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ABSTRACT

24-28 GHZ MULTIMODE ANTENNA DESIGN

ÇEVİK, AYŞE KÜBRA

M.S., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Lale Alatan

SEPTEMBER 2023, 101 pages

In this thesis, characteristic mode theory and symmetry analysis are used to design

an antenna array element operating in the 24-28 GHz frequency band with a VSWR

less than 1:2. Although the targeted frequency range is between 24-28 GHz, a wider

bandwidth is obtained between 24-31 GHz. It is the frequency band intended to be

used for 5G small cell base stations. Four characteristic modes each with a distinct

radiation pattern, are excited on the designed patch antenna. Furthermore, a novel and

low-profile planar exciter technique is proposed to excite the characteristic modes.

The proposed exciter is a printed balun structure. In order to excite four modes,

these baluns are placed in the middle of each of the four edges of the patch antenna.

Furthermore, rectangular and circular slits are etched on the square patch to achieve

a wider bandwidth. As a proof of concept, a scaled version of the designed Ka-

band antenna is produced and measured. The scaled version of the antenna works

in the 2.3-3.2 GHz frequency band. Since its dimensions are larger than the Ka-

band antenna, it can be produced quickly with the LPKF device. Additionally, a feed

network consisting of rat-race couplers is also designed and manufactured to provide

the necessary phase distributions to excite the characteristic modes of the antenna.

Far-field pattern measurements of the C-band patch is taken at 2.7 GHz, and it is seen
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that distinct patterns are obtained for each mode. The designed antenna has a simple

and low-profile design; thus, it can be utilized as a part of a massive MIMO base

station for 5G mmWave applications.

Keywords: Characteristic Modes, 5G mmWave, MIMO Antenna Element, Wide-

Band, Square Patch Antenna, Printed Balun
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ÖZ

24-28 GHZ ÇOK MODLU ANTEN TASARIMI

ÇEV�IK, AYŞE KÜBRA

Yüksek Lisans, Elektrik ve Elektronik Mühendisli�gi Bölümü

Tez Yöneticisi: Doç. Dr. Lale Alatan

Eylül 2023 , 101 sayfa

Bu tezde, 24-28 GHz frekans band�nda çal�şan ve VSWR de�geri 1:2'den düşük olan

bir anten dizisi eleman� tasarlamak için karakteristik mod teorisi ve simetri analizi

kullan�lm�şt�r. Hede�enen frekans aral��g� 24-28 GHz aras�nda olmakla birlikte 24-31

GHz aras�nda daha geniş bir bant genişli�gi elde edilmiştir. Bu frekans aral��g�, 5G kü-

çük hücre baz istasyonlar� için kullan�lmas� amaçlanan frekans band�d�r. Tasarlanan

yama antende, dört farkl� �ş�ma paternine sahip dört karakteristik mod uyar�lm�şt�r.

Ayr�ca, karakteristik modlar� uyarmak için yeni ve düşük pro�lli bir düzlemsel bir

uyar�c� tekni�gi önerilmiştir. Önerilen uyar�c� yap�s� bask� devre kart� üzerinde bas�l�

bir balun yap�s�d�r. Dört modu uyarabilmek için, bu balunlardan 4 tanesi, her biri

yama antenin bir kenar�n�n ortas�na denk gelecek şekilde yerleştirilmiştir. Daha geniş

bir çal�şma band� elde edebilmek için kare yama üzerine dikdörtgen ve dairesel desen-

ler aç�lm�şt�r. Konsepti do�grulamak ad�na, tasarlanan Ka-bant antenin orant�l� olarak

büyütülmüş bir versiyonu ürettirilmiş ve ölçülmüştür. Üretilen bu anten 2.3-3.2 GHz

frekans band�nda çal�şmaktad�r. Boyutlar� Ka-bant antene göre daha büyük oldu�gu

için LPKF cihaz� ile h�zl� bir şekilde üretilebilmiştir. Ek olarak, antenin karakteristik

modlar�n� uyarmak için gerekli faz da�g�l�mlar�n� sa�glamak üzere rat-race kuplörlerin-
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den oluşan bir besleme a�g� da tasarlanm�ş ve ürettirilmiştir. C-bantda çal�şan yama

antenin uzak alan patern ölçümleri 2.7 GHz'de al�nm�ş ve 4 modun her biri için farkl�

paternlerin elde edildi�gi görülmüştür. Tasarlanan anten, basit ve düşük pro�lli bir ta-

sar�ma sahiptir; bu nedenle, 5G milimetre dalga uygulamalar� için büyük ölçekli bir

çoklu giriş çoklu ç�k�ş baz istasyonunun parças� olarak kullan�lmaya elverişlidir.

Anahtar Kelimeler: Karakteristik Modlar, 5G mm Dalga, MIMO Anten Eleman�, Ge-

niş Bantl�, Kare Yama Anten, Bask� Balun
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CHAPTER 1

INTRODUCTION

Fifth-generation (5G) cellular wireless technology is now succeeding 4G LTE net-

works. 5G promises high speed communication and reliability, ultra-low latency and

a large network capacity. Sub-6 GHz and mmWave bands are two frequency bands

utilized in the 5G technology. 24 GHz to 40 GHz frequency band is spanned with the

mmWave band and Sub-6 GHz covers the middle and the low frequency parts of the

spectrum. Sub-6 GHz band can go longer distances but with the cost of lower data

rates. On the other hand, mmWave band is bound to travel shorter distances due to

high losses but with a much higher data rate.

For a communication system, achievable data rate is a function of the frequency band-

width and the bandwidth ef�ciency of the system. The mmWave band's ability to

reach higher data rates is largely due to the greater available bandwidth at high fre-

quencies.

High frequency signals are more susceptible to the adverse effects of the environ-

ment. In wireless communications, fading describes the variation in the amplitude of

a signal depending on different factors. For a mobile cellular transmission between

the mobile phone and the base station, transmitted signal is usually re�ected from the

hills, surrounding buildings and many other obstacles. Thus, at receiver, superposi-

tion of signals coming from different paths may be received. Moreover, depending

on the signal path, received signal may experience attenuation, delay and phase-shift.

Frequency offsets are also possible in case of a mobile phone located in an automo-

bile, train, etc.

Fading is a random process and it is one of the major challenges in communication
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systems. Bit error rate (BER) is a measure of the rate at which transmission errors

occurs in the digital data. Also, signal to noise ratio (SNR) is a common term to asses

the quality of an communication channel. For higher values of SNR, BER is lower. In

other words, since the signal level to noise ratio is higher, the bit error rate is expected

to be lower. In the presence of a fading channel, BER is much higher for the SNR

compared to a non-fading channel [1].

When BER is plotted with respect to SNR, resultant graph usually has an increasing

negative slope, especially at high SNR values. The negative slope at which the BER

is decreasing with increasing SNR is called as the diversity gain or diversity order.

As the diversity order increases, BER decreases more sharply with increasing SNR.

In a single input, single output system in which there is a single antenna at the receiver

and transmitter sides, diversity order is 1. However, for a multiple input multiple

output (MIMO) system with the number of uncorrelated antennas at the receiver side

N and transmitter sideM , diversity gain becomesN � M . Thus, smaller BER is

achieved for the same SNR value.N � M is also equal to the number of independent

paths that a signal can take between the transmitter and the receiver.

Correlation of antenna elements and independence of signal paths are important pa-

rameters when it comes to diversity gain. For highly correlated antenna elements in a

MIMO system, the diversity order approaches to a single input single output system.

In order to keep the correlation of the antenna elements at levels that will not disrupt

diversity, there should be an adequate distance between each element. For a MIMO

system with a large number of antennas, this would require a large antenna area.

Overall, in a wireless communication system, increasing diversity enables transmit-

ting more bits with a lower error probability for the same signal power. Thus, it

increases the capacity of the communication channel. Diversity achieved in MIMO

systems are called "spatial diversity". There are other diversity types that can increase

the capacity of the channel, such as radiation and polarization diversities.

By using multimode antennas, it is possible to obtain different radiation patterns and

polarizations on a single antenna. For adequately uncorrelated modes, this would re-

sult in diversity in MIMO systems. In [2], 4 different modes of a biconical antenna
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are analytically analyzed to investigate the correlation between different modes. It

is found that the correlation between the modes are low enough to obtain a diversity

gain. Furthermore, channel capacities are calculated for the cases where both the mo-

bile station and the base station have a four-port MIMO antenna array and a biconical

multimode antenna with the same port number is located on the mobile station. When

two results are compared, it is found that the multimode antenna has a slightly lower

channel capacity. It is stated that, in case of limited space, the correlation between

the array elements can have large values due to the reduced inter-element spacing.

In such a case, using multimode antennas may be advantageous in terms of channel

capacity.

It is also possible to combine spatial and pattern diversity to achieve a further en-

hanced channel capacity. A compact multimode patch antenna is presented in [3] for

applications in medium-sized MIMO terminals. Short-Circuited Ring Patch antennas

are utilized together with circular patch antennas to obtain 3 modes with different

radiation patterns at the same frequency. Even though it is a microstrip antenna struc-

ture, it is not planar and relatively dif�cult to manufacture. Additionally, an example

of combining multimode antennas as an array is presented by means of simulation.

Spectral ef�ciencies are compared for different combinations of number of modes

and antennas. Figure 1.1 shows the spectral ef�ciency versus SNR graph.

Figure 1.1: Spectral ef�ciency vs. SNR graph for different MIMO structures [3]
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In this graph, �ve different MIMO link scenarios are presented. For all of them, the

transmitting antenna is a traditional antenna array with 6 antennas (M = 6) and the

inter-element spacing is0:5� . However, the receiving antenna number (N ) varies

together with the number of modes (D). Receiver antenna elements are located0:8�

apart to enable the use of the designed multimode antennas in this work. As it can

be seen from the graph, usage of 3 antennas with 2 modes is more spectrally ef�cient

compared to the case with 5 single mode antennas. Similarly, 2 antennas with 3

modes outperforms the case where 4 single mode antennas are being used.

Overall, using multimode antennas in MIMO systems can increase the diversity by

means of different radiation patterns and polarizations. When the available space is

limited, which is indeed the case for most applications, reducing the inter-element

spacing may increase the coupling between the antenna elements. Consequently, this

would reduce the channel capacity. Higher data rates can be achieved by using mul-

timode antennas with suf�ciently uncorrelated modes in such a case. From another

perspective, required number of antennas can also be reduced to obtain the same data

rate. This would reduce the size, cost and cooling challenges of the system. Fur-

thermore, multiple modes may offer different radiation patterns that are suitable for

different applications. For example, from a single MIMO system, a broadside beam

together with an omni-azimuthal pattern can be obtained simultaneously.

In multimode antenna design, characteristic mode concept has become a popular re-

search topic in the recent years. The theory of characteristic modes (TCM) is �rst

proposed by Garbacz in 1968 [4]. Later, in the 70s, this topic is further discussed by

Harrington and Mautz [5]. They derived an eigenvalue problem for conducting bodies

and transformed the corresponding electric �eld integral equations into matrix form

by utilizing Method of Moments (MoM). This eigenvalue problem solely depends on

the conductor geometry. Excitation scheme is not included in the formulation. The

eigencurrents are the eigenvectors of the problem that are orthogonal to each other.

They form a complete basis that could describe any current distribution excited on

a conductor. Information about which eigenvalue could be excited effectively is de-

rived from the eigenvalues. Each eigencurrent has a corresponding radiation pattern.

Furthermore, these radiation patterns form an orthogonal set. Therefore, TCM can

be utilized to analyze the possible characteristic modes of a given antenna geometry.
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However, due to its high computational complexity, TCM was not used effectively

in antenna design until recent years. With the development of high-speed computers,

the concept of multi-mode antenna has become popular.

Systematic design of antennas using TCM has shown with examples by Cabedo in

2007 [6]. In her work, Cabedo models each characteristic mode as a resonator circuit.

By using characteristic angle and modal signi�cance values, she explains the concept

of capacitive and inductive modes. Her work focuses more on the practical aspects

of the characteristic modes and introduces methods to excite characteristic modes on

different antenna types such as wire, rectangular and triangular.

In [7], a penta-mode circularly polarized antenna is designed by using characteristic

mode analysis. This is a stacked patch antenna structure with a U-slot. Coupling

between the patches and the dimensions of the U-slot is optimized to design the �ve

characteristic modes. A 2 by 2 array is further designed by using the multimode

antenna elements. However, different modes on the patch are excited at different

frequencies. In other words, not all the modes are signi�cant at the same frequency

interval.

In [8], it is reported that at most six uncorrelated modes can be excited on a square

conducting plate. Furthermore, analytically, by conducting a symmetry analysis, it

is possible to determine the location of the ports to excite a speci�c mode [9]. It is

also stated that the symmetry of the structure is an important feature to ensure proper

excitation of uncorrelated modes.

While analytically six modes are possible to be excited, this calculation does not take

into account the practical aspects of the design. As it will be shown in Chapter 2,

total surface current density of a conducting plate can be written as the superposition

of characteristic currents. Consequently, all modes are excited to a certain degree.

However, when a radiator is designed to operate at certain number of modes, it is

desirable to selectively excite the chosen modes to reduce the correlation between

different modes. In other words, exciting the targeted mode effectively while other

modes have an excitation ef�ciency as low as possible is the design target. Thus, the

design of a suitable exciter is an important part of the multimode antenna design.
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Each characteristic current has a sinusoidal distribution with a direction along the

edges of a given geometry. Figure 1.2 shows the characteristic current distribution on

a rectangular plate for �rst three modes atf = 2:5 GHz.

Figure 1.2: Characteristic current distributions for �rst three modes (f = 2:5 GHz)

[10]

As it can be seen from the �gure, each current distribution has current maxima and

minima at certain positions. This is also true for the voltage distribution but with a

90� phase difference relative to the current. In other words, voltage distribution would

have a maxima when current have a minima and vice versa. By using this property of

the characteristic currents, in another work of Martens, Sa�n and Manteuffel, induc-

tive and capacitive coupling elements that can selectively excite characteristic modes

are introduced [10]. It is stated that this concept can be used to implement multimode

MIMO antenna systems since capacitive and inductive couplers can be designed in a

low-pro�le fashion to be suitable for PCB applications.

When capacitive and inductive coupling elements are compared, it is reported that,

inductive coupling elements are advantageous over capacitive couplers in terms of

their excitation purity. In other words, inductive couplers could excite a speci�c mode

more selectively than the capacitive couplers. Furthermore, inductive couplers should

be placed at current maximums and capacitive couplers should be placed at current

minima (voltage maxima) to induce the current distribution of a speci�c characteristic

mode. This increases the required number of coupling elements when the capacitive
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couplers are used. Figure 1.3 shows the optimal port locations for the inductive and

capacitive exciters. In this work, inductive exciters are preferred to selectively excite

the characteristic modes due to the previously listed reasons.

Figure 1.3: Characteristic current distributions for �rst three modes (f = 2:5 GHz)

(a), optimal positions for inductive exciters (b), optimal positions for capacitive ex-

citers (b) [10]

As stated in [10], a non resonant wire loop can be used as an inductive exciter. Figure

1.4 shows the proposed inductive exciter scheme. It is important to note that the wire

loop should be electrically small so that the current excited by the source is identical

at the both arms of the loop. The source located between the arms of the loop is an
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ideal delta gap source which creates a potential difference.

Figure 1.4: An electrically small wire loop (left), integrated at the edge of a PCB as

an inductive exciter (right) [10]

In [9], a feeding scheme is proposed to practically realize the given ideal delta gap

source. They designed a 6-mode antenna array operating at 6-8.5 GHz band. Figure

1.5 shows the fabricated six-mode patch antenna.

Figure 1.5: Photograph of the designed 6-mode antenna [9]

In this design, the antenna elements are fed by coaxial cables which replaces the

ideal-delta gap sources. Slots on the antenna surface are connected to the inner and

the outer conductors of the coaxial cable in such a way that it forms a balun structure.

An electric �eld is induced between two sides of the slots, similar to a delta gap

source. According to the excited mode, different slots located at the current maxima
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of the mode are excited. Simultaneous excitation of the slots with correct phases for

each mode is controlled by a feed network located below the ground plane. In this

design, the coaxial cables are orthogonal to the conducting plate and manufacturing

of this antenna is dif�cult due to its non-planar structure.

In [11], a fully planar STAR antenna with the use of characteristic modes and a simple

feed structure is presented. Two characteristic modes are utilized in the design to

achieve high isolation when transmitting and receiving. Proposed feeding scheme

realizes a balanced delta-gap voltage source in microstrip form. Figure 1.6 shows the

top layer and the bottom layer of the design.

Figure 1.6: Top layer (a), bottom layer (b) [11]

As it can be seen from the �gure, antenna is located on the bottom layer. A two

arm balanced feed is connected to the edges of the antenna, similar to the inductive

feed given in [10]. One arm of the feed is left open and the other arm is connected

to the top layer with a via. Antenna is fed from that via. Open stubs and L shaped

stubs located on the top layer provide impedance matching. This is an all-planar, low

pro�le design. However, in the design process of this work, it is observed that to

excite higher order modes, electrically large patch sizes are required. Unfortunately,

this exciter structure could not maintain the symmetry of the current when higher

order modes are excited on a larger plate.

It is decided that, in order to maintain the current symmetry and thus achieve modal

excitation purity, a balun structure is needed. Furthermore, in order to be low-pro�le,
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the balun structure should be low-pro�le and easily integrable with the printed patch

antenna. In [12] such a printed balun exciter is proposed.

Figure 1.7: Printed dipole antenna fed with printed balun [12]

Figure 1.7 shows the proposed structure. As it can be seen from the �gure, printed

balun is feeding a printed dipole antenna. Ground plane is on the same layer with the

antenna. Before connecting to the dipole arms, it is divided into two parts, each�= 4

in length. A microstrip50 
 line which is on the opposite layer of the antenna, is

shorted to the right dipole arm with a shorting via. Originally, this balun is proposed

to be used to feed a printed dipole antenna. However, in this work, with a slight

modi�cation, it is integrated with a printed patch antenna. It is used as a delta-gap

source to create the required potential difference on an inductive exciter.

In this work, a Ka-band multimode antenna is designed. This antenna operates at 4

different modes in 24-31 GHz frequency band with VSWR below 2:1. All 4 modes

are signi�cant over the given frequency band. Furthermore, the proposed design is

low-pro�le and planar. Simplicity of the given antenna structure enables the antenna

element to be used as a part of a massive MIMO base station for 5G mmWave ap-

plications. As a proof of concept, a scaled version of the same antenna structure is

designed in the C-band. Due to the larger size of the C-band antenna, LPKF milling

machine could be used to prototype it. Hence, manufacturing process is relatively
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faster compared to the Ka-band version. Also, in the Ka-band, devices that are com-

patible with higher frequencies are required during the measurement process. In order

to provide the required signals with the correct phase combinations, a feed network

is also designed and prototyped.

The content of the thesis can be listed as follows: In Chapter 2, a rigorous derivation

for the characteristic modes for conductive bodies is presented. In addition, parame-

ters to evaluate the signi�cance of a characteristic mode are introduced.

In Chapter 3, symmetry analysis of a square plate is given. Port locations prior to the

design are found analytically in this chapter.

In Chapter 4, design process of a 4-mode patch antenna is described. First, design

of the C-band antenna is given, together with the design of the planar balun feed to

excite the characteristic modes. In the second section, design procedure of the Ka-

band multimode antenna is presented. Simulation results for both antenna structures

are given in this chapter, together with the characteristic mode analysis results.

In Chapter 5, feed network is explained in detail. The theoretical background, simula-

tion results and the measurement results of the feed network are given in this chapter.

Chapter 6, presents the pattern measurements of the manufactured C-band antenna.

Finally, in Chapter 7, the conclusion and future works are presented.
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CHAPTER 2

CHARACTERISTIC MODE THEORY REVIEW

2.1 The Theory of Characteristic Modes

In this section, a rigorous derivation for the characteristic modes for conductive bodies

will be presented, as given in [5] and [13].

Figure 2.1: An arbitrary conducting body

Figure 2.1 shows a conducting body, de�ned by the surface S. An incident E-�eld

induces surface currentJ on the conducting body. Due to that induced surface current

density, a scattered �eld is formed. According to the boundary conditions, on the

surface of the conducting body, the sum of the tangential components of the incident
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and the scattered electric �elds is zero as given in equation (2.1). Subscript "tan"

stands for the tangential components on the surfaceS

[E i + Es]tan = 0 (2.1)

where the scattered electric �eld is de�ned as given in equation (2.2).

Es = � j! A (J) � r � (J) (2.2)

Vector and scalar potential functions can be written in terms of the current density.

A (J) = �
"

S
J(r 0)	( r ; r 0)ds0 (2.3)

�( J) =
� 1
jw�

"

S

~r 0 � J(r 0)	( r ; r 0)ds0 (2.4)

where	( r ; r 0) is the free space Green's function,

	( r ; r 0) =
exp (� jk jr � r 0j)

4� jr � r 0j
(2.5)

In order to solve characteristic mode problems numerically, the de�ned problem can

be converted into a matrix vector product by applying Method of Moments (MoM).

As the �rst step, it is possible to expressJ as a summation of a set of real basis

functionsf j as follows:

J =
X

j

I j f j (2.6)

I j 's corresponds to the constant coef�cients of the basis functions and they are to be

determined. As in the Galerkin's approach, to obtain symmetric matrices, the same

f i 's will be used as the testing functions. By taking inner product of the equation (2.1)

with each testing functionf i , the following equation can be obtained.
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[
X

j

I j < f i ; Es(J j ) > ]tan > = [ < f i ; E i > ]tan ; i = 1; 2; :: (2.7)

This equation can be written in a matrix form as follows.

[Z ][I ] = [ V ] (2.8)

where unknown coef�cientsI i 's in (2.6) form the column vector[I ] and[V] = [ <

f i ; E i > ]tan . The entries of the[Z ] matrix can be expressed according to the equation

given in (2.9).

Z ij = �
�

S
ds0

�

S
ds[j!� f i � f j +

1
j!�

(r 0 � f i )(r � f j )]	 z (2.9)

To obtain the real (Rij ) and imaginary (X ij ) parts ofZ ij , the free space Green's

function (	 z) can be decomposed into its real and imaginary parts.

[Z ][I ] = [ R][I ] + j [X ][I ] (2.10)

After decomposing the [Z] matrix into its real and imaginary parts, the following

eigenvalue equation can be written to analyze the problem when no excitation is pro-

vided and consequently[V ] vector is equal to zero.

[Z ][I ] = v[M ][I ] (2.11)

[R][I ] + j [X ][I ] = v[M ][I ] (2.12)

Here,[M ] matrix is a weight matrix to be chosen. According to [5], orthogonality of

radiation patterns of different characteristic modes is only obtained for the choice of

[M ] = [ R].

[R][I ] + j [X ][I ] = v[R][I ] (2.13)
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Furthermore, in order to cancel the[R][I ] term,v can be chosen as

v = 1 + j�: (2.14)

This results in the following equation:

[X ][I ] = � [R][I ]: (2.15)

Here,� n representsnth eigenvalue. Similarly,[I ]n is the eigenvectors corresponding

to nth eigenvalue.Jn 's computed by using these eigenvectors in equation (2.6) are

called as the eigencurrents or the characteristic currents. Note that due to reciprocity

theorem and Galerkin's procedure,Z matrix is symmetric. Hence eigenvalues and

eigenvectors are real numbers.

According to [13] the following orthogonality relations are valid in matrix form,

[I ]Tm [R][I ]n = � mn (2.16)

Similarly,

[I ]Tm [X ][I ]n = �� mn (2.17)

[I ]Tm [Z ][I ]n = (1 + j� n )� mn (2.18)

where "T" denotes transpose.

Since [I ]m 's are real quantities, given orthogonality relations are also valid when

transpose is replaced by Hermitian transpose (transpose conjugates).
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2.2 Characteristic Fields and Patterns

EigencurrentJn on the conducting bodyS generates the electric �eldEn and the

magnetic �eldH n . These �elds are called the “characteristic �elds” or the “eigen-

�elds” due to eigencurrentJn . Orthogonality relations for the characteristic �elds can

be obtained using complex Poynting theorem [14].

S =
�

S0
E � H � � ds+ j!

�

V 0
(� H � H � � � E � E � )dV (2.19)

In equation (2.19),S0 denotes any surface enclosing the conducting body surfaceS

andV 0 denotes the region enclosed by surfaceS0. Complex Poynting expression can

be written for a pair of eigencurrents,Jm andJn . SinceJm andJn are eigencurrents,

orthonormality relations in matrix form given in (2.16)-(2.18) apply, and (2.19) can

be written as follows.

S =
�

S0
E � E � � ds+ jw

�

V 0
(� H � H � � � E � E � )dV = (1 + j� n )� mn (2.20)

If the conducting body surface is �nite andS0 is chosen to be an in�nite radius sphere

as given in Figure 2.2, then the equation (2.20) expresses the orthogonality relation-

ships for the radiation patterns and �elds. On the in�nite radius sphere (S1 ), charac-

teristic electric and magnetic �elds are outward traveling waves,

En = � H n � n =
� j!�
4�r

e� jk r Fn (�; � ): (2.21)

In equation 2.21,� = ( �=� )1=2 is the intrinsic impedance of the free-space andn

vector is the radial unit vector onS1 .(�; � ) are the angular coordinate variables.Fn

is the characteristic pattern that is due to the corresponding eigencurrentJn .

Summation of the equation (2.20) with its complex conjugate yields the following

equations which provide the orthogonality of electric and magnetic �elds onS1 for

different characteristic modes.

17



Figure 2.2: Surfaces

1
�

�

S1

Em � E �
n ds = � mn (2.22)

�
�

S1

H m � H �
n ds = � mn (2.23)

Similarly, subtracting equation (2.20) from its conjugate results in the following or-

thogonality relation.

w
�

(� H m :H �
n � � Em :E �

n )dV = � n � mn : (2.24)

In equation (2.24), integration boundaries extend over all space. For the case when

m = n, under the condition of normalization of the characteristic currents,� n equals

to 2w times the total stored electric energy subtracted from the total stored magnetic

energy.
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2.3 Modal Solutions

For the currentJ on a conducting body as shown in Figure 2.1, a modal solution can

be obtained by utilizing the eigencurrents as both expansion and testing functions in

the method of moments. It is possible to expressJ as a weighted summation of the

characteristic mode currents.

J =
X

n

� n Jn (2.25)

By substituting equation (2.25) into the boundary condition equation (2.1), following

relation can be obtained.

[
X

n

� nEs(Jn ) � E i ]tan = 0 (2.26)

In the next step, inner product of (2.26) is taken with eachJm .

X

n

� n < Jm ; Es(Jn ) > � < Jm ; E i > = 0 (2.27)

Due to the orthogonality relation given in equation (2.18), equation (2.27) can be

written as follows:

� n (1 + j� n ) = < Jn ; E i > (2.28)

The right-hand side of this equation is called as the “modal excitation coef�cient”

which represents the coupling between the excitation and thenth mode. It is useful

in determining whether a particular mode is being excited ef�ciently by the incident

�eld [15].

V i
n = < Jn ; E i > =

�
Jn :E i ds (2.29)
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Furthermore, the modal solution for the currentJ can be obtained by substituting� n 's

from equation (2.28) into equation (2.25).

J =
X

n

V i
n Jn

1 + j� n
(2.30)

The position, phase, and magnitude of the applied excitation have an in�uence on the

contribution of each eigencurrent to the total current. The modal excitation coef�cient

describes the way this in�uence occurs [15].

A close examination of equation (2.30) yields that as the eigenvalue� n of a particular

mode increases in magnitude, the contribution of the corresponding characteristic

mode to the total current decreases. To describe the effectiveness of a particular mode

in a direct manner, a parameter called “modal signi�cance (MS)” is de�ned in terms

of the eigenvalue.

MS =

�
�
�
�

1
1 + j� n

�
�
�
� (2.31)

MS can take values between 0 to 1. A mode with its modal signi�cance close to

1 will be excited more ef�ciently and 0.707 value can be considered as a threshold

for ef�cient radiation [6]. For smaller values of MS, the corresponding mode still

propagates. However, the radiated power reduces considerably and the stored energy

increases substantially. This makes the body an inef�cient radiator for that mode.

Unlike the modal excitation coef�cient, the modal signi�cance only depends on the

shape and the size of the radiator. It does not dependent on the excitation. There-

fore, to ef�ciently excite a mode with a modal signi�cance greater than 0.707, the

excitation structure should also be carefully designed.

Another way to describe a particular mode is the characteristic angle, which can be

de�ned as:

CA = 180� � tan � 1(� n ); tan � 1(� n ) 2 [� 90; 90] (2.32)

The characteristic angle is related to the phase difference between the characteristic
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current and the resulting characteristic electric �eld,En [15]. When a mode is at reso-

nance, the corresponding eigenvalue will be 0. Similarly, at resonance, characteristic

angle will be180� . Furthermore, if CA is greater than180� the mode is capacitive

and for values less than180� the mode can be called inductive.
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CHAPTER 3

SYMMETRY ANALYSIS OF CHARACTERISTIC MODES FOR A SQUARE

PLATE

For a MIMO system, diversity is an important parameter that helps to increase data

rate. One way to achieve diversity is to utilize orthogonal polarizations and/or radi-

ation patterns. As it is stated in Chapter 2, characteristic far-�elds are orthogonal to

each other. However, this is not the case for the characteristic surface current densi-

ties. They are orthogonal with respect to the impedance operator, but not necessarily

orthogonal to each other [9].

The characteristic current correlation coef�cient� mn de�ned in [8] is a measure of

the correlation betweenmth andnth characteristic surface currents.

� mn =
< Jm (r ); Jn (r ) >
jjJm (r )jj jj Jn (r )jj

(3.1)

"jj :jj " is the norm resulting from the inner product of a particular mode's current with

itself. Correlation coef�cient gives information about the similarity of surface current

densities. A high correlation coef�cient indicates that the two current densities are

very similar to each other. The coef�cient obtained by correlating a mode with itself

is 1.

Another important de�nition is the envelope correlation coef�cient (ECC) [8]. When

suitable exciters are placed on an antenna to excite a particular mode, they could

also excite a second mode. Similarly, another exciter con�guration designed for this

second mode may also excite the �rst mode if these two exciter con�gurations are

correlated. Port correlation can be measured by using ECCs.
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ECCuv =
1

2Z0



S Eu � E �

v dS
p

Prad;u
p

Prad;v
(3.2)

Equation (3.2) shows the de�nition of the ECC. In this equation, integration is taken

over the surface S, which is a closed surface in the far-�eld of the antenna.Eu and

Ev are the total radiated electric far-�elds corresponding touth andvth exciter con-

�gurations. Wave impedance of the free-space is denoted byZ0. For theuth andvth

exciter con�gurations, radiated powers are denoted byPrad;u andPrad;v , respectively.

Lastly, "*" denotes the complex conjugate. It is important to note that, if two charac-

teristic surface currents are correlated, corresponding exciter con�gurations will also

be correlated [8].

Prior to characteristic mode analysis, by conducting a symmetry analysis, it is possi-

ble to obtain the maximum number of uncorrelated characteristic surface currents for

a given conducting plate geometry [8]. Furthermore, exciter locations to excite each

of these orthogonal surface current density sets can also be deduced at this stage by

analysing the symmetry of the chosen geometry based on the group theory. Projec-

tion operator method can be utilized to analytically �nd the optimal exciter positions

before conducting any electromagnetic simulations [9].

Chosen geometry for this work is a square plate. Hence, optimal port con�gurations

will be examined in this chapter by analysing the symmetry properties of a square

plate.

3.1 Mathematical Description

Point groups are symmetry groups that leave a point of the coordinate system identi-

cal after some symmetry operations like rotations, inversions and re�ections. Many

antenna types, such as patch antennas, can be described by point groups.

In Figure 3.1 there is an in�nitely thin square plate with numbered corners. The

symmetry group of that plate can be named asD4 according to the “Schoen�iess”

notation [8]. In this group, there are symmetry operations that do not cause any

change when applied to the square and it has 8 elements. Consequently, the order of
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the symmetry group,g is 8. These symmetry operations are listed in the"T" column

of Table 3.1.

Table 3.1: Group Elements, Rotation Matrices and Transformation Operators of the

Symmetry GroupD4 of a Square Plate [8]

T R(T) P(T)f (r )

E
�

1 0 0
0 1 0
0 0 1

� �
f x (x;y;z )
f y (x;y;z )
f z (x;y;z )

�

C4z

�
0 1 0

� 1 0 0
0 0 1

� �
f y (� y;x;z )

� f x (� y;x;z )
f z (y;� x;z )

�

C � 1
4z

�
0 � 1 0
1 0 0
0 0 1

� �
� f y (y;� x;z )
f x (y;� x;z )
f z (y;� x;z )

�

C2z

�
� 1 0 0
0 � 1 0
0 0 1

� �
� f x (� x; � y;z)
� f y (� x; � y;z)
f z (� x; � y;z)

�

C2x

�
1 0 0
0 � 1 0
0 0 � 1

� �
f x (x; � y;� z)

� f y (x; � y;� z)
� f z (x; � y;� z)

�

C2y

�
� 1 0 0
0 1 0
0 0 � 1

� �
� f x (� x;y; � z)
f y (� x;y; � z)

� f z (� x;y; � z)

�

C2a

�
0 1 0
1 0 0
0 0 � 1

� �
f y (x;y; � z)
f x (x;y; � z)

� f z (x;y; � z)

�

C2b

�
0 � 1 0

� 1 0 0
0 0 � 1

� �
� f y (� y;� x; � z)
� f x (� y;� x; � z)
� f z (� y;� x; � z)

�

Figure 3.1: Square plate

E is the unit element of the group which leaves the plate identical.C4z and C � 1
4z
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are rotations around the z-axis by90� and� 90� , respectively.C2z is 180� rotation

element around the z-axis. Similarly,C2x andC2y operations rotates the plate around

the x and y-axes by180� , respectively.C2a andC2b result in a180� degree rotation

around the diagonal axesa andb.

As an example, afterC2z rotation, plate given in Figure 3.1 transforms as given in

Figure 3.2.

Figure 3.2: Square plate afterC2z rotation

It is possible to represent these symmetry operations in matrix form. Orthogonal

transformation matricesR transforms the original coordinatesr = ( x; y; z)T into the

transformed coordinatesr
0
= ( x

0
; y

0
; z

0
)T.

r
0
= R(T)r (3.3)

Transformation matrices for each symmetry operation are given in the second column

of Table 3.1. After a symmetry operation, new coordinates of a given point can be

found by multiplying its coordinates with the corresponding transformation matrix.

Finally, the third column of Table 3.1 shows the transformation off , which is a vec-

tor function, tof 0 after each symmetry operation. It is important to know how a

vector-valued function will be affected by a symmetry operation since the character-

istic surface current densities are vector-valued functions.

f
0
= P(T)f (r ) (3.4)
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In equation (3.4),P(T) is called the transformation operator of element "T" and it

is operating on "f ". Transformation operators operate directly on functions and the

rotation of an arbitrary function due to symmetry operations can be described.

Irreducible representations of a symmetry group (for example D4) describes the be-

haviour of vector valued functions under the symmetry operations (likeC4z, C2x )

belonging to that symmetry group. Irreducible representations (IR) are formed such

that vector valued functions belonging to the same IR are affected from all symmetry

operations of all symmetry group in the same way.

For a square plate Table 3.2 shows the IRs wherepth IR matrix can be denoted as� (p) .

For the �rst 4 representations, representation matrices are one dimensional (dp = 1

for p = 1; 2; 3; 4) whereas for the �fth representation, representation matrices are 2

(dp = 2 for p = 1) dimensional.

Table 3.2: Representation Matrices of the Symmetry Group of the Square Plate [8]

D4 E C4z C � 1
4z C2z C2x C2y C2a C2b

� (1) 1 1 1 1 1 1 1 1

� (2) 1 1 1 1 -1 -1 -1 -1

� (3) 1 -1 -1 1 1 1 -1 -1

� (4) 1 -1 -1 1 -1 -1 1 1

� (5)
�

1 0
0 1

� �
0 � 1
1 0

� �
0 1

� 1 0

� �
� 1 0
0 � 1

� �
1 0
0 � 1

� �
� 1 0
0 1

� �
0 1
1 0

� �
0 � 1

� 1 0

�

As an example, according to Table 3.2, a vector valued function belonging to the �rst

representation stays the same under all symmetry operations since all representation

matrices are equal to 1. The left-hand side of Figure 3.3 shows the graphical represen-

tation of a vector function belonging to the second IR. According to Table 3.2, vector

functions belonging to the second representation stay the same for theC4z operation

since� (2) = 1 for C4z. However, for theC2x operation, vector directions will be re-

versed since� (2) = � 1. Right-hand side of Figure 3.3 shows the resultant functions

graphically, after the symmetry operations, which is in agreement with the table.

Since characteristic surface current densities are also vector valued functions, when

the transformation operators are applied, they will transform according to the IRs of
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Figure 3.3: Symmetry operations acting on a vector-valued function belonging to the

second irreducible representation

the symmetry groupD4.

For the �fth representation, rotation matrices are two dimensional, so that charac-

teristic surface current densities belonging to these group are 2-fold degenerate. In

other words, for a square plate, 2 uncorrelated degenerate characteristic modes can be

excited. When a conducting plate has an equilateral shape, it would have degenerate

modes. Degenerate characteristic modes have the same eigenvalues.

Each characteristic surface current density corresponds to exactly one IR and they are

the basis functions of the IR to which they belong.

Basis functions belonging to different IRs or belonging to different rows of the same

IRs are orthogonal [8].

< 	 (p)
m r ; 	 (q)

n r > = 0; if p 6= q and m6= n (3.5)
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In equation (3.5),< � > denotes the inner product.	 (p)
m (r ) is called as the basis

function of thepth irreducible representation belonging to themth row of IR matrix.

Overall, for a square plate, the characteristic surface current densities can be divided

into 6 groups (4 one dimensional and 1 two dimensional IR), and current densities

belonging to different representations are orthogonal and their correlation coef�cient

is zero, as shown in [8]. On the other hand, characteristic currents belonging to the

same representations will have a high correlation coef�cient that is different than zero.

This sets an upper limit for the number of modes that can be excited on a square plate.

In other words, only six uncorrelated modes can be excited on a square patch.

These uncorrelated sets of modes can be excited by suitable exciters. Projection op-

erator method proposed in group theory can be used to �nd the location and the phase

(direction) of the exciters for each mode [9]. For ag order �nite symmetry groupG

with a dp- dimensionalpth irreducible representation� (p) , projection operatorP (p)
mn

can be de�ned as follows:

P (p)
mn =

dp

g

X

� 2 G

� (p)
mn (T)P(T); m; n = 1; 2; :::; dp (3.6)

Projection operator is a weighted sum of the transformation operators, and the weight-

ing coef�cients are the elements of the representation matrices,� (p)
mn . For a 1 dimen-

sional matrix,m = n = 1.

Note that for a two dimensional representation matrix, there will be two basis function

sets. Projection operator concept will be used in the construction of uncorrelated

antenna exciter con�gurations (EC) for each mode.

3.2 Construction of Uncorrelated Antenna Exciter Con�gurations

In this part, optimal exciter con�gurations to obtain uncorrelated modes will be de-

rived using projection operators. Each exciter on the antenna will be represented by

an impressed electric �eld. For the sake of simplicity, these exciters will be mod-

elled as delta-gap voltage sources during the analytical treatment. After calculations,
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in Chapter 4, a feeding scheme will be proposed to realize the calculated antenna

exciters.

First, an initial exciter con�guration will be chosen. As suggested in [9], it is a good

choice to place a single initial delta-gap source on one of the axes of symmetry since it

is parallel to the current directions expected when the modes are excited. The center

of the upper edge of the square has been chosen as the initial location as shown in

Figure 3.4. Direction of the arrow is a representation of the phase of the exciter.

Figure 3.4: Initial exciter con�guration

The corresponding electric �eld strength due to the delta-gap voltage source can be

expressed as follows:

E i (x; y) = V � (x; y �
1
2

)âx (3.7)

Where� (r ) is the Dirac delta function and V is an arbitrary voltage source. Before the

computation of the projection operators, transformation operatorsP(T) are required.

Effect of the transformation operators on the initial exciter con�guration is given for

the eight symmetry operations as follows:

P(E)E i (x; y) = V � (x; y �
1
2

)âx (3.8)

P(C4z)E i (x; y) = V � (x �
1
2

; y)( � ây) (3.9)
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P(C � 1
4z )E i (x; y) = V � (x +

1
2

; y)ây (3.10)

P(C2z)E i (x; y) = V � (x; y +
1
2

)( � âx ) (3.11)

P(C2x )E i (x; y) = V � (x; y +
1
2

)âx (3.12)

P(C2y)E i (x; y) = V � (x; y �
1
2

)( � âx ) (3.13)

P(C2a)E i (x; y) = V � (x �
1
2

; y)ây (3.14)

P(C2b)E i (x; y) = V � (x +
1
2

; y)( � ây) (3.15)

In Figure 3.5, after the application of transformation operators, respective locations

and the directions of the exciter are given for each symmetry operation. All trans-

forms are shown in the same �gure. This is a graphical representation of the equations

(3.8) to (3.15).

Figure 3.5: Transformed exciters

Now, projection operators and thus port con�gurations can be calculated.
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P (p)
mn =

dp

g

X

� 2 G

� (p)
mn (T)P(T); m; n = 1; 2; :::; dp (3.16)

whereg = 8.

Exciter Con�guration for IR1 (EC1)

P (1)
11 =

1
8

X

T 2 G

� (1)
11 (T)P(T);

=
1
8

(P(E)E i (x; y) + P(C4z)E i (x; y) + P(C � 1
4z )E i (x; y) + P(C2z)E i (x; y)

+ P(C2x )E i (x; y) + P(C2y)E i (x; y) + P(C2a)E i (x; y) + P(C2b)E i (x; y))= 0
(3.17)

For the chosen initial exciter location, result of (3.17) is found to be 0. According

to Table 3.2, for the �rst irreducible representation, all� (1) values are 1. Summation

of the transformed excitations by multiplying them with 1 results in 0, as it can be

graphically seen from Figure 3.5.

This means that the chosen initial exciter is not suitable to excite the modes belonging

to this irreducible representation group. However, for an alternative choice of exciter

location there is a solution different than zero for this equation. In order to induce this

mode, initial exciter should be located in a shifted position as shown in Figure 3.6.

Figure 3.6: Port 1 - Initial exciter
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After the symmetry transformations, this would result in an exciter con�guration as

given in Figure 3.7.

Figure 3.7: Graphical representation of EC1

As it can be seen from the �gure, excitation of these modes requires a large number

of exciters. Thus, in order to reduce the feed network complexity, any characteristic

mode belonging to this group will not be excited.

Exciter Con�guration for IR2 (EC2)

For the second IR, representation matrices are -1 forC2x , C2y, C2a andC2b, and 1 for

the remaining. Graphically, this means that corresponding exciters as shown in Figure

3.5 are summed up after reversing the direction of the ones whose representation

matrices are -1.

Consequently, Figure 3.8 shows the graphical interpretation of the exciter con�gura-

tion to excite the second IR.

Exciter Con�guration for IR3 (EC3)

Similar to the case with IR1, excitation of modes belonging to IR3 are not possible

with exciters at the center of each edge. 8 exciters shown in Figure 3.6 can also be

used to excite modes of this representation group.

33



Figure 3.8: Graphical representation of EC2

Figure 3.9: Graphical representation of EC3

Figure 3.9 shows the resultant exciter con�guration for IR3. For the sake of simplicity

in excitation, modes belonging to IR3 will not be used in this work as well.

By applying the procedure followed for IR2, port con�gurations for IR4 (exciter con-

�guration 4), the �rst row of IR5 (exciter con�guration 5) and the second row of IR6

(exciter con�guration 6) are summarized in Table 3.3.
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Table 3.3: Antenna port phase distributions vs. modes

Exciter Con�gurations Graphical Representations

EC 4

EC 5

EC 6
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CHAPTER 4

4-MODE PATCH ANTENNA DESIGN

As discussed in the previous chapter, the symmetry group of a square plate has �ve

irreducible representations in total. Four of these representations are one dimensional

and two of them are two dimensional representations. Therefore, six mutually orthog-

onal sets of characteristic surface current densities can be excited separately [16]. As

discussed in the previous chapter, in this work, four of these modes will be excited

in order to reduce the number of antenna ports and thus the complexity of the feed

network.

For a chosen mode, the port con�guration to excite this mode can potentially also

excite all the modes belonging to the same irreducible representation group. However,

excitation ef�ciency of these modes depends on the modal signi�cance (MS) values.

At a given frequency, the number of modes that can be effectively excited and thus

have a high MS value largely depends on the antenna size. These modes are called

as the "signi�cant characteristic modes." For a square plate, edge length is the deter-

mining parameter for the number of signi�cant modes.

Aim of the design is to excite exactly one signi�cant mode for each of the four chosen

uncorrelated characteristic surface current set. So that only the uncorrelated surface

currents are excited.

For each representation, the �rst mode that becomes signi�cant over the frequency

is called the "fundamental mode" for that representation. By choosing a side length

for the antenna that makes the fundamental modes of each representation signi�cant,

it is possible to minimize the antenna size. To calculate the suitable antenna size,

characteristic mode analysis is conducted by using characteristic mode analysis tool
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of the CST simulation software for a square PEC plate.

After deciding on the side length of the square patch, next step is designing a port

structure. In order to maintain current symmetry and according to the calculations in

Chapter 3, four ports are placed in the middle of each side of the antenna as shown in

Figure 4.1.

Figure 4.1: Port locations for a square plate

Inductive and capacitive coupling elements can be used to selectively excite charac-

teristic modes. In [10], these two coupling element types are introduced. According

to [10], inductive couplers should be placed at current maxima and capacitive cou-

plers should be placed at current minima to induce current distribution of a speci�c

characteristic mode. In this work, due to its preferable excitation purity, inductive

coupling method is chosen.

Ideal delta-gap sources should be replaced by a practical means of an excitation

method in order to realize an inductive coupler. A 6-mode ultra-wideband antenna

for indoor massive MIMO base stations is proposed in [17]. In this work, delta-gap

sources are replaced with coaxial cables connected to the slots on the conducting

plate. However, coaxial cables are orthogonal to the surface of the conducting plate.

Antenna pro�le is relatively high due to the length of these cables. In order to achieve

a low-pro�le design, planar and printed structures are preferred. In [11], a planar ex-

citer is proposed. This structure excites the �rst two characteristic modes of a square

plate. In order to excite the higher order modes, electrically larger patch sizes are

required. Unfortunately, suggested exciter fails to maintain the current symmetry on

an electrically large plate when it excites higher order characteristic modes.

38



Balun structures can be used as delta-gap voltage sources to obtain symmetrical cur-

rent distributions. In [18], a printed balun structure is proposed to feed a printed

dipole antenna. This proposed printed balun is found to be suitable to excite the

chosen four modes.

Finally, in order to ensure wide operation band, rectangular and circular slits are

incorporated to each side of the square plate and their dimensions are optimized to

achieve wide band operation.

In the next section, the design procedure for two antennas operating in 2 different

frequency bands is explained according to the design steps, as described above. The

�rst antenna works in the 24-31 GHz band and the second antenna works between 2.4-

3.1 GHz. The �rst antenna is the mmWave antenna which is envisioned to be a part

of a MIMO antenna array on a 5G mmWave base station. Since the manufacturing

of this antenna requires high sensitivity and cost, a second antenna was designed,

manufactured and measured as a proof of concept. This second antenna operates in

the 2.3-3.2 GHz band, which is 1/10 of the aimed frequencies.

4.1 C Band (2.3-3.2 GHz) Multimode Patch Antenna Design

4.1.1 Characteristic Mode Analysis

The �rst step of the design is to decide on an initial dimension for the patch. Due to

symmetry considerations, antenna is going to be a square patch. So, deciding on only

one side length will be suf�cient.

CST Studio Suite is a 3D EM simulation and analysis software which is capable

of conducting characteristic mode analysis. It utilizes integral equation solver to

analyze a characteristic mode problem. Due to the nature of the solver, only loss-

less conductors can be analyzed. At 2.6 GHz, the free space wavelength is about

115 mm. Characteristic mode analysis results for the side lengths of0:5� (58mm),

0:75� (86:5mm) and1� (115mm) for a square patch antenna are obtained.

Figures 4.2 and 4.3 show the CST simulation results of the surface current and far �eld
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(a) Mode 1 - Surface current (b) Mode 2 - Surface current (c) Mode 3 - Surface current

(d) Mode 4 - Surface current (e) Mode 5 - Surface current (f) Mode 6 - Surface current

Figure 4.2: Surface current patterns according to excited characteristic modes

patterns for the �rst six modes of the square patch, respectively. Here, the results are

given for a square patch with a side length of0:5� . Since very similar results are

obtained for patches of other sizes (0:75� , 1� ) and the obtained current directions

are compatible with the analytical results given in Chapter 3, only these results are

included.

Figures 4.4, 4.5, and 4.6 show the modal signi�cance graphs for different side lengths

of the square PEC plate. As discussed in the Chapter 2, modal signi�cance (MS)

values can take values between 0 and 1. A mode, as its MS value gets closer to 1, can

be excited more ef�ciently. For MS values above 0.707, the excitation is considered

to be ef�cient.
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(a) Mode 1 - Far �eld pattern (b) Mode 2 - Far �eld pattern

(c) Mode 3 - Far �eld pattern (d) Mode 4 - Far �eld pattern

(e) Mode 5 - Far �eld pattern (f) Mode 6 - Far �eld pattern

Figure 4.3: Far �eld patterns according to excited characteristic modes

As it can be seen from the modal signi�cance graphs, MS value for more modes

exceed the 0.707 threshold as the side length of the patch increases. In other words,

as the side length increases the number of signi�cant modes increases. Colored traces

in the plots represent the MS values for the �rst 6 modes of the square PEC plate.

After increasing the side length of the PEC plate to1� at 2.6 GHz ( 115 mm), all six

modes become signi�cant between 2.3 GHz and 3.2 GHz. So, initially side length

of the antenna is chosen as 115 mm. As discussed before, these chosen six modes

are the �rst modes to be signi�cant over the given frequency range. So, they are the

fundamental modes of their corresponding representations.
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Figure 4.4: Modal signi�cance graph -0:5� (58mm)

Figure 4.5: Modal signi�cance graph -0:75� (86:5mm)
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Figure 4.6: Modal signi�cance graph -1� (115mm)

After deciding on the patch size, a substrate is chosen. Due to its �rm structure, FR-4

is chosen as the dielectric substrate material. Its dielectric constant is� r = 4:6 and

tangent loss value in the target frequency band is 0.021. The thickness of the substrate

(h) and the copper thickness are 1.5 mm and 35 microns, respectively.

4.1.2 Design of Antenna Feeds

After deciding on the antenna plate size and the substrate material properties, next

step is to propose an appropriate feeding scheme. As discussed previously, balun

structure is preferable in terms of their capability of preserving the current symmetry.

Furthermore, using a balun as the antenna feed enables a broad operating bandwidth.

Printed balun proposed in [18] is a low-pro�le design and it is suitable for printed

antennas. It is used for feeding a printed�= 2 dipole antenna at 2.4 GHz. In [19] an

equivalent circuit model is presented to explain the operation of the balun.

A coaxial balun consists of a�= 4 shorted line in addition to the coaxial line. An in�-

nite impedance is presented at the top of the balun and thus current �ow is eliminated

on the outer surface of the outer conductor of the coaxial line. This is achieved by
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shorting the outer conductor of the coaxial line with a�= 4 wire and forming a�= 4

two-conductor shorted stub as shown in Figure 4.7

Figure 4.7:�= 4 coaxial balun feeding a dipole

According to [19], this coaxial balun can be replaced with a printed balun integrated

to a printed dipole antenna. As shown in Figure 4.8, it is composed of a microstrip

line, an open stub that is one quarter of the length of the guided wavelength of the

microstrip line (� mg=4) and a (� sg=4) ( � sg is the guided wavelength of the slot line)

short-circuited slot line. Strip conductor of the microstrip line corresponds to the

inner conductor and the ground plane of the microstrip line is equivalent to the outer

conductor of the coaxial line. The slot line is equivalent to the two conductor structure

in Figure 4.7. Finally, the� mg open stub acts as a shorting circuit at the feeding point.

As stated in [12], since�= 4 open stub is equivalent to a short circuit, it can also be

implemented with a shorting via. This would reduce the loss of the balun.
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Figure 4.8: Printed balun feeding a dipole [19]

This printed balun structure can be fed by an SMA connector underneath the ground

plane. The ground of the SMA connector will be soldered to the ground of the balun

while the inner conductor of the SMA is connected to the microstrip line.

Figures 4.9 and 4.10 show the top and bottom layers of the printed balun with the

same dimensions given in [18]. This structure is designed to operate at 2.4 GHz. The

dielectric used is FR-4 with a thickness of 1.6 mm and is the same as the substrate

chosen for the multimode antenna. Figure 4.11 shows the 3D side view of the struc-

ture in which the dielectric substrate is hidden. This layout consists of a slot line and

a microstrip line. Microstrip line is shorted to the slot line with a via. In a�= 4 coaxial

balun, this corresponds to connecting the inner conductor of the coaxial line to the

one of the dipole arms.

The slot line is printed on the top layer and the microstrip line is printed on bottom

layer of the substrate. Dipole antenna is also printed on the top layer. Surface current

simulation results are given in Figure 4.12.

As it can be seen from the Figure 4.12, surface current has a symmetrical distribution

on the dipole arms. In other words, current density and directions are almost the same

for both arms of the dipole. However, in the given design in [18], microstrip line is

slightly shifted towards the right side of the balun. As a result of this asymmetry,

current density is concentrated on the right side of the balun as it can be seen in Figure
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Figure 4.9: Top view of the printed balun with dipole arms

Figure 4.10: Bottom view of the printed balun with dipole arms

4.12. As discussed before, in order to achieve a more symmetrical feed structure and

ensure low port con�guration correlation (low ECCs), a slight modi�cation is made

to the printed balun. Microstrip feed line is shifted towards the middle of the slit

as shown in Figure 4.13. It is found that this movement does not affect the current

distribution on the dipole antenna. Balun feed continues to operate as before, but with

a more symmetric surface current density.
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Figure 4.11: 3D side view of the printed balun with dipole arms

Figure 4.12: Surface current distribution - Top View

Figure 4.13: 3D side view of the printed balun with centered microstrip line
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Figure 4.14: Surface current distribution - microstrip line is moved to the center

4.1.3 Integration of the Balun with Antenna & Impedance Matching

After a starting point is determined for the size parameters, the balun dimensions are

adjusted by 3D simulations.

Figure 4.15: Patch antenna integrated with balun feeds at 4 ports

Figure 4.15 shows the CST layout of the design after the integration of the balun with

the patch antenna. For all of the four ports, a balun is placed in the middle of the

edge. With this con�guration, CST simulation is conducted for the �rst operation

mode. Ports 1 and 2 are excited with in phase and equal amplitude signals. Figures

4.16 and 4.17 show the surface current distribution and far-�eld pattern. As it can

be seen from the �gures, although the balun is used, the current distribution on the

patch is not symmetrical, it is accumulated on the upper portion of the patch edges.
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Far-�eld pattern expected for the �rst mode could not be obtained with this structure,

as it is not excited properly.

Figure 4.16: Patch antenna integrated with balun feeds - current distribution

Figure 4.17: Patch antenna integrated with balun feeds - far-�eld pattern

As discussed previously, inductive exciters can be used to induce characteristic sur-

face currents. In the inductive exciter topology given in [10], a current loop is con-

structed on a wire loop integrated to the edge of a PCB. Similarly, a current loop can

be constructed on the square patch by opening long rectangular slits starting from the

middle of the edges and extending to the center of the patch. Here, the printed balun

is equivalent to the delta-gap source to provide the necessary potential difference be-

tween the two sides of the slot. Figure 4.18 shows the layout of the antenna with the

rectangular slots and the baluns.

In [10], the given wire loop is placed horizontally at the edge as shown in Figure 1.4.

In other words, it is placed so that it spreads along the edge of the antenna. However,
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