distance to the 

observed element stays the same. Therefore, both of them can be referred as 𝐶𝑛+1 and  

𝛹𝑛+1. Additionally, 𝐶𝑛−2 and 𝛹𝑛−2 are referred as 𝐶𝑛+2 and  𝛹𝑛+2. 

 

4.2. Radiation Pattern Equations 

By using equations (21), (24) and (25), an array gain was calculated for the proposed 

method. The impact of the mutual coupling is added to each observed element and 

power is divided equally for each element. This is used as a basis for the proposed 

method which aims at accurate radiation pattern formation when the mutual coupling 

is considered. 

The proposed method simplified the array by dividing it to edge elements, near-edge 

elements and middle elements. Middle elements are duplicated in middle of the array 

in case the array is large. All middle elements used the same directivity pattern for its 

individual elements. The first element used the same directivity pattern as the last 

element and the second element used the same directivity pattern as the second last 

element but aforesaid directivity patterns were mirrored for the last and the second last 

element. The radiation pattern equation for the first and the last element can be written 

as 

 

 𝐸𝑒𝑑𝑔𝑒(𝜃) = [𝐸𝑛(𝜃) + 𝐸𝑛+1(𝜃) + 𝐸𝑛+2(𝜃)] (26) 

 

Parameters 𝐸𝑛, 𝐸𝑛+1 and 𝐸𝑛+2 require directivity patterns, coupling factors and phase 

information. These parameters are utilizing simulated results and they are discussed in 

upcoming chapters.     

    When observing the second or the second last element and their impacting elements, 

the used equation is quite similar to Eq. (26). These near-edge elements have two 

adjacent elements to the one direction and one element to the opposite direction.  The 

radiation pattern equation for the second element can be written as  

 

 𝐸𝑛𝑒𝑎𝑟−𝑒𝑑𝑔𝑒(𝜃) = [𝐸𝑛(𝜃) + 𝐸𝑛+1(𝜃) + 𝐸𝑛+2(𝜃) + 𝐸𝑛−1(𝜃)] (27) 

 

    Middle elements are calculated in the same manner as the edge elements and near-

edge elements. When calculating the mutual coupling for a middle element, there is 

four other elements that couple with it. In a thirteen-element array, the middle element 

is seventh element and when the number of elements is even, such as twenty, the 

middle element is either tenth or eleventh element. The equation for the middle 

element can be written as  
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 𝐸𝑚𝑖𝑑𝑑𝑙𝑒(𝜃) = 𝐸𝑛(𝜃) + 𝐸𝑛+1(𝜃) + 𝐸𝑛+2(𝜃) + 𝐸𝑛−1(𝜃) + 𝐸𝑛−2(𝜃) (28) 

 

and this equation is the same as Eq. (21).   

4.3. Simulations 

CST Studio Suite 2016’s MWS and MATLAB R2016b were used for various 

simulations and mathematical scripts.  

4.3.1. Antenna Array 

Half-wave dipole arrays were simulated in CST MWS and S-parameters and radiation 

patterns were imported to MATLAB. The simplification of the mutual coupling 

required the amount of coupling and the phase information between the observed 

element and two adjacent elements to both directions if they exist. Both of these 

parameters can be simulated in CST MWS for each scenario and configuration. 

Observed configurations are side-by-side, parallel-in-echelon and collinear 

configurations. Each of these configurations were simulated by copying a single 

antenna element to an eight-element array, a thirteen-element array and a twenty-

element array. Results were acquired when the antenna spacing was 0.5, 0.6, 0.7 and 

0.8 wavelengths.  

4.3.2. Multiplying Antenna Elements 

Simulating a large array in CST MWS often takes a long time and therefore, MATLAB 

can be used to ease the process. The first multiplying simulation configuration 

included five half-wave dipole antennas and a large copper ground a quarter-

wavelength below them. Antenna array was matched at 3.5 GHz and the distance 

between antenna elements was λ/2. Array of five half-wavelength dipoles is presented 

in Figure 10. 
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Figure 10. A half-wave dipole antenna array on top of the ground plane. 

 

   CST MWS simulations in the far-field region provided the directivity, gain and phase 

information at every observation angle. Only one polarization was observed and thus, 

the absolute value for the gain was approximately the same as the co-polarization gain, 

since the cross-polarization gain was extremely small.  

4.3.3. Simulating Antenna Elements in CST MWS 

Various methods for the simulation of antenna elements radiation patterns were 

investigated and compared to the combination done in MATLAB. The first method 

utilized an individual discrete port simulation for each antenna element while other 

elements were terminated to 50 Ω lumped elements. Gain and phase information was 

then exported to the MATLAB and combined mathematically. This method was slow 

and did not provide as good values as expected. A little variation to this method was 

done by utilizing an Array-feature in CST MWS’s “Farfield Plot Properties” settings. 

The middle element was copied to form an array of five elements. This was a lot faster 

way to construct an array but results were still a bit off.  

The second method had discrete ports at every antenna element and they were 

simulated consecutively, this was also the default setting in CST MWS. After getting 

results for each element, the combination was done using the Combine Results-feature 

from CST MWS’s “Post Processing” tab. These results had a good match between 

CST MWS and the theory. 

The third method was otherwise similar to the second one but the simulation was 

simultaneous for each antenna element. Results were very close to the second one. 

Hence, either one of them can be used to form a reference. [22] 

4.3.4. Large Array from Multiplication 

An array of twenty antenna elements in a linear row was simulated in CST MWS by 

copying antennas from the array of five and continuing the large ground plane so it 
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covers the area below antenna elements. Its size is 300 mm times 1285 mm. The 

simulation lasted a very long time compared to the simulation of just five elements. 

The origin for the three-dimensional far-field plot was at the origin of XYZ-

coordinates, which was in the middle of the first antenna element. For the Cartesian 

plot, theta was rotating and the observation angle for phi was at -90 degrees. This 

provided a vertical cut from the longer side of the array. Further simulations use the 

same observation angles for a vertical cut. Previously mentioned combining methods 

were used and the radiation pattern was exported to MATLAB and used as a reference. 

Figure 11 presents angles and axes for the antenna array. 

 

 

Figure 11. Array of twenty antenna elements in the spherical coordinate system. 

 

    Saving simulation time is essential and simplifying calculations for a large array 

speeds up the designing process.  An array gain of a twenty-element array was used as 

a reference and all of its elements were excited similarly. Similar array of five elements 

was simulated and its individual gain patterns were exported to MATLAB. The target 

was to construct an accurate model of a twenty-element array with the gain and phase 

information from a five-element array. As previously mentioned, the first and fifth 

element in the array of five antennas are called as edge elements, the second and fourth 

element are called as near-edge elements and the third antenna element is called as the 

middle element. Elements were in side-by-side configuration. 

Sub-section 4.3.3. discussed on different ways for simulating an array but CST 

MWS also provides different ways for combining antenna elements and feeding them 

in a simulation solver.  It is also possible to simulate a small array and enlarge it into 

the larger array when elements are similar. Forming a larger array can be done in 
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MATLAB, in which elements’ patterns can be also combined. This requires a CST 

MWS simulation of a five-element array and radiation pattern of each element. 

Different combinations of the twenty-element array are called as setups in this section. 

Comparing setups to reference pattern, which is a CST MWS simulation of a twenty-

element array, provides essential information of the array’s simplification and how 

many elements are needed. The power was equally divided for all elements. 

In the first setup, patterns from edge elements and near-edge elements formed 

patterns of the first, last, second and second last element, while the middle element’s 

pattern was copied sixteen times in the middle using a MATLAB-script. The result 

was promising and it followed the reference radiation pattern with a relatively good 

accuracy.  

The second setup replaced patterns from two outermost middle elements with near-

edge elements in MATLAB and results were also good. The radiation pattern had 

slightly better last side lobe than the first setup but nulls and second last side lobes are 

better in the first setup. The reference pattern, first and second setup are presented in 

the Figure 12. 

 

 

 

Figure 12. Gain plots of the reference, first and second setups. 

 

The third setup included only patterns from middle elements. As expected, results 

were not as good as in the first or the second setup but that setup is beneficial if only 

main lobe and nearest side lobes are under investigation. 

Replacing outermost middle elements with near-edge elements or adding more edge 

elements did not further improve results and the most accurate setup, for the said 

scenario, is therefore the first one. It is easier to form than the second one and it is a 

tiny bit more accurate.  

A mathematical model from antenna theory was also used as a comparison. In the 

theoretical model, the ground was made of a perfect conductor and it was infinitely 
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large. The pattern was from Eq. (25), in which Eq. (14) was used for calculating the 

directivity, which is the same as the gain in this scenario. The phase for each element 

was calculated using Eq. (23). The reference setup, third setup and theoretical setup 

are presented in Figure 13. 

 

 

Figure 13. Gain plots of reference, third and theoretical setups. 

 

When Eq. (23) was replaced with the simulated phase information of the element in 

question, the theoretical radiation pattern was exactly the same as previously and this 

confirmed the said phase equation.  

Array simulations in various scenarios provided essential information for mutual 

coupling models. A half-wave dipole above the large ground plane was copied to form 

a linear row and then the array was simulated. Necessary information from these 

simulations was stored and imported to MATLAB. 

4.3.5. Single Antenna Element 

A very simple half-wave dipole antenna was simulated and observed. The dipole’s 

both sides were solid copper cylinders and adjustable parameters were the length of 

the dipole, the diameter of the cylinder, height from the ground plane, the gap between 

dipole’s halves and the rotation angle of the antenna in relation with the ground plane. 

The ground plane was a bit oversized to be practical but it did not cause unexpected 

resonances. For dipole antennas, a distance between an element and the ground plane 

is often 0.25λ, which is also the distance used in this thesis. This antenna is presented 

in Figure 14. 
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Figure 14. A single half-wave dipole above a ground plane. 

4.3.6. Antenna Array 

A single element was copied to form linear arrays above ground planes. Duplication 

parameters are the element spacing and the number of elements. Arrays were divided 

by their array configurations to side-by-side arrays, parallel-in-echelon arrays and 

collinear arrays. Each of these configurations were simulated at different element 

spacings and with various element numbers. After each simulation, phase data, linear 

isolation data and radiation patterns were exported to MATLAB.  

Distances between elements were divisions of wavelength from 0.5 times the 

wavelength to 0.8 times the wavelength.  Number of elements in an array was eight, 

thirteen and twenty elements for observing differences between different amounts of 

elements. 

The width of the ground plane was 30 cm but the length depended on the number of 

elements and the element spacing. Figure 15 presents an eight-element array and its 

element distance is 0.6 wavelengths. Dipoles were placed in a side-by-side 

configuration which causes a stable current distribution between elements but on the 

other hand they couple significantly with each other.  
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Figure 15. Eight-element array in a side-by-side configuration.  

 

Even though a single antenna was matched well, the duplication into an array 

formation affected the matching. Antenna elements were matched well to perform 

better in array scenarios, yet their dimensions were same in every array.   

 

4.3.7. Configuration Differences 

The chosen configuration and the distance between each antenna element impacted the 

mutual coupling. The proposed model of mutual coupling covers linear half-wave 

dipole arrays when the element distance is between 0.5 wavelengths and 0.8 

wavelengths. Antennas were matched near the frequency 3.5 GHz. 

The proposed model aims at modifying theoretical radiation patterns to become 

similar to radiation patterns simulated in CST MWS. Simulating a five-element array 

provides enough data for accurately approximate radiation patterns of larger arrays and 

from that array, only the first, second and middle element are needed for the 

approximation. 

Simulations in various scenarios provided enough information for modeling the 

antenna array’s mutual coupling mathematically. Each array simulation provided the 

coupling phase data between the observed antenna and two adjacent antennas to both 

directions if the adjacent antenna element existed. Simulations also provided coupling 

data in linear format and radiation patterns from the first, second and middle elements. 

Radiation pattern was also imported from array combinations where all ports were set 

to transfer equal signals.  

4.3.8. Patterns and Coordinates 

Radiation patterns imported from CST MWS to MATLAB used a specific coordinates 

and antenna elements were observed from a specific angle. Figure 16 presents the co-

polar far-field plot of the fifth element in an eight-element array using side-by-side 

configuration. The first element of that array locates at the origin and other elements 
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are located along the y-axis. When theta angle rotated 360 degrees and phi was stable 

at -90 degrees, a Cartesian plot was drawn and it is presented in Figure 17. Simulated 

gain and directivity were almost equal but the gain was used as a reference in this case. 

The data was imported to MATLAB so it could be used for equations required by the 

proposed method. 

 

 

Figure 16. Co-polar radiation pattern of the fifth element in decibels and coordinates 

from the far-field view. 

 

 

Figure 17. Co-polar vertical cut of the fifth element in decibels presented in a 

Cartesian plot. 
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4.4. Directivity Estimation Using Window Functions 

It was noticed that directivity patterns for the first, second and middle elements were 

different when the array configuration was changed. This led to various experiments 

for suitable directivity functions. 

After the simulated data was exported from CST MWS to MATLAB and then 

utilized in radiation pattern equations, the suitable theoretical function for the 

directivity was chosen. Multiple theoretical patterns, including the directivity Eq. (14), 

simple sine functions and various window functions were tested. Due to the current 

distribution, it was noticed that each of the three configurations should have their own 

theoretical directivity equation, while the number of elements or the distance between 

elements did not matter as much as the used configuration. The reason behind this is 

the mutual coupling, of which impact is significantly lesser for elements that locate far 

away from the observed element. 

4.4.1. Window Functions 

Multiple array simulations from various scenarios provided directivity data for 

individual elements and these directivity patterns were compared to mathematical 

formulas. When multiplying by the phase information, window functions provided the 

most resembling directivity pattern in many of these scenarios.  

    Window functions are mathematical functions used especially in digital filters and 

phased array calculations. Window functions’ graphical representation forms a finite 

length sequence which can be transformed into an array with a Fourier transformation. 

Some of the window functions’ graphical representations look similar to radiation 

patterns of antenna arrays and therefore, they can be used in mathematically formed 

beam patterns. As an example, this thesis utilizes a Kaiser-window for modeling the 

radiation pattern of a single antenna element while the observed array is using the 

parallel-in-echelon configuration. Kaiser function is formed from a modified zeroth-

order Bessel function and it has a parameter for controlling side lobe levels. Kaiser 

function can be written as  

  

 

𝑊(𝑛) =  
𝐵0(𝛼√1 − (2(𝑛 (−

𝐿
2))2

𝐵0(𝛼)
, 0 ≤ 𝑛 ≤ 𝐿 

(29) 

 

where 𝐿 is the length of the sequence, 𝐵0 is the modified Bessel function and  𝛼 is the 

non-negative real number for determining side lobe levels. [23] In MATLAB, using 

the Kaiser window function is constituted as 

 

 𝑊 = 𝑘𝑎𝑖𝑠𝑒𝑟(𝐿 + 1 , β)  (30) 

 

where W is a variable, in which the function is stored and β can be presented as 

 

 

𝛽 =  {
0.1102(𝛼 − 8.7),                                         𝛼 > 50

0.5842(𝛼 − 21)0.4 + 0.07886(𝛼 − 21), 50 ≥ 𝛼 ≥ 21
0,                                                                     𝛼 < 21

 (31) 
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so, the width of the main lobe and amplitude of side lobes are determined by 𝛽. [24] 

Tukey window function was also found convenient for modeling radiation patterns 

of an antenna element in a collinear configuration. Tukey window function has a 

particular parameter for changing the window function’s shape and that parameter has 

a range between zero and one. When that parameter is near zero, the Tukey window 

function looks like a rectangular window and when it is close to one, the shape is near 

a Hanning window [25]. In MATLAB, the Tukey window function can be written as 

 

 𝑊 = 𝑡𝑢𝑘𝑒𝑦𝑤𝑖𝑛(𝐿, 𝑤) (32) 

 

where 𝑤 is the ratio between cosine-tapered section’s length and whole window’s 

length. [26][27] 

4.4.2.  Directivity in Side-by-Side Configuration 

Side-by-side configuration used a self-made directivity equation because it resembled 

the simulated directivity more than any other tested function when it was multiplied to 

radiation pattern equations. The equation for the directivity in side-by-side 

configuration is written as 

     

 
𝐷𝑆𝐵𝑆(𝜃) = 𝐴 ∗ (1 −

1

1.05
) + (

cos 𝜃

1.05
) (33) 

 

where 𝐴 is the A-parameter that adjusts the pattern to the correct magnitude, theta 

angle goes from -90 to 90 degrees which covers the lobe above the ground plane. Phi 

angle is -90 degrees, so these angles form a vertical cut. In case the theta angle goes 

from 0 to 180 degrees on top of the ground plane, the cosine function should be sine 

instead. 

Figure 18 presents a CST MWS simulated directivity for the first antenna element 

in a thirteen-element array and it functions as a reference. This CST MWS simulation 

is presented as a red graph. Figure 18 also contains a mathematically optimized 

directivity function for the same element. The blue graph is formed in MATLAB and 

it is based on Eq. (26) and Eq. (33). It forms the directivity of the first element, whilst 

it considers the coupling to the second and third elements. The element spacing is 0.6 

wavelengths and the antenna was matched at 3.5 GHz. 

 Similar graphs for the second element are presented in Figure 19. The red graph is 

a directivity of the second element from CST MWS and the blue graph is the directivity 

of the same element formed in MATLAB. The blue graph considers the mutual 

coupling utilizing equations Eq. (27) and Eq. (33). Unlike the first element, the second 

element considers three adjacent elements and those elements are the first, third and 

fourth element. Figure 20 presents similar graphs for the middle element, which is the 

seventh element in a thirteen-element array. The middle element takes the fifth, sixth, 

eighth and ninth element into account for calculating the mutual coupling. The mutual 

coupling consideration is based on Eq. (28) and Eq.(33). 

Each directivity pattern from CST MWS and its correspondent directivity function 

from MATLAB contained some differences. Notches at -50 and 50 degrees in theta 

angle were caused by the reflection from adjacent elements and the ground plane. The 

ground plane was very large but it could not be infinitely large or otherwise, a 

prototype based on this data could not be built. 
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Figure 18. Directivity of the first element in a side-by-side configuration. 

       

 

 

Figure 19. Directivity of the second element in side-by-side configuration. 
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Figure 20. Directivity of the middle element in side-by-side configuration.     

 

4.4.3.  Directivity in Parallel-in-Echelon Configuration 

Parallel-in-echelon configuration uses otherwise same equations as the side-by-side 

configuration except a directivity equation which can be written as (34) 

 

 𝐷𝑃𝐼𝐸 = 𝐴 ∗  𝑘𝑎𝑖𝑠𝑒𝑟(180, 4.5) (34) 

 

The directivity equation uses a Kaiser-window function presented in Eq. (30) and it 

has a brief overview in the section 4.4.1.  Even though window functions are usually 

used in the digital filter technology, their response also resembles the antenna’s 

directivity. The number 180 in Eq.(34) is the length of the response in time domain 

and the number 4.5 adjusts the level of side lobes. The value 180 in the window 

function equation is the theta angle in the directivity pattern and the Beta-parameter is 

utilized to shape the curve more rectangular.  

The radiation pattern was formed in the same manner as in the side-by-side 

configuration. The following scenario was similar to the one presented in sub-section 

4.4.2., except the configuration was changed to parallel-in-echelon. Hence, a thirteen-

element array with 0.6 wavelength element distances was observed.  

Figure 21, Figure 22 and Figure 23 present graphs for the first, second and seventh 

elements respectively. The red graph presents a directivity from CST MWS and the 

blue graph uses Eq. (34) for taking the mutual coupling into account. The last and the 

second last elements have negative phase differences for more accurate results. 

Therefore, the notch at thirty degrees on y-axis is at 50 degrees for the last and second 

last elements.  
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Figure 21. The first element in parallel-in-echelon configuration. 

 

 

Figure 22. The second element in parallel-in-echelon configuration. 
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Figure 23. The middle element in parallel-in-echelon configuration. 

4.4.4.  Directivity in Collinear Configuration 

The last observed configuration used a Tukey window function for a directivity of a 

single element. Utilizing Eq. (32) presented in section 4.4.1., the equation for the 

directivity is written as  

 

 𝐷𝐶𝑂𝐿 = 𝐴 ∗ 𝑡𝑢𝑘𝑒𝑦𝑤𝑖𝑛(180, 0.8) (35) 

 

Here, the number 180 is the theta angle and the number 0.8 modifies the shape of the 

curve. When that number is near zero, the shape of the function is more rectangular 

and when it is near one, the window function resembles the Hanning window.  

Once again, the directivity was formed for the first, second and middle elements. 

The observed array had thirteen elements and the middle element is the seventh 

element. The element spacing is 0.6 wavelengths and the directivity of the first element 

is presented in Figure 24. Just like previously, the red graph is from CST MWS and 

the blue graph is theoretical with the mutual coupling taken into account. Similar 

graphs for the second and seventh elements are presented in Figure 25 and Figure 26 

respectively. It should be noted that, the scale is changed for y-axis, which is from 10 

dB to -60 dB in these figures. 
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Figure 24. The directivity of the first element in collinear configuration. 

 

 
Figure 25. The directivity of the second element in collinear configuration. 
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Figure 26. The directivity of the middle element in collinear configuration. 

4.4.5. Comparison Between Directivity Functions 

When observing directivity patterns from a certain cut, such as a vertical cut, they 

differ for each configuration. This causes some of the patterns look more accurate than 

others. These directivity pattern functions are optimized from results of multiple 

simulations.  

    The reason behind different directivity functions for each configuration was the 

accuracy. One function did not provide suitable pattern for all configurations at once. 

When comparing patterns from Figure 18 to Figure 26, they present similar antenna 

elements in different scenarios but they are observed from the same angle. Rotating 

elements causes current distribution and coupling differences that is visible from these 

figures. A distance between elements did impact these patterns a lot and some 

configurations had more accurate results when that distance was increased. These 

directivity patterns are based on averages of their functions so the proposed method 

can be thought as a simplification. Besides the mutual coupling, also a ground plane 

affects the pattern a lot. Also, a width and a length of the ground plane are important 

because the ground plane reflects waves from dipoles and it carries ground currents on 

its surface. These phenomena cause unavoidable nulls in dipoles’ radiation patterns. 

4.4.6. Mutual Coupling Parameters 

The section 4.1. introduced used parameters for radiation pattern equations that take 

the mutual coupling into account. All of these parameters were tabled and then 

imported to MATLAB scripts along with radiation patterns for each element and array 

combinations. Coupling factors 𝐶𝑛−1, 𝐶𝑛−2, 𝛹𝑛−1 and 𝛹𝑛−2 are similar with 𝐶𝑛+1, 

𝐶𝑛+2, 𝛹𝑛+1 and 𝛹𝑛+2 respectively and hence, the observed value for each parameter 

was based on their averages. This means that 𝐶𝑛+1 and 𝐶𝑛−1 were quite close to each 
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other and therefore they are commonly referred as 𝐶𝑛+1 and its value is the average of 

both values. The same thing is done for 𝐶𝑛+2, 𝛹𝑛+1 and 𝛹𝑛+2. These parameters were 

investigated in different configurations with various element spacings and element 

numbers. 

Number of elements in an array was eight, thirteen and twenty elements. Multiple 

graphs were formed in Excel to see some differences in mutual coupling parameters 

but the impact of the element number was minimal. On the other hand, the element 

spacing and used configuration greatly influenced the coupling. When investigating 

the impact of the element spacing, coupling phase graphs for the 𝛹𝑛+1 and 𝛹𝑛+2 had 

similar slopes regardless the used configuration. Since the number of elements did not 

affect the coupling phase, overall six equations were formed for the them in respect of 

the element distance. All three configurations required their own equations for 𝛹𝑛+1 

and 𝛹𝑛+2.  

Coupling factors 𝐶𝑛+1 and 𝐶𝑛+2 were also investigated in respect of the antenna 

spacing. Unlike in coupling phases, the slope in the graphical presentation was highly 

dependent on the configuration. Coupling factors were also different for the first, 

second and middle elements.  

4.4.6.1.  Parameters in Side-by-Side Configuration              

Coupling phases and coupling factors were formed into mathematical equations when 

the x-axis was the element distance from 0.5 wavelengths to 0.8 wavelengths and the 

y-axis was the observed parameter. Coupling factors 𝐶𝑛+1 and 𝐶𝑛+2 were tabled for 

the first, second and middle element. In side-by-side configuration, an average 

function for 𝐶𝑛+1 can be written as a polynomial function presented in 

 

 𝐶𝑛+1 = −4.037𝑥3 + 8.947𝑥2 − 6.74𝑥 + 1.828 (36) 

 

Here,  𝑥 is the distance between two elements within the range of 0.5 to 0.8. Eq. (36) 

is the black curve in Figure 27 and it is following the average function of the parameter 

𝐶𝑛+1, which is presented as a yellow curve. 𝐶𝑛+1 for the second element is very much 

alike the average, so its hidden behind it in the Figure 27. The equation presents 

directive values for 𝐶𝑛+1 since it assumes that the first, second and middle elements 

do not differ.  
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Figure 27. Parameter 𝐶𝑛+1 in side-by-side configuration. 

 

Parameter 𝐶𝑛𝑒𝑥𝑡2 was similarly formed to an equation which is presented in 

 

 𝐶𝑛+2 = −3.198𝑥3 + 7.0128𝑥2 − 5.133𝑥 + 1.298 (37) 

 

where again, 𝑥 is the distance between elements within a range of 0.5 and 0.8. divided 

by the wavelength. Eq. (37) is based on 𝐶𝑛+2 of the second element which is presented 

in Figure 28 along with 𝐶𝑛+2 for the first and middle elements. In this case, 𝐶𝑛+2 for 

the first element is far from other parameters and it could have another equation for 

compensating the difference but the improvement in accuracy is very small. There is 

a small rise between 0.7 and 0.8 wavelengths in Figure 28. It should not exist and it is 

only a graphical feature.  
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Figure 28. Parameter 𝐶𝑛+2 in side-by-side configuration. 

 

Values for coupling phases were same regardless the location of the element, so an 

edge element, near-edge element and middle element use same coupling phases. 

Coupling phases were rising more linearly when the element distance was longer and 

therefore, used equations were simpler.  Values for 𝛹𝑛+1 and 𝛹𝑛+2 are calculated from  

 

 

 𝛹𝑛+1 = 4.637𝑥 + 1.641 (38) 

 

 

 
 

 

 𝛹𝑛+2 = 10.025𝑥 − 3.917 (39) 

 

and they are also presented graphically in Figure 29. Average values for coupling 

phases are marked as dashed line and the function is in solid line. They are very close 

to each other. 
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Figure 29. Parameters 𝛹𝑛+1 and 𝛹𝑛+2 in side-by-side configuration. 

 

 

    Side-by-side configuration used a self-made equation for the directivity presented 

in Eq. (33) and it was adjusted to the correct level for directivity patterns with the A-

parameter. In the proposed method, A-parameter is obtained from MATLAB-scripts 

when comparing the element’s directivity functions to reference pattern from CST 

MWS. 

    The A-parameter was different for every element at different element spacings but 

when they were compared together and averaged, the A-parameter became very simple 

for all elements. Regardless the element, the A-parameter is always 2.7 when using the 

directivity function Eq. (33) for a side-by-side configuration.  

 

 𝐴 = 2.7 (40) 

 

4.4.6.2. Parameters in Parallel-in-Echelon Configuration 

The procedure for obtaining parameters in the parallel-in-echelon configuration was 

similar to the side-by-side configuration. Coupling factor 𝐶𝑛+1 in parallel-in-echelon 

configuration can be calculated with  

 

 

 𝐶𝑛+1 = 0.821𝑥2 − 1.409𝑥 + 0.672 (41) 

 

and it presents an average of the three simulated parameters. Variable 𝑥 is the element 

distance in wavelengths and it has a range between 0.5 and 0.8. It is also the x-axis in 

Figure 30, in which these parameters are graphically presented. 
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Figure 30. Parameter 𝐶𝑛+1 in parallel-in-echelon configuration. 

 

Coupling factor 𝐶𝑛+2 for the second and middle elements are almost the same and 

the first element does not depart far from them. Eq. (42) approximately follows these 

parameters within the range of 0.5 to 0.8 wavelengths. These parameters are also 

presented graphically in Figure 31. 

 

 𝐶𝑛+2 = −1.746𝑥2 + 4.01𝑥2 − 3.117𝑥 + 0.844 (42) 
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Figure 31. Parameter 𝐶𝑛+2 in parallel-in-echelon configuration. 

 

Coupling phases in the parallel-in-echelon configuration can be presented in 

equations  

 

 𝛹𝑛+1 = 9.167𝑥2 − 7.910𝑥 + 5.202 (43) 

 

 𝛹𝑛+2 = 9.174𝑥2 − 2.367x − 0.400  (44) 

 

and they are also presented in Figure 32. Dashed lines are the average of simulated 

values and solid lines are their correspondent functions. 
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Figure 32. Parameters 𝛹𝑛+1 and 𝛹𝑛+2 in parallel-in-echelon configuration. 

 

A-parameter for the parallel-in-echelon configuration is not as simple as it was for 

the side-by-side configuration. It has different values for the first, second and middle 

elements. These values are close to each other but the improvement in accuracy is 

better when using three different values. The directivity function Eq. (34) utilizes these 

different A-parameters and their values can be simply presented as 

 

 𝐴𝑒𝑑𝑔𝑒 = 2.7 (45) 

   

 𝐴𝑛𝑒𝑎𝑟−𝑒𝑑𝑔𝑒 = 2.6 (46) 

   

 𝐴𝑚𝑖𝑑𝑑𝑙𝑒 = 2.65 (47) 

 

4.4.6.3. Parameters in Collinear Configuration 

The last observed configuration is once again the collinear configuration and its 

parameters. This configuration was a bit trickier since the length of the dipole impacts 

the coupling very much at shorter element distances. The distance between adjacent 

dipoles’ ends is shorter in collinear configuration when compared to other 

configurations. Also, the coupling radically decreases when the distance is getting 

longer. The coupling factor for the next element can be calculated with 

 

 𝐶𝑛+1 = 2.253𝑥2 − 3.602𝑥 + 1.501 (48) 

 

and it is graphically presented in Figure 33. It should be noticed, that the scale is not 

the same in figures as it was in side-by-side and parallel-in-echelon figures. This is 
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due to the greater differences in magnitude of the coupling when using collinear 

configuration. 

 

 

Figure 33. Parameter 𝐶𝑛+1 in collinear configuration. 

 

    Correspondingly, the parameter 𝐶𝑛+2 coupled more at shorter element distances, 

which is shown in Figure 34. Eq. (49) aims to follow the yellow average graph.   

 

 

 𝐶𝑛+2 = −3.683𝑥3 + 8.523𝑥2 − 6.651𝑥 + 1.775 (49) 
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Figure 34. Parameter 𝐶𝑛+2 in collinear configuration. 

 

    Slopes of coupling phases are once again similar to other configurations and 

equations for 𝛹𝑛+1 and 𝛹𝑛+2 can be written in radians as  

 

 𝛹𝑛+1 = −8.01𝑥2 + 16.234𝑥 − 3.817 (50) 

   

 

 𝛹𝑛+2 = −13.53𝑥2 + 28.672x − 12.014  (51) 

 

and Figure 35 presents these parameters graphically. Dashed lines are the average of 

simulated values and solid lines are their correspondent functions. 
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Figure 35. Parameters 𝛹𝑛+1 and 𝛹𝑛+2 in collinear configuration. 

 

A-parameter is a bit different for the collinear configuration since the directivity 

pattern is based on a window function in Eq. (35) that differs a lot from other directivity 

functions. Numerous experiments resulted in values presented in 

 

 

 𝐴𝑒𝑑𝑔𝑒 = 2.25  (52) 

   

 

 𝐴𝑛𝑒𝑎𝑟−𝑒𝑑𝑔𝑒 = 2.3 (53) 

 

 

 𝐴𝑚𝑖𝑑𝑑𝑙𝑒 = 2.35 (54) 

   

 

from which the parameter 𝐴𝑒𝑑𝑔𝑒 in collinear configuration is the most difficult one to 

determine because the length of the dipole cannot be predefined. By changing 𝐴𝑒𝑑𝑔𝑒 

to lower value, such as 2.0 or 2.15, will lower the outermost sidelobes and this is very 

likely to happen when two dipoles are very close to each other in collinear 

configuration. When the gap between dipoles’ ends is under 15 mm and the frequency 

is 3.5 GHz, it is suggested to use lower value for 𝐴𝑒𝑑𝑔𝑒. The gap for simulated antenna 

was over 20 mm long. 

4.5. Simulated Radiation Patterns 

The impact of the mutual coupling can be approximated by using parameters and 

equations from previous sections. The used configuration and the element distance 
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greatly affected to the coupling and the array gain. Upcoming sub-sections discuss the 

array gain and radiation patterns when using different configurations. The observed 

array had thirteen elements and its element spacing was 0.6 wavelengths.  

4.5.1. Radiation Patterns in Side-by-Side Configuration  

A thirteen-element array was observed and its array gain was calculated using the 

proposed method. Also, the middle element’s directivity pattern from Figure 20 was 

duplicated to form a combination of nine elements. In a thirteen-element array, these 

nine elements formed an array from the element three to element eleven. This 

combination is presented in Figure 36 where the blue graph is presenting the 

combination formed in CST MWS. The red graph utilized equations Eq. (36)-(40) and 

Eq. (33) in Eq. (24), which is in Eq. (21) for the combination of nine middle elements. 

The radiation pattern constituted using the proposed method is very accurate for nine 

middle elements.  

 

 

Figure 36. Nine middle elements combined when using side-by-side configuration. 

 

The directivity of the first element also formed the directivity pattern of the last 

element but it was mirrored by the theta degree zero. Similarly, the directivity of the 

second element also formed the directivity of the second last element, which is the 

twelfth element in the array. When these edge elements and near-edge elements were 

combined with nine middle elements, the complete radiation pattern was formed. Like 

previously, these elements were fed with equal signals. This is presented in Figure 37 

where the blue graph is exported from CST MWS, yellow graph uses the proposed 

method and red graph does not take the mutual coupling into account at all. The purely 

theoretical red graph was originally at lower magnitude, but it was adjusted 7.9 dB 

higher to match the correct level. The level was wrong because the theoretical 



 

 

59 

directivity, calculated with Eq. (33) for each element, was a bit off. In this case, the 

red graph was not that far from the yellow or blue graph but in most cases the 

difference is more visible. The yellow graph follows the blue graph well besides the 

second last side lobe where it was supposed to be higher.   

           

 

Figure 37. Radiation pattern of the thirteen-element array with 0.6 wavelength 

element spacings and side-by-side configuration.  

4.5.2. Radiation Patterns in Parallel-in-Echelon Configuration 

Again, the middle element was duplicated to nine similar elements. Figure 38 presents 

the radiation pattern when those nine elements were combined and signals at their ports 

were equal. The blue graph presents the exported plot from CST MWS and red graph 

is the one using the proposed method.  

When middle elements were combined to the edge elements and near-edge elements, 

the array’s radiation pattern was formed and again, all ports are fed with equal signal. 

This is presented in Figure 39, in which the blue graph is from CST MSW, red graph 

is theoretical radiation pattern without mutual coupling and yellow graph utilizes the 

proposed model. Yellow and blue graphs are very close to each other so the mutual 

coupling modeling is good in this case. The theoretical graph without the mutual 

coupling uses Eq. (34) for each directivity patterns and the magnitude was adjusted 

+6.8 dB so it matches the same level with the blue graph from CST MWS. The result 

of the red graph is far from the yellow and blue graphs.  
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Figure 38. Nine middle elements combined when using parallel-in-echelon 

configuration. 

 

 

Figure 39. Thirteen elements combined together when the array uses a parallel-in-

echelon configuration. 
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4.5.3. Theoretical Radiation Pattern in Collinear Configuration 

Nine middle elements were fed with equal signals at their terminals and the resulting 

radiation pattern is presented in Figure 40 where the blue graph is from CST MSW 

and the red one utilizes the proposed method.  

Middle elements were also combined with the four outermost elements and the 

radiation pattern is presented in Figure 41, in which the blue graph is from CST MWS, 

the yellow graph considers the mutual coupling while the red graph does not. The red 

graph is based on Eq. (35) and it was adjusted +5.8 dB higher. In case the chosen 

directivity pattern for the theoretical pattern was less rectangular, outermost side lobes 

would be a lot higher. The mutual coupling modeling succeeded well at every other 

lobe besides the second outermost. The difference is not radically worse there either. 

 

 

Figure 40. Nine middle elements combined when using collinear configuration. 
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Figure 41. Thirteen elements combined in collinear configuration. 
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5. PROTOTYPES 
 

Several prototypes were built for testing the proposed method in action. Antenna 

elements had only one radiator so they utilized only one polarization and the examined 

frequency was 3.5 GHz.  

5.1. Prototype Designing and Modeling 

A single antenna element was simulated and it was used for various ground planes. 

Each prototype included radiators, supporting parts and a ground plane. A radiator had 

a supporting part perpendicularly to it and they were soldered together with the ground 

plane. A 50 Ω SubMiniature Version A connector (SMA) was connected directly to 

the radiator and measurements were done through it.  

    Ground planes were divided by their element distances and configurations to four 

different layouts. One of the ground planes covered side-by-side and collinear 

configurations at 0.5 wavelength element distances. Another one covered same 

configurations at 0.7 wavelength element distances. Third and fourth ground planes 

were formed for parallel-in-echelon configuration at same element distances.   

Antennas were simulated and designed with CST MWS software. The chosen 

antenna type was a half-wave dipole and it was matched at the frequency of 3.5 GHz. 

The conducting material for antennas and ground planes was a 0.055 mm thick copper 

and it was printed on Arlon’s AD255C circuit board, which is a suitable material for 

antenna applications since its dielectric constant is 2.55 and loss tangent is 0.0014. 

[28]  

SMA connector was at 50 Ω impedance so a coplanar waveguide where it was 

soldered was also 50 Ω. A signal from the connector propagated towards the 

waveguide which continued to the one branch of the half-wave dipole. The signal also 

capacitively connected to another branch of the half-wave dipole. Following figures 

present the radiator and its ground plane without the supporting piece which was just 

a piece of AD255C and its purpose was to keep the radiator steady. Figure 42 presents 

the front-view of the prototype radiator, Figure 43 presents the back-view of the 

prototype radiator and Figure 44 presents a very close view to the bottom of the 

prototype radiator. As seen from the bottom-view, the bottom copper layer is yellow. 

Substrate is made of a printed circuit board material FR-4, which can be seen through 

narrow heatsinks in darker yellow. Tin pieces between the radiator and ground plane 

are almost white and the color of the AD255C circuit board is grey in these figures. 
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Figure 42. Front-view of the prototype radiator. 

 

 

 

Figure 43. Back-view of the prototype radiator. 

 

 

 

Figure 44. Bottom-view of the prototype radiator. 
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Radiator was matched in middle of the Smith’s Chart by transforming inductive and 

capacitive elements. The coplanar waveguide was slightly narrower near the radiating 

part of the dipole for a better impedance matching. After that, it continued towards the 

connector as a 50 Ω transmission line and its length did not matter since the radiator 

was already matched near the middle of the Smith’s Chart. With a perfect ground 

plane, the frequency of 3.5 GHz and several hundred-megahertz adjacent to it formed 

a loop that circled around the middle of the Smith’s Chart and the position depended 

on the length of the 50 Ω waveguide. Figure 45 presents a reflection coefficient from 

a simulation of a single antenna element. It has a marker at 3.5 GHz and it is slightly 

off from the target.  

 

 

Figure 45. Prototype antenna’s simulated reflection coefficient on Smith’s Chart.  

 

In Figure 45 the loop near the marker has its peak at the frequency of 3.65 GHz so 

the length of the dipole should have been longer. Likewise, the loop is not exactly in 

the middle of the Smith’s Chart meaning that capacitances and inductances are not 

perfectly matched. Matching at the 3.5 GHz is slightly below -18 dB as seen from a 

Cartesian plot of the same situation. It is presented in Figure 46.  
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Figure 46. Prototype antenna’s reflection coefficient in Cartesian plot. 

   

5.2. Prototype Arrays 

Theory proportion covered three different array configurations and they were modelled 

with various ground planes. Side-by-side and collinear configurations were modelled 

to same ground planes but parallel-in-echelon configurations required their own 

ground planes. Measuring setup did not support over half a meter-long objects with 

the best accuracy and therefore the amount of antenna elements in an array was limited 

to ten. The prototype was built for 3.5 GHz and a half wavelength is approximately 43 

mm and 0.7 times the wavelength is around 60 mm. With the longer element spacing, 

a ten-element array’s ground plane was slightly larger than the recommended limit of 

SATIMO’s StarLab, which is a radiation pattern measuring device. Dipoles locate 

within the limit so it was acceptable to measure them. A parallel-in-echelon 

configuration with an element spacing of 0.5 wavelengths and ten elements is 

presented in Figure 47 and Figure 48. There is no feed network as seen from Figure 

48 since designed radiators can be fed simultaneously with power dividers or 

additionally, patterns from each antenna can be mathematically combined when other 

elements are ended to 50 Ω.  

 

 

 

Figure 47. Parallel-in-echelon configuration with ten elements. 
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Figure 48. A bottom-view to parallel-in-echelon configuration with ten elements. 

 

Side-by-side and collinear configurations were implemented to the same ground 

plane to reduce production costs. These before-mentioned configurations were 

modelled at 0.5 and 0.7 wavelengths. Figure 49 presents a side-by-side configuration 

with ten elements and 0.7 wavelength spacing. Figure 50 represent the bottom-view of 

the same ground plane. Ground plane vias between the top and bottom coppers are not 

visible in these pictures.    

 

 

Figure 49. Ten elements in side-by-side configuration and 0.7 wavelength spacing.  

 

 

 

Figure 50. A bottom-view of the side-by-side and collinear configurations. 
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6. MEASUREMENTS AND RESULT ANALYSIS 
 

After assembling antenna arrays, their S-parameters were measured with Agilent’s 

E5071C network analyzer and radiation patterns were obtained from SATIMO’s 

StarLab, which is a tool specialized in antenna measurements. StarLab utilizes multi-

probe technology and it presents the measured radiation pattern in the far-field region. 

Even though StarLab’s probes are physically in antenna’s near-field region, they are 

transformed to far-field by using post-processing techniques in SatMap and SatEnv 

softwares. The examined antenna rotates on top of a pedestal and probes rotate 

perpendicularly to it. [29] 

6.1. S-parameter Measurements 

Six antenna arrays were built for verification and each of them had ten elements. The 

matching was measured for all of these elements with a network analyzer. This step 

provided essential information of possible failures in soldered joints and other 

conducting parts. The matching should resemble simulation results in a logarithmic 

magnitude scale but that same measurement in a Smith’s Chart might look a bit 

different when compared to simulations. That difference can be taken into account 

with a proper SMA connector modeling and port extensions in a network analyzer. 

Used SMA-connector model was not ideal and port extensions were not considered 

but measurements for single elements were acceptable. The matching for a single edge 

element with no surrounding objects, besides the ground plane, is presented in Figure 

51. The matching is a bit better at 3.5 GHz when compared to simulation results from 

Figure 45 and Figure 46. There is a small undesired notch at higher frequencies, which 

is related to radiator’s holes in the ground plane. It can be minimized by filling those 

holes with tin. It does not impact radiation pattern results anyhow. The measured 

matching was similar for near-edge elements and middle elements as well.  
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Figure 51. S11 of a single edge element in the prototype. 

 

Surrounding objects impacted the matching as expected. Also, the used configuration 

and the distance between elements caused differences between each S11 measurement. 

Each S11 measurement for each port in every antenna were in line with simulations and 

chamber measurements were started. 

6.2. Radiation Pattern Measurements  

Patterns were measured in StarLab, which resembles a big antenna chamber but it 

requires a lot less space. The measurement was performed for each element 

individually and additionally, using a TopYoung’s MIMO Channel System (MCS), 

which divided the signal equally for each port. It can be also used for adjusting phases 

and attenuations at each port. Since measurement cables were not very long, MCS had 

to locate right next to the StarLab and it did not have absorbers attached to it. It is 

unknown how much its presence impacted in results. 

After each element was individually measured, a magnitude and phase data from 

StarLab was imported to MATLAB. A script combined the data and it was compared 

to the simulated data from CST MWS. The radiation pattern from that combined 

pattern, in which all elements were equally fed, was very close to the similar pattern 

from CST MWS. A disadvantage in doing the combination for each individual element 

was the time consumption, since measurements must be done for multiple ports instead 

of one.  

MCS was a lot faster to use, because it was calibrated and configured beforehand. 

The accuracy was not as good as in the combined pattern when it was compared to 

CST MSW simulations but it was still acceptable.  
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When using several long cables and lossy equipment between the network analyzer 

and the antenna, losses might become an issue. The gain of the measured antenna 

might be so small, it drowns within the noise and the radiation pattern is no longer 

accurate. In this case a signal generator or an amplifier is needed in between the signal 

path. This is the reason why it is more reliable to measure each port individually and 

then combine them with a MATLAB script, if it is possible. In case the power dividing 

is done correctly, the measurement would be similar to CST MWS simulation, in 

which all ports are simulated at the same time. 

6.3. Radiation Pattern Measurement Result Analysis 

Radiation pattern measurements were done without amplitude tapering or phase shifts. 

Results from measurements were compared with radiation patterns from CST MWS 

and theoretical patterns from the proposed method and simpler antenna theory which 

did not consider the mutual coupling. Measurements done with StarLab were not 

exactly similar with simulations, since machines always have tolerances and a human 

error in measurement always affects a bit, even when being very careful. StarLab’s 

measurement tolerance is approximately ±0.9 dB at 3.5 GHz [29]. Each of the six 

prototypes was measured, so all configurations were measured at two different 

spacings between elements. Spacings were 0.5 and 0.7 times the wavelength.  

6.3.1. Results in the Side-by-Side Configuration 

Measurements were done twice for each prototype in StarLab. At first each element 

was measured individually, while other ports were ended to 50 Ω, and then combined 

in MATLAB. The second time a prototype was measured, all elements were 

simultaneously fed by dividing the signal of the network analyzer equally with MCS. 

These results are compared to simulated patterns and calculated patterns. Figure 52 

presents a comparison between radiation patterns, when antenna formed a side-by-side 

configuration and element spacing was 0.5 wavelengths. A blue graph belongs to the 

CST MWS simulation and a red graph is the first StarLab measurement, in which 

results were combined in MATLAB. A yellow graph is the second StarLab 

measurement, in which all ports were fed simultaneously. A purple graph utilizes the 

proposed method for radiation pattern calculation and the green graph belongs to 

simpler antenna theory without the mutual coupling consideration. Figure 53 presents 

similar graphs for a prototype which also formed a side-by-side configuration but its 

element spacing was 0.7 wavelengths. 

    The main lobe in Figure 52 is very similar for each pattern but side lobes are a bit 

different. The yellow graph is not behaving correctly since it is different at both sides 

of the main lobe and it is likely caused by the weight of cables or the proximity of the 

MCS, which could not be covered behind absorbers. The proposed method follows the 

red graph well and the green graph is a bit off as it did not consider the mutual coupling. 

The red graph is more reliable measurement result than the yellow graph but even it 

differs from the CST MWS simulation. The proposed method is fairly accurate way to 

consider the mutual coupling in this case.  

    In Figure 53 the element distance is longer and it decreases the impact of the mutual 

coupling. A main lobe is similar for other patterns except the CST MWS simulation, 

which is a bit higher. Calculations are pretty close to it and measurements are within 
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the StarLab’s tolerance. Side lobes are not as far from the simulated one in this case. 

A yellow graph is a bit off again. The proposed method followed the red graph very 

well but in this case the green graph was pretty accurate as well. The proposed method 

provides only slightly better accuracy.  

 

 

 

Figure 52. Comparison between ten-element arrays’ results in the side-by-side 

configuration and 0.5λ spacings. 
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Figure 53. Comparison between ten-element linear arrays’ results in the side-by-side 

configuration and 0.7λ spacings. 

6.3.2. Results in the Parallel-in-Echelon Configuration 

Just like in the previous sub-section, radiation pattern graphs were formed for two ten-

element arrays but the configuration was changed to parallel-in-echelon. The first one 

had 0.5 wavelength distance between elements and the second one had 0.7 wavelength 

spacings. 

    Colors are not changed in graphs, so the blue graph belongs to CST MWS 

simulation and the red graph is the StarLab measurement, in which each port was 

individually measured and then combined in MATLAB. The yellow graph is also a 

StarLab measurement but all ports were measured simultaneously, the purple graph 

utilizes the proposed method and the green graph is theoretical radiation pattern 

without the mutual coupling consideration. 

    In Figure 54 radiation patterns are compared when the element spacing is 0.5 

wavelength. As previously, the yellow graph has a phase error and its outermost 

sidelobes are not correct. The proposed method is accurately following the simulated 

pattern and the red graph. The green graph is slightly off from others at outermost side 

lobes. 

    In Figure 55 the spacing is 0.7 wavelength, so elements do not couple with each 

other that much. Once again, main lobes are a decibel lower in measurements when 

compared to other patterns and MIMO Channel System and its cables caused phase 

errors in the yellow graph. The proposed method has a good accuracy when it is 

compared to red and blue graphs.   
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Figure 54. Comparison between ten-element arrays’ results in the parallel-in-echelon 

configuration and 0.5λ spacings. 

 

 

Figure 55. Comparison between ten-element arrays’ results in the parallel-in-echelon 

configuration and 0.7λ spacings. 
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6.3.3. Results in the Collinear Configuration 

Last two prototypes had ten antenna elements, which formed a collinear configuration. 

Like previously, the first antenna had a spacing of 0.5 wavelengths while it was 0.7 

wavelengths for the second antenna. These distances between elements were measured 

from the middle of the antenna to the middle of the adjacent antenna. 

The first antenna had shorter element distance. In Figure 56 its patterns are 

compared and, for the previously mentioned reason, 𝐴𝑒𝑑𝑔𝑒 was changed to 2.05 in the 

proposed method. In case 𝐴𝑒𝑑𝑔𝑒 was 2.25, outermost side lobes would be almost as 

high as the green pattern. Side lobes in the yellow graph were again a bit different at 

both sides of the main lobe. The simulation and measurements are not following each 

other as accurately as they were supposed to. The purple graph is slightly better than 

the green graph but neither of them are worth praises. 

In Figure 57 radiation patterns are compared when the spacing between elements is 

0.7∙λ. Parameter  𝐴𝑒𝑑𝑔𝑒 was changed to 2.15 since elements are farther away from each 

other and they do not couple with each other as much as previously. The proposed 

method follows the CST MWS simulation very well but on the other hand, 

measurements are not following it as well as desired. In this case the green graph is far 

higher than other plots at the outermost side lobes.  

 

 

 

Figure 56. Comparison between ten-element arrays’ results in the collinear 

configuration and 0.5λ spacings. 
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Figure 57. Comparison between ten-element arrays’ results in the collinear 

configuration and 0.7λ spacings. 
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7. DISCUSSION 

 

The goal of this thesis was to provide a method for the mutual coupling modeling in 

linear halfwave dipole array’s radiation patterns and understand the concept of the 

mutual coupling. The impact of the mutual coupling in radiation patterns utilized 

several simplifications to speed up calculations and still obtain accurate results. A 

linear array had an equal spacing between each element and these elements had similar 

geometries and characteristics. Antenna elements in an array were divided to edge 

elements, near-edge elements and middle element in respect of their location. Each of 

them had their individual directivities but when middle elements were duplicated, they 

used the same directivity pattern. Additionally, coupling is assumed to be very small 

when an element is far from the observed element and therefore, that impact in 

radiation patterns is not considered. 

    Previously described simplifications were implemented in a proposed method, 

which forms equations for various mutual coupling parameters and includes them into 

radiation pattern equations. These radiation patterns were also compared with 

theoretical patterns, which did not consider the mutual coupling. 

Several prototypes were modelled, simulated, built and then measured. Radiation 

patterns of the measured prototypes were compared to simulated patterns and patterns 

utilizing the proposed method. The proposed method provided accurate results to some 

extent but on the other hand, it considers only linear half-wave dipole arrays with finite 

ground planes. Three different configurations were tested to see how rotating an 

element affects the coupling. It was noticed that, the distance between elements 

impacts these configurations differently. With shorter element spacings, side-by-side 

and parallel-in-echelon configurations have less coupling than collinear configuration 

but its vice versa with a longer element spacing. 

Longer element spacings decreases the mutual coupling between elements so they 

also decrease the benefit of using the proposed method over simpler radiation pattern 

calculations.  

When an element locates in a planar array, it can be assumed to impact with more 

elements when compared to linear array. A suitable array for the three-dimensional 

beamforming is a planar array and its elements are facing each other similarly to 

elements in linear arrays discussed in this thesis. In a linear array, elements are 

considered to form a single configuration, such as the side-by-side configuration. On 

the other hand, an element in the planar array can be affected by multiple elements that 

are considered to form different configurations. Hence, as an example, an element can 

be simultaneously a part of the collinear and parallel-in-echelon configurations. 

Therefore, designing a beamforming array must consider the array layout and how 

elements couple with each other when they are considered to form different 

configurations inside the array. In case the proposed method would be modified to 

function in planar array’s as well, it would be very useful in system simulations or 

beam forming demonstrations. 

There are other ways for the mutual coupling consideration and they are often 

related to algorithms or impedance matrices. They might be more accurate but the 

proposed method developed for this thesis is fast to use and does not require 

complicated mathematics. The proposed method also provides a way to observe the 

concept of the mutual coupling in a simple way and its impact in radiation patterns is 

demonstrated when the array configuration is changed. Unfortunately, the impact of 
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the ground plane could not be observed as well as wanted. Its size had a great influence 

in radiation patterns and especially in side lobes. 
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8. CONCLUSIONS 

  

This thesis provides a way to observe the impact of the mutual coupling in linear dipole 

arrays’ radiation patterns. Theory proportion explains basic terminology of the antenna 

theory and it more thoroughly converses on dipole antennas and their characteristics. 

     The main focus of this thesis is in the mutual coupling investigation which is 

examined from different aspects. At first, the mutual coupling phenomenon is 

theoretically observed and it leads to consider its impact on radiation patterns. The 

impact of the mutual coupling in radiation patterns can be mathematically modelled 

and a one way to do it is presented in the proposed method. This thesis also visually 

presents multiple demonstrative radiation pattern plots from different scenarios when 

the mutual coupling impacts the array. The impact differs in respect of the element 

spacing and the observed configuration. Configurations are divided by the rotation of 

each element in respect of the ground plane. 

    The proposed method offers a new way to speed up simulations for large arrays and 

still provide accurate results. It utilizes data from numerous simulations for empirically 

approximating mutual coupling parameters, which are used in radiation pattern 

equations that consider the coupling to each antenna element individually. On the other 

hand, the proposed method has some restrictions and disadvantages. The size of the 

ground plane is not considered although a finite ground plane forms nulls and peaks in 

antenna’s radiation patterns. Also, the proposed method is verified to observe antenna 

arrays only at the vertical cut, which has a certain azimuth angle whilst an elevation 

angle rotates. Array’s element spacing should be equal for all elements and it should 

not be shorter than 0.5 wavelengths. Additionally, the only verified element type is a 

half-wave dipole. Steering the beam was not tested and therefore the proposed method 

is verified only at constant phases and equal power dividing at each antenna port. 

  Forming the proposed method began by simulating large linear arrays in CST 

Microwave Studio and using their data as references. These same simulations also 

provided coupling data, which was exploited in mathematical models. 

    Different ways to simulate arrays and combine their elements in CST Microwave 

Studio were also observed to check differences. Accuracy was good when a linear 

array was divided to edge elements, near-edge elements and middle elements. It was 

noticed, that simulating a five-element array provides enough data to accurately form 

larger arrays by using the middle element’s radiation pattern for the rest of the 

elements. This was used as a time-saving simplification in the proposed method.   

    Reference patterns were used as a target and mathematical models aimed to 

resemble them. When the accuracy of the proposed method was acceptable, parameters 

used for the proposed method were tabled in respect of the element spacing. After each 

parameter was tested in various scenarios, an equation was formed for each of them. 

Forming a script in MATLAB is highly recommended since it speeds up calculations 

remarkably.  

    Several prototypes were built for practical examinations and their S-parameters 

were measured using the network analyzer. Far-field radiation pattern measurements 

were performed using StarLab. 

    Measured, simulated and calculated patterns were compared in a two-dimensional 

cut. When compared to theoretical patterns, which do not consider the mutual 

coupling, the proposed method increases the accuracy when elements locate near each 

other and the coupling is more intense. When element spacing is as much as a 
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wavelength, the coupling does not impact as much and the usefulness of the proposed 

method decreases. On the other hand, the impact of the ground plane was not 

implemented accurately and it worsens the accuracy of the proposed method.  
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