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Abstract

Multiple-input multiple-output (MIMO) is an efficient technology that can meet the demands
of the modern communication system, such as higher data rate and less probability of error
i data transmission. However, there are issues associated with the deployment of multiple
antennas on both the transmitter and receiver sides. One such major challenge is increased
electromagnetic interaction between antenna elements in a compact MIMO system, leading to
increased mutual coupling (MC) and antenna correlation coefficient (ACC). The increase in
the MC and the ACC between closely packed antenna elements of a compact MIMO antenna
degrades the performance of a MIMO communication system. Therefore, this thesis begins
with an introduction emphasizing the relevance of MIMO communication systems, followed by
a discussion of the cause of the MC and its impact on MIMO communications' performance.
A detailed study of the existing MIMO antenna design methodologies is carried out. It includes
electromagnetic band-gap (EBG) structures, defected ground structures (DGS), neutralization
line (NL) technique, array decoupling surfaces (ADSs), and substrate-integrated waveguide-
based MIMO antennas. Compared to NLs for MC reduction, EBGs & isolators require much
more space between antennas to accommodate them. Two NL-based MIMO antenna designs
are presented in this thesis. The first is a dual-band two-port MIMO antenna, while the second
15 a six-port MIMO antenna. The mutual coupling between antenna ports in the two-port and
siz-port planar MIMO antenna is reduced by connecting adjacent antennas through NLs. ADSs
or superstrates employed in isolation enhancement are generally placed at a certain height above
the antenna array due to the associated operating principle. Consequently, an additional layer
gets added and increases the MIMO antenna profile. Furthermore, single negative (SNG) meta-
grid lines (MGLs) are proposed for mutual coupling reduction. The SNG MGLs can reduce
the MC in the two-port printed monopole MIMO antennas and the two-port MIMO DRAs
with minor structural modifications. This technique of the MC reduction between antennas
neither necessitates extra space between antenna elements, unlike the EBGs and the isolators,
nor the installation of additional layers such as the ADS, enabling compact design of two-port
MIMO antennas. It is noted that the proper placement of a double-side copper cladded substrate
between two half-split cylindrical dielectric resonator antennas (CDRAs) can reduce the MC
significantly and provide a space-efficient approach for the MC reduction in MIMO DRAs.
One such two-port half-split DRA with overall size miniaturization is presented in chapter 5.
The substrate-integrated wavegquide (SIW) cavity-based antennas possess a noteworthy feature
of size miniaturization by employing fraction mode SIWs (half-mode, quarter-mode, etc.). In
addition, SIW cavities are known for their low profile, ease of integration, and self-consistent
electrical shielding. Hence, SIW-based MIMO antennas do not require extra decoupling units
when designed carefully and can achieve MC below -15 dB with size compactness. One such
sector-shaped compact 7/8 partial SIW cavity antenna from the T Maog diagonal mode of the
SIW cavity is designed. This design technique offers 61% size miniaturization compared to the

SIW rectangular cavity in its complete mode configuration. The proposed radiator is used to
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design an 8-port SIW-based compact MIMO antenna in chapter 6.

Furthermore, the performance of the above-mentioned multi-port antennas for MIMO com-
munications has been described in terms of channel capacity loss, diversity measure, and sum-
rate loss. This thesis thoroughly investigated all the MIMO antenna designs with their operation
and utility.
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Introduction

Multiple-input multiple-output (MIMO) is an efficient technology that can fulfill the require-
ments of modern communication systems, such as high data-rate communication with reduced
transmaission error. However, there are challenges associated with the deployment of multiple
antennas at the transmitter and receiver sides. One such challenge is the increased electromag-
netic interaction between the elements, especially of a size-reduced MIMO antenna, which leads
to high mutual coupling or low isolation. The mutual coupling mechanisms for MIMO antennas
i the transmit and receive modes are explained, followed by a discussion of the adverse effects

of the mutual coupling on MIMO communication systems.
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1. Introduction

1.1 Introduction

Multiple-input multiple-output (MIMO) is a communication technology that can meet the
requirements of high throughput and robust connectivity in modern communication systems [1].
Systems equipped with this technology offer two main advantages: a) Diversity gain, which
results in improved link reliability and less probability of error in data transmission and b)
Multiplexing gain, which results in increased spectral efficiency, i.e., an increase in the channel
capacity, without increasing the bandwidth [2].

Traditionally, multiple antennas have been used to increase diversity and combat channel
fading. In MIMO systems, each pair of transmitting and receiving antennas can provide an
independent signal path between a pair of transceivers. Hence, by sending multiple indepen-
dently faded replicas of the same data through different paths, the reliability of reception at the
receiver can be improved. For example, for a slow independent identically distributed (i.i.d.)
Rayleigh fading channel with one transmit and multiple (n) receive antennas, the diversity gain
is n, considering that links between antenna pairs fade independently. Hence, the average error
probability will decay at the rate of 1/SNR", in contrast to the average error probability for
the single-input single-output (SISO) fading channel, which is 1/SNR |2|. Here, SNR stands
for signal-to-noise ratio at the receiver end. Therefore, diversity is a means to combat channel
fading. In a MIMO system with Np transmit and Ny receive antennas (assuming the MIMO
channel is i.i.d. Rayleigh faded), the maximal diversity gain is Ny x Ng [3].

As a different line of thought, fading is considered to be beneficial, as it increases the
degrees of freedom available for communication. Independent fading of path gains and a well-
conditioned channel matrix can create multiple parallel spatial channels [4]. Hence, the data
rate can be increased by transmitting independent information streams in parallel. This effect is
known as spatial multiplexing, and the improvement in data rate is referred to as multiplexing
gain. The increase in data rate by exploiting spatial multiplexing does not require any additional
spectrum or transmitted power as it can be increased by increasing the number of antenna
elements in an i.i.d. Rayleigh faded MIMO channel [5}6].

Implementation of MIMO technology requires the deployment of closely spaced multiple
antennas on both the transmitter and receiver sides. However, there are challenges associated
with this. One such challenge is that of increased electromagnetic interaction between the

elements of a compact MIMO antenna, which leads to low isolation or high mutual coupling [7].
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1.2 Mutual Coupling

1.2 Mutual Coupling

The electromagnetic interaction between the antenna elements in a MIMO antenna or an-

tenna array causes mutual coupling. The mutual coupling depends on the following factors [8]:
(i) Radiation pattern of antenna elements
(ii) Relative separation between antenna elements

(iii) Relative orientation of antenna elements

1.2.1 Mutual Coupling Mechanism in a Transmitting MIMO Antenna

S

a

Antenna 1 Antenna 2

Fig. 1.1: A MIMO antenna system with two elements in the transmitting mode.

In the transmit mode, all elements of a MIMO antenna are supposed to radiate the signal
only, but this does not happen under practical scenarios. While transmitting, antenna elements
also receive a part of the transmitted signal from the nearby antennas. As depicted in the two-
antenna system of Fig. [I.I} only Antenna 1 is excited with Antenna 2 in its proximity. The
amount of power supplied to Antenna 1 is denoted by a, whereas the power radiated from it into
the free space is labeled as c¢. The nearby Antenna 2 also receives some amount of the radiated
power (labeled as b) from Antenna 1 due to the electromagnetic (EM) interactions between
the closely placed antennas. The power received by Antenna 2 would get partially scattered

into its vicinity. Again, Antenna 1 will receive a part of the scattered energy (from Antenna
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1. Introduction

2) because of the mutual coupling. Such a process will continue indefinitely. Thus, when both
the antennas are excited, the EM radiation will be the sum of the radiated fields from the

individual antennas and the re-scattered radiations from both the antenna elements [89).

>
> >

11 12
s m@®

< >
3 >

Antenna 1 Antenna 2

Fig. 1.2: A MIMO antenna system comprising two dipole antennas in the transmitting mode.

— 711 Ly —=
[1 12

SVEVAVID) Var=2011,

Fig. 1.3: The equivalent circuit model of a two-element MIMO antenna system considering the mutual
coupling.

A two-element antenna system comprising two dipole antennas is considered for theoretical
circuit modeling of the mutual coupling effect, as shown in Fig. [9]. Antenna elements are
separated by a distance d. The equivalent circuit of these antennas with the mutual coupling
is shown in Fig. [[.3] Let Vs; and Vss are the excitation voltages of Antenna 1 and Antenna 2,
respectively. Z1; and Zyy are the antenna impedances of Antenna 1 and Antenna 2, respectively.
The mutual coupling effect is considered in terms of coupled voltage. Vi, is the coupled voltage
on Antenna 1 due to Antenna 2, and V5, is the same on Antenna 2 because of Antenna 1. The

coupled voltage in terms of the mutual impedance can be expressed by (|1.1)), as given below.

Vig = Zia 1y Vor = Zanly (1.1)
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1.2 Mutual Coupling

Y

Voci i L CD —

< >
< >

Antenna 1 Antenna 2

Fig. 1.4: The circuit diagram for defining the mutual impedance.

Using circuit diagrams shown in Figs. and , mutual impedances (Z15 and Zy;) can

be expressed as

Z15 = the mutual impedance seen by Antenna 1 with Antenna 2 excited

Vi
| 1.2
- (12)

_ the coupled voltage across Antenna 1's open circuit terminal
~ the excitation current at Antenna 2's shorted terminal

V
=2 [ =0Vg =0 (1.3)
Iy

Similarly, Z5; can be defined as

Z = the mutual impedance seen by Antenna 2 with Antenna 1 excited

Va1
— 1.4
2 (1.4

_ the coupled voltage across Antenna 2's open circuit terminal
~ the excitation current at Antenna 1's shorted terminal

1%
= (I)CQ | I, =0, Vg, =0 (1.5)
1
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1. Introduction

The effective voltage excitation vector due to the mutual coupling effect can be related to

the uncoupled excitation vector as given below (refer to Appendix |A.1)):

[‘/total] = [Zt]il[vs] (16)
Here,
Vs1 L
= V5 = the uncoupled excitation voltage vector
Vs
‘/tomll . "
= Viotas = the coupled excitation voltage vector
‘/;fOtQZQ
Zi2
Zt . Zoo
|

Z11

1.2.2 Mutual Coupling Mechanism in a Receiving MIMO Antenna

Antenna 1 Antenna 2

Fig. 1.5: A MIMO antenna system with two elements in the receiving mode.

Ideally, in receiving mode, all antenna elements are supposed only to receive the signal, but
this is not the case in a practical scenario. As depicted in Fig. [I.5] the MIMO antenna receives
the electromagnetic (EM) waves and convert them into an electrical signal. Assuming that the
power of the incident EM waves on Antenna 1 is e. A significant part of this incident power

gets converted to electrical power (labeled as f). However, a small part of the incident power
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1.2 Mutual Coupling

is scattered back by Antenna 1, labeled as g. Due to its proximity to Antenna 1, Antenna 2
partially collects this scattered power because of the mutual coupling. Similarly, Antenna 2
also re-scatters some portion of the received energy, which is subsequently received by Antenna
1. The same process is followed when EM waves are incident over Antenna 2. Now considering
that both the antennas receive simultaneously, as shown in Fig. [I.6l In that case, the total
signal received by the MIMO antenna will be the sum of the signal received by individual
antennas and the sum of the signal received because of the mutual coupling effect between

them [8,9].

+ 11 + ]2
ZL1|:|V1 . VAD) |]V2 I
< d >
Antenna 1 Antenna 2

Fig. 1.6: A MIMO antenna system comprising two dipole antennas in the receiving mode.

It should be noted that the coupling paths between elements of an antenna array during the
transmitting and receiving modes are different. In addition, the excitation of the transmitting
and receiving antenna arrays are not the same; thus having different mechanisms that cause
the mutual coupling. Therefore, the problem of mutual coupling for antenna arrays should be
treated differently for the transmitting and receiving antenna modules [9)].

An antenna system with two dipole antennas is considered in Fig for analyzing and
modeling the mutual coupling in receiving mode [10]. Note that Fig. depicts the reception
of the signal with both antennas, whereas Fig. illustrates the signal reception in the stan-
dalone case for each antenna. The notations used in these figures are as follows:

Z11: 1s the termination load connected to Antenna 1.

Z19: 1s the termination load connected to Antenna 2.
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A

> >

+ N + b

zul o~ 2 Jor —

Antenna 1 Antenna 2
(a) (b)

Fig. 1.7: Antennas receiving in the stand alone mode: (a) only Antenna 1, (b) only Antenna 2.

1;: is the terminal current in Antenna 1.
I5: is the terminal current in Antenna 2.
Vi: is the measured voltage at Antenna 1's terminal in the presence of dipole 2.
Va: is the measured voltage at Antenna 2's terminal in the presence of dipole 1.
Ui: is the measured voltage at Antenna 1's terminal in the absence of dipole 2.

U;: is the measured voltage at Antenna 2's terminal in the absence of dipole 2.

The received voltage vector considering the effect of mutual coupling for this two-element

MIMO antenna system, can be related to the voltage received by the antennas in the stand-alone

mode using (1.7)) (refer to Appendix [A.2)).

V] =[z"7"U] (1.7)
Here,
Vi .
= V = the coupled received voltage vector

Vi

Uy )
= U = the uncoupled received voltage vector

Us
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1.2 Mutual Coupling

1 Zi2
T __ ZL1
7" =
Z21
Z11 1

Mutual impedances Z,; and Z5 can be defined as given below [10].

U = V3 U -V
Ly = ———4 Lyg=——F—24 1.8
21 ‘/1 L1 12 ‘/2 L2 ( )

«+ Space wave radiations "
A -« S

diﬁyed waves | lateral rad1at1on “; patch
(Y SEiad ,»—
W—\ aVal S 4—\
» S

\ , 'l N\
\ K S
\ ,
\/\ \
~_’ \
N \
\} A

substrate  conducting waves surface waves ground

Fig. 1.8: EM coupling in printed MIMO antennas.

1.2.3 Causes of the Mutual Coupling in Printed and Dielectric Resonator-
Based MIMO Antennas

The mechanism behind the mutual coupling in printed MIMO antenna is shown in Fig. [1.§|
Ideally, while transmitting, all antenna elements should only transmit the signal in the form
of space wave radiations. However, it does not happen practically because a part of the space
wave radiation is received by the nearby antenna, as illustrated in Fig. of subsection [1.2.1},
leading to EM coupling. It is noticed that in addition to space wave radiations, microstrip
antennas excite the surface wave mode. A surface wave is a guided mode that spreads out
radially in the horizontal plane of the grounded substrate. Aside from unwanted surface wave
excitation |11}/12], microstrip antennas produce lateral radiations, i.e., the radiation propagating
outward horizontally (laterally) from the antenna. The lateral radiation exists in the vicinity of
the dielectric-air interface [13]. All the above-mentioned waves/radiations due to the excitation
of one antenna interact with another antenna and lead to the unwanted mutual coupling between

them. The surface wave and lateral radiation diffract from the edges around the discontinuity of
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1. Introduction

the ground plane and substrate, and this edge diffraction will often cause undesired radiations.
Suppose, in a few antenna designs, if the substrate is discontinuous between antenna elements,
then diffracted waves come into the picture at the discontinuity of substrate (similar to the
diffracted waves at the edges) and contribute to the mutual coupling between antennas. For
MIMO antennas, it is necessary to have a common reference/ground for all the antenna elements
[14], and because of the common substrate backed with a common ground plane, conducting

waves also increase the mutual coupling [15].

. Space wave radia‘iions A
L Rl » s

s e /DRA
N

DRA..

diffracted waves By Y
«--‘conducting waves ground
TGN
‘ Ny Y 4 WA/
substrate  feed line / surface waves \feed line

Fig. 1.9: EM coupling in dielectric resonator based MIMO antennas.

A schematic of two-element aperture-fed dielectric resonator antenna (DRA) with the mech-
anism behind the mutual coupling is shown in Fig. [[.9) The mutual coupling mechanism is
noted to be very similar as described for the printed MIMO antennas.

Thus, the main causes of mutual coupling in a compact MIMO antenna can be summarized

in the following points:
(i) Coupling due to space wave radiations or radiation pattern overlap
(ii) Signal leakage via surface current along the substrate

(iii) Coupling between feed lines through the common metallic ground

1.3 Effect of the Mutual Coupling on Antenna Character-
istics

Some of the effects of the mutual coupling on antenna characteristics are given below:
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1.3 Effect of the Mutual Coupling on Antenna Characteristics

o 0 L 0,
1

——————————— dh d 1782

Hertz dipole 1 . Hertz dipole 2

Fig. 1.10: A MIMO antenna system comprising two Hertz dipoles in the transmitting mode.

(i) Changes the array radiation pattern: The mutual coupling effect changes the net
excitation current of the antenna element, which in turn changes its radiation pattern.
Hence, the radiation pattern of a multiple antenna system would change as the individ-
ual antennas' radiation patterns change. To understand the same, an antenna system
comprising two Hertz dipoles (shown in Fig. is considered. A Hertz dipole is an in-
finitesimally small current element of length di. Let Ig; and Iss be the excitation current
in the Hertz dipole 1 and Hertz dipole 2, respectively. The combined E-field radiation
by both elements at a point P (in the far-field region), considering the mutual coupling,
can be related to the combined E-field radiation without the mutual coupling [16]. Note
that Eg(toml_mc) denotes the total electric field vector considering mutual coupling, and

Eg(total) denotes the total electric field vector with no mutual coupling (refer to Appendix

A3).

—

- E ota
Eﬁ(totalfmc) = % + Other terms (19)

Here,

B ! ; ’ .
Other terms = ) |:(Z12182) exp_J%COSO + <Z21[sl) eXpﬂgCOS@]

where

exp 98" sin 032
g JeXP sin 03

4rewr
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(i)

(iii)

D—1_ ZhaZin
ALYAR
Similarly, ~
ﬁ¢(total_m0) = @ + Other terms (1.10)
Here,

C , . , ,
Other terms = -5 [(ZlQ_TsQ) exp_JgCOSQ + <Z21[31> expﬂ%ww]

i exp 7P sin @
O = JeXP B

4rr

= ZIQZ21

D=1l
ALYAR

Changes the received element voltage in a MIMO antenna: When the antenna
elements receive the incoming electromagnetic signals, the current gets induced first on the
antenna elements and reradiates. The reradiated or re-scattered field distorts the incoming
signals's wavefront, which other antenna elements would receive. Moreover, the received
terminal voltages are the vectorial sum of the incoming signals and the reradiated or
re-scattered field from the other antennas in proximity. Therefore, coupled voltage vector

would be different from the uncoupled voltage vector at the receiving MIMO antenna,

and they can be related by (1.7)) in section as given below.

Z
B B 7 A (1.11)
A

Changes the matching characteristics: Ideally, all antennas should have radiation
resistance only, but because of the mutual coupling effect, they also see mutual impedance
in addition to the radiation resistance. This mutual impedance affects the matching
characteristics of an antenna element. Thus, it affects efficiency, transmit or receive

voltage vector, and radiation pattern.

1.4 Effect of Mutual Coupling on MIMO Performance

The adverse impact of the mutual coupling on the performance of MIMO-equipped com-

munication systems can be quantified using the following parameters:

TH-3146_156302008 12



1.4 Effect of Mutual Coupling on MIMO Performance

(i) Antenna correlation coefficient (ACC): The overlapping radiation patterns of
closely placed antenna elements lead to a correlation that can be quantified as the antenna

correlation coefficient (ACC). The ACC for a pair of antennas can be calculated using

(1.12), and its value is complex.

ACCy, — [ o (A1 + A2) po (0, 0) ps (6, ¢) dQ2 (112)

\/(ff47r ASP@ (‘9’ ¢) Py (97 ¢> dQ) (ff47r A4p9 <9> ¢) 2 (67 ¢) dQ)

where

A1 = XPR-Ey;(0,0)-Ej; (0,0)

A2 = E(Z),i (67 ¢) ' E:;,j (67 (b)

As = XPR- )Eo,i (97@’2 + Ezzn,z' (07¢)’2
A, = XPR. ‘Eg,j (0, ¢)\2 LB, (0, ¢)]2

dQ) = sin(0)dfdeo

Here, E_:QJ' (0, ¢) is the theta component and EW (0, ¢) is the phi component of the E-field
radiation pattern at (6, ¢) point in the far-field region when the i** port of a MIMO an-
tenna is excited. In (1.12)), py (6, ¢) and p, (6, ¢) are the probability distribution function
of the angle of arrivals of the incoming signal in # and ¢ directions, respectively. The
XPR factor used in ([1.12]) corresponds to the cross-polarization discrimination, which is
the ratio of the incoming waves's vertically and horizontally polarized E-field components.
It is to be noted that ACC;; is the self correlation of the i'" antenna with itself and hence,

its magnitude always equals unity.

Usually, the square of the magnitude of ACC is known as the envelope correlation coeffi-

cient (ECC), which can be calculated using (1.13]) [17,/18].

ECCj; = |ACC;; 2 (1.13)

(ii) Diversity order (DO) and diversity measure (DM): The diversity gain (DG), as
referred to in [19-21], is calculated using (1.14) as a measure of diversity performance for
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two-port MIMO antennas.

The DG calculation using can not give a holistic way of providing proper diversity
performance of MIMO antennas with more than two ports. For MxN MIMO systems
with M transmit antennas and N receive antennas, (]\2/[ ) and (]; ) combinations of DG cal-
culations for these many pairs of antenna elements are required. It becomes cumbersome
to compare the diversity performance of MIMO antennas having more than two elements.
Diversity order (DO) and diversity measure (DM) of the MIMO antenna can be calculated
from the MIMO ACC matrix. Both the parameters give a holistic measure of diversity
performance by providing a single value of the DO and the DM for any number of antenna

elements. The DO for a MIMO antenna with N elements can be calculated from the rank

of its ACC matrix using (|1.15)), written below.
DO = rank(ACC) (1.15)

where

ACCy ... ACCiy
ACC = ' ;

ACCyn1 ... ACCnn

The ACC matrix for the transmitter side (ACC r,,) and receiver side (ACC gr;) can be

given by (1.16) and (1.17]), respectively, for a MIMO system with M transmit antennas

and N receive antennas.

ACCTz ... ACCT:

ACC 1, = T : (1.16)
ACCTz . ACCTE,
ACCERe . ACCRe

ACCp, = S : (1.17)
ACCEe . ACCIE,

Considering i.i.d. Rayleigh faded channel model, the DO for such a MIMO system is
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1.4 Effect of Mutual Coupling on MIMO Performance

bounded by the product of the rank of the ACC matrix of the MIMO antenna at the

transmitter and the rank of the ACC matrix of a MIMO antenna at the receiver side.
DO < DOy, x DOg, = rank(ACC 1) X rank(ACC ry) (1.18)

The DM for a MIMO antenna can be calculated from the trace and the Frobenius norm
of its ACC matrix [22|. For a MIMO system employing correlated MIMO antennas at
the transmitter and receiver end, the DM can be found using (1.19)).

DM = DMz, x DMp, (1.19)

In (1.19), DMy, and DMpg, represent the DM values on the transmitter and receiver
sides, respectively, and can be calculated using ([1.20)).

tr(ACCTw))Z (tr(AC’C’Rw)>2
DMps=|——22 ), DMp, = ———27 1.20
4 (HACCMHF = \|[ACCra| (1.20)

Here, tr(0) and ||O]| denote the trace and the Frobenius norm of the matrix. The
DM properly considers the antenna correlation in DG performance of the MIMO antenna
and it is bounded by the DO. It is also noted that there is a significant reduction in
the diversity performance of a MIMO antenna. This loss can be measured in terms of

percentage diversity gain reduction (PDGR) and can be calculated using ((1.21)).

DO — DM
PD =—xX1 1.21
GR o) x 100% (1.21)
(iii) Channel capacity loss: The channel capacity loss (CCL) is considered a significant
parameter in the channel performance analysis of MIMO antennas. In the ideal case, the

CCL should be equal to zero. However, in practical cases, the CCL is not zero due to the

correlation between antenna elements. The value of CCL due to receiver side correlation

(CCLg,) can be calculated using (|1.22]) [23].

CCLR, = —log,(det(ACCRy)) (1.22)

Here, det(0) denotes the determinant of a matrix. Similarly, the CCL due to the corre-
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lation between antennas on the transmitter side (CC Ly, ) can be calculated using ((1.23)).

CCLy, = —logy(det(ACC 13)) (1.23)

The total channel capacity loss considering the correlation between antennas on both the

transmitter and receiver sides (CCL) can be calculated using ([1.24]).

CCL = CCLp, + CCLy, = —logy(det(ACC py)) — log,(det(ACC1,))  (1.24)

ATA; Ay,

Base station

Mobile terminal 1

AlAy Ay,

Y (X1}

Mobile terminal M ® ®
® o © o

Mobile terminal 2

Fig. 1.11: Multi-user MIMO uplink system of M mobile terminals, each fitted with Ny antennas and
the base station with N antennas.

(iv) Sum rate loss: In Fig. m a multi-user MIMO uplink system is depicted. Here, a
base station (BS) with Ng antennas serves M mobile terminals that are geographically
separated. Each mobile terminal in this setup is equipped with N transmit antennas

such that Ngp > M x Np. With an assumption that the BS's antenna elements are placed
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1.5 Mutual Coupling Reduction

sufficiently apart, the antenna correlation between them can be neglected. Since each
mobile terminal is much smaller than the BS, its N antennas are closely packed. Further,
assuming that mobile terminals have employed identical antenna elements, they would
have the same correlation matrix. Considering the BS's MIMO antenna as the receive
antenna and all mobile terminals' MIMO antennas collectively as a transmit antenna, the
overall transmit antenna correlation matrix for all mobile terminals is denoted by ACC'r.
For this uplink scenario, the overall channel capacity loss due to correlation is expressed
using sum-rate loss (SRL). The SRL due to the correlations of the antennas employed at
the mobile terminals can be expressed as [24].

MNr

— > 10g5(ACC T ) (1.25)
m=1

MN:
SRL = —M Nylog, ( 4 )

tr(ACC,)
Here, tr(0) denotes the trace of a matrix and (0),,, denotes m'" diagonal element of
a matrix. In order to get the best performance from a MIMO antenna in a multi-user
MIMO scenario, its SRL should be zero. A high value of SRL would mean more loss in
the sum rate, which is undesirable. Therefore, the mobile terminal's antennas should be

designed appropriately to attain the minimum SRL.

1.5 Mutual Coupling Reduction

The mutual coupling between the elements of a MIMO antenna is highly undesirable as
it degrades the performance of a MIMO communication system. Hence, the following

techniques can be used to mitigate the effects of mutual coupling:

(a) Increasing the distance between antenna elements: The simplest way to
reduce the mutual coupling is to increase the distance between antenna elements |[8].
But, due to the trend of miniaturization of radio transceivers, the distance between
antenna elements is being reduced day-by-day. Therefore, increasing the distance

between antenna elements is not a viable option.

(b) Decoupling the effect of the mutual coupling: In literature, many decoupling
methods have been proposed to assuage the effect of mutual coupling in antenna

arrays. In this regard, a mutual coupling compensating approach has been used to
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V% hy, VY
12
% Iy, %

Transmitter Receiver

Fig. 1.12: A 2x2 MIMO communication channel model.

estimate the direction of arrival [25]. The mutual coupling effect can be compensated
by considering the modified channel matrix. To illustrate the same, let us consider a
2x2 MIMO system, as shown in Fig. where channel matrix H can be expressed

by (C20).

hy h
I = = (1.26)
h21 h22

For compensating the mutual coupling effect, a modified channel matrix (Hnutuai—coupling)
should be considered in place of the channel matrix (H), as given below (refer to

Appendix |A.4).

Hmutual—coupling = [ ] [H] [Zt] -1 (127)

Here, [Z'] and [Z"] are the same as given in (1.6) and (1.7)), respectively.

In this way, the effect of mutual coupling can be compensated by using the circuit

theoretic approach.

(c) Other techniques: In literature, several techniques have been suggested to reduce
the mutual coupling between antenna elements and improve their isolation. Some
of these proposed methods utilize the defected ground structure (DGS), electro-
magnetic bandgap structures (EBG), parallel-coupled line resonators, metamaterial,
polarization converters, and neutralization lines [7]. In the next chapter, a detailed
discussion has been carried out on the state-of-the-art mutual coupling reduction

techniques.
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The motivation for designing low mutual coupling MIMO antennas for modern wireless com-
munication systems is discussed in-depth in the first chapter. This chapter describes various
state-of-the-art techniques for reducing the mutual coupling between antenna elements, such as
electromagnetic band-gap (EBG) structures, defected ground structures (DGS), neutralization
line technique, decoupling surfaces, orthogonal modes, and other techniques-based MIMO di-

electric resonator antennas, and SIW-based fraction mode strategy.
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2. Mutual Coupling Reduction Techniques

2.1 Introduction

In this section, various state-of-the-art techniques for MC reduction among antenna elements
have been discussed, along with their salient features. The following points enlist some of the

prominent ones:
(i) Electromagnetic band-gap structures and isolators
(ii) Defected ground structures
(iii) Neutralization line technique
(iv) Decoupling surfaces
(v) Orthogonal mode-based MIMO dielectric resonator antennas
(vi) Other dielectric resonator-based MIMO antennas

(vii) Substrate integrated waveguide cavity-based MIMO antennas, etc.

2.2 MIMO Antenna with Electromagnetic Band-Gap Struc-
tures

The electromagnetic band gap (EBG) structures are artificial periodic (or sometimes non-
periodic) structures created by arranging metallic conductors and dielectric materials in periodic
patterns. The EBG can prevent or assist electromagnetic waves from propagating in a specified
frequency band for all incident angles and polarization states. They exhibit a frequency band
gap for the incident surface wave (k2 + k) < kg, k. is purely imaginary) [26]. This feature
enables the EBG structures to facilitate MC reduction between antenna elements. Therefore,
various EBG structures [27H30] and isolators [31-33] have been developed to reduce the MC in
planar antennas. An EBG structure composed of mushroom-like unit cells spread over 13.5 mm
x 48.5 mm lateral space has been used for MC reduction in [27]. An EBG surface composed of
short-circuited microstrips through inter-locked branch stubs is used in [28] for MC reduction,
as shown in Fig. [2.1fa). It occupies two times more area than the surface area of a single

radiating patch. A uniplanar compact EBG structure of dimensions 13.2 mm x 72.6 mm is
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Port 1 Port 2 B
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Fig. 2.1: MIMO antennas with EBG and isolators: (a) aperture coupled microstrip patch antenna
with EBG (from [28]), (b) coaxial fed microstrip patch antenna (from [30]), (c¢) coaxial fed microstrip
patch antenna with polarization converter-based isolator (from [31]), and (d) microstrip line fed patch
antenna with EBG-based isolator (from [32]).

Isolator

placed in the next immediate layer for MC reduction [29]. However, this increases the vertical
profile of the antenna by 1.27 mm. In , Liu et al. used EBG unit cells, which occupy 33.3%
of the total antenna area, as shown in Fig. b). A polarization converter-based isolator has
been used in , as illustrated in Fig. 2.1c), which occupies 17% more area than the surface
area of a single patch. An EBG-based fractal isolator is used for MC reduction in [32] (refer to
Fig. [2.1(d)), which takes a size of 16 mm x 23 mm, while the single radiating patch occupies a
space of 23 mm x 23 mm. In , Alibakhshikenari et al. used an EBG structure of dimensions
15.1 mm x 50 mm with metallic walls for MC reduction. As reported in [34], a double-layer
crossed mushroom wall structure (operating in the EBG region) has been used to mitigate the
MC between four SIW cavity-backed antennas. Some of the above MIMO antennas have been
depicted in Fig. A general observation indicates that EBGs and isolators can reduce the

mutual coupling but always at the expense of large spacing between the antenna elements.
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2.3 MIMO Antenna with Defected Ground Structures

The defected ground structure (DGS), as the name implies, refers to some peculiar geome-
tries, commonly known as a “unit cell” etched out as a single defect or in periodic configuration,
usually with a small period number on the ground plane of a microwave printed circuit board
(MPCB). It has the attribute of stopping wave propagation through the substrate over a fre-
quency range. Therefore, the DGS can be described as a unit cell EBG or an EBG with a
limited number of cells. The DGS slots are generally resonant in nature. The presence of a
DGS under a printed transmission line perturbs the current distribution in the ground plane
and thus modifies the equivalent line parameters over the defected region. Thus it influences
the guided wave characteristics and exhibits (1) bandgap properties and (2) a slow wave effect,
which helps in the size reduction of the printed circuits. As mentioned earlier, the study of
DGS can be classified into two categories depending on their configurations: (1) single unit cell

DGS; and (2) uniform or non-uniform periodic arrangement of unit cells [35].

1 _-DGS
e DGS DGS
A A
1 2 E% Al A2
[ ] [ ]
\ \ / \ -
Port 1 Port2 | Fortl Port 2 e Port 2

(a) (b) (©)
E bottom layer E slot E top layer

Fig. 2.2: MIMO antennas with DGS: (a) two-port microstrip patch antenna with coaxial feed (from
[36]), (b) two-port metamaterial-based patch antenna with microstrip feed line (from [37]), and (c)
two-port microstrip patch antenna with coaxial feed (from [38]).

Various antenna configurations, which use DGS for MC reduction, are shown in Fig. [36—
38]. A rectangular slot (of a length comparable to the guided wavelength) is etched in the ground
plane to decouple the microstrip antennas [36] and meta-material antennas [37], as shown in
Figs. 2.29(a) and 2.2|(b), respectively. Two modified rectangular slots (of a length comparable to
half of the guided wavelength) are used to enhance the isolation between rectangular microstrip

antennas in [38], as depicted in Fig. 2.2c).
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Feedpin 1  short pin Feed pin 2

Fig. 2.3: Suspended NL between two PIFAs (from [39]).

2.4 MIMO Antenna with Neutralization Lines

In the neutralization line (NL) isolation enhancement technique, a microstrip line links the
current from one antenna to another. The current fed from one antenna interferes out-of-phase
with the coupled current in another antenna (because of mutual coupling). The out-of-phase
neutralization of the coupled current's effect happens for an appropriate length of the microstrip
feed line connecting two antennas. This microstrip line is known as the neutralization line. In
this manner, the NL cancels the coupled current's effect in the nearby antenna and helps to

achieve low mutual coupling between two closely placed antennas.

Port1 ”3
—
=X

1 S\

() Port l/ (b) \POI'tZ via (©)
| bottom layer . INL 0 top layer

Fig. 2.4: NL based MIMO antennas: (a) two-port microstrip antenna with microstrip feed (from
[44]), (b) two-element circular printed monopole antenna (from [45]), and (c) three-port slot antenna
with coaxial feed (from [46]).

NL

Port 2

In [39], the authors present a two-port planar inverted F-antenna (PIFA) where one antenna

operates in the digital cellular system (DCS) frequency band while the other antenna functions
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in the universal mobile telecommunication (UMTS) band. The isolation between these two
antennas is enhanced by using a suspended NL that joins both antennas, as shown in Fig.
Antenna researchers have widely used the NL technique to decouple the antennas operating
within the same frequency bands for MIMO applications [40H46]. The NL with a grounded
branch has been used to reduce the mutual coupling between two F-shaped monopoles in [40)].
In a similar approach, three NLs are used for isolation enhancement in the MIMO antenna for
a mobile terminal [41]. In [42], Cihangir et al. achieved low mutual coupling in a two-port
MIMO antenna using NLs. In all of these approaches ( [40H42]), the NLs were employed in
the ground plane layer. The authors in proposed a decoupled dual-antenna system for
LTE/WWAN smartphone applications. Under the approach, the NL structure was constructed
through four vias, which resulted in a complex antenna structure. In , Yu et al. used
two NLs to decouple two microstrip patch antennas, as shown in Fig. a). A wideband
neutralization line was used to decouple two ultra-wideband (UWB) monopole antennas [45],
as depicted in Fig. 2.4b). Likewise, in another work [46], Zhang et al. connected NLs between
feed lines and shorted vias at the other end of the feed lines to reduce the MC between three
slot antennas (refer to Fig. [2.4)c)).

reflector patches

4 T >

o\

Port 1 Port 2 Port 3
ground plane radiating patch with airgap T
P dielectric substrate copper

Fig. 2.5: Working principle of array decoupling surfaces [47].

2.5 MIMO Antenna with Decoupling Surfaces

The primary objective of placing an array decoupling surface (ADS) above the MIMO
antenna is to reduce the mutual coupling between two adjacent antenna elements. The ADSs

or superstrates enable the partially reflected signal to interact out-of-phase with the coupled
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signal and mitigate the latter's effect. Intuitively, the height of the ADS above the antenna and
the size of the metal reflection patches determine the phase and the intensity of the partially
reflected wave, respectively . It is thus necessary to put ADSs or superstrates above the
antenna array, which increases the height of the antenna. As depicted in Fig. it can be
perceived that the energy radiated by one antenna element @ of a MIMO antenna with a
decoupling surface propagates further in four forms: the wave being radiated outward into free
space @; the reflected wave received by the transmitting antenna @; the reflected wave from
the primary reflector patches @ and the coupled wave linked with adjacent antenna element
@. Out-of-phase interaction of the partially reflected wave @ with the coupled wave @
results in low mutual coupling.

The authors in [48] used a metasurface-based decoupling method (MDM) that employed a
superstrate at a level of 11 mm above the MIMO antenna. A ceramic superstrate is placed at
a height of 7 mm above the antenna elements in . Two layers of metasurface superstrate
are used above the patch antennas for MC reduction [50]. By doing so, the height of the
antenna gets increased by 5.5 mm. The capacitively loaded loop-based MTM superstrate
and metasurface (MS)-based decoupling techniques were used to enhance the isolation in [51]

and , respectively. These techniques increase the overall size of the MIMO antennas.

dielectric block dielectric block dielectric block

Port 2\

Fig. 2.6: Orthogonal mode-based 2-port MIMO DRA: (a) a semi cylindrical DRA with aperture
coupled and coaxial probe feed (from [54]), (b) CPW-based aperture coupled and coaxial probe fed

rectangular DRA (from [55]), and (¢) CPW-based aperture and aperture coupled rectangular DRA
(from [56]).
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2.6 Orthogonal Mode-Based MIMO Dielectric Resonator
Antennas

Dielectric resonator antennas (DRAs) have emerged as a new and viable alternative to
printed antennas in MIMO applications because of its attractive features . Excitation of
orthogonal modes using multiple ports in a dielectric resonator antenna (DRA) provides low
inter-port coupling. Therefore, several hybrid feeding techniques were used to exploit the same
in MIMO DRAs [5457]. In [54], two orthogonal modes are excited in a semi-cylindrical DRA
by using aperture-coupled feed and probe feed, respectively, as shown in Fig. a). Two
orthogonal modes are excited in a cuboid-shaped DRA by using CPW-based aperture feed
and probe feed, respectively, in [55] and depicted in Fig. [2.6(b). Authors in have used
CPW-based aperture-coupled and aperture-coupled feed for exciting two orthogonal modes in
a cuboid-shaped DRA (refer to Fig. [2.6/c)). Two orthogonal modes are excited for low mutual
coupling in an annular ring-shaped DRA in [57].

MS shield _Port2  MS shield EBG structure

/Port 2

Port 1. (a) Port 1/ (b) (©)

Fig. 2.7: Two-port MIMO DRAs: (a) two elements CDRAs with a metasurface wall (from [58]), (b)
two elements CDRAs with a F'SS wall (from [59]), and (c¢) two element MIMO CDRA with EBG-based
decoupler (from [60]).

2.7 Other Dielectric Resonator-Based MIMO Antennas

Isolating walls made up of metasurface and frequency selective surface (FSS) were used to
decouple two cylindrical DRAs (CDRAs) in [58] and [59], as shown in figures viz. Figs. 2.7(a)
and [2.7|(b), respectively. These shielding structures are taller than the dielectric blocks and
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2.8 Substrate Integrated Waveguide-Based MIMO Antenna Designs

thus increase the antenna's size. The surface-wave propagation was suppressed to decouple two
cylindrical DRAs by employing an EBG structure that occupies a larger space, thus increasing
the inter-element spacing in [60], as shown in Fig. 2.7(c). In a wireless access point, the
EM isolation between the DRAs is enhanced by placing a metallic cylinder [61]. However, the
antenna profile increases due to the excess height of the cylinder. Reduction in mutual coupling
was demonstrated by employing an engineered partially reflecting surface [62] or a dielectric
sheet |63] as a superstrate, as described in section . However, this increases the antenna
height due to the placement of a superstrate. In [64], 4-quarters of a DRA are arranged for
MIMO application with circular polarization. A ring-shaped DGS is demonstrated to suppress
the MC between two cylindrical DRAs (CDRAs) in [65]. In [66], mushroom-shaped DRAs
are arranged orthogonally to reduce the MC between them. Triple-port, two-element CDRA
with orthogonal modes for MIMO applications is presented in [67]. Two-port low MC antenna
array comprising two A-shaped DRAs are excited by means of the conformal strip for wideband
applications in [68]|. Three decoupled modes in a single rectangular DRA are excited using three
separate ports to achieve low inter-port coupling in [69]. The EM field coupling between two
rectangular DRAs (RDRAs) was suppressed by using printed metal strips on the DRA surface
in [70] and inserting metallic vias through the RDRAs in [71]. The literature review suggests
that the mutual coupling can be suppressed by mitigating the coupling paths between antennas
through surface waves and free-space radiations. Achieving low mutual coupling is particularly
challenging, especially when the inter-element spacing is 0.1\ or less while the antenna size is

simultaneously reduced [71].

2.8 Substrate Integrated Waveguide-Based MIMO Antenna
Designs

Few substrate-integrated waveguide (SIW)-based multi-port antennas (2-port, 4-port) for
MIMO application are presented in [34], [72-77]. In [34] and [72|, four full-mode SIW cavity-
backed slot antennas are employed to realize a 4-port MIMO antenna design. Kumar et al. have
proposed a similar 4-port MIMO antenna comprising four full-mode rectangular cavity-based
antennas [73]|. In [74], Sung et al. present a 4-port triangular-shaped SIW MIMO antenna.
Quarter-mode (QM) sub-cavities-based 4-port MIMO antenna is reported in [75]. In [76], Nandi
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Fig. 2.8: SIW based MIMO antenna designs: (a) coaxial fed full-mode cavity-based 4-port antenna
(from [34] and [72]), (b) microstrip fed full-mode cavity-based 4-port antenna (from [73]), (c) gap
coupled triangular SIW cavity based 4-port antenna (from [74]), (d) coaxial fed quarter-mode cavity-
based 4-port antenna (from [75]), (e) coaxial fed eighth-mode cavity-based 4-port antenna (from [76]),
and (f) coaxial fed SIW cavity-based 2-port antenna (from [77]).

et al. present TM%,, mode-based eighth-mode (EM) 2-port and 4-port MIMO antennas. A 2-
port eighth mode SIW cavity-based MIMO antenna is presented in . To the best of the
author's knowledge, most of the SIW cavity-based MIMO antennas reported so far have only
two or 4-ports because of various limitations in the half mode (HM), QM, and EM designs.
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Neutralization Line Based Low Mutual

Coupling MIMO Antenna

The neutralization line (NL) offers an easy and effective option for MC reduction among various
MC reduction techniques outlined in the previous chapter. This chapter presents two NL-based
MIMO antennas. The first part of the chapter reports a 2-port dual-band printed MIMO an-

tenna, while the second part presents a 6-port printed MIMO antenna.
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3.1 Introduction

Among the different MC reduction techniques illustrated in chapter 2, the NL offers an easy
way in comparison to EBGs, ADSs, and superstrates. In literature, some of the articles utilizing
the NL technique are discussed in [39-46]. From this literature survey, it can be inferred that
the NL technique has not been used much for multiple-band MIMO antenna designs. Hence,
the first part of this chapter presents a dual-port dual-band MIMO antenna. Since NLs have
been used so far only in 2-port and 3-port MIMO antenna configurations, the second part of

the chapter reports a 6-port MIMO antenna.

3.2 Low Mutual Coupling Dual-port Dual-band MIMO An-

tenna for Mobile Terminal

3.2.1 Introduction

With the advancement in communication technology, mobile terminal with multi-standard
compatibility is the need of the hour. Therefore, designing a low-mutual coupling multi-band
MIMO antenna with a small footprint is a popular research topic among antenna engineers.
In this part of the chapter, a dual-port dual-band MIMO antenna is presented, it comprises
two printed circular monopole antennas. The -10 dB impedance bandwidth of the antenna is
noted from 2.3 to 2.8 GHz and 3.37 to 3.72 GHz. The isolation between antenna elements is
enhanced in both frequency bands by connecting them through a microstrip NL and extending
a stub in the ground plane. The mutual coupling is found to be below -15 dB with an inter-
element spacing of 0.092 times the free-space wavelength at 2.3 GHz. The maximum gain of

this antenna is noted to be 3.66 dBi with an ECC < 0.0465 in the entire operating bandwidth.

3.2.2 Antenna Geometry

A geometric layout of the two-element MIMO antenna is shown in Fig. 3.1} This antenna
design uses RT-Duroid 5870 substrate with a dielectric constant of 2.33 and thickness of 1.57
mm. The top layer consists of two circular-shaped monopole patches with split ring-shaped
slots. A separate microstrip line feeds each antenna element. The antenna elements are con-

nected using a neutralization line AB with an additional rectangular loop PQRS in the top
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layer. A stub LM is extended in the ground plane between the radiators and is referred to as
the grounded stub (GS). The values of various design parameters and dimensions are as follows:
Ly =80, Wy =45, Ly =17, Wy = 38, Lpy = 11, W = 2.5, Ry = 6.5, Ry = 12, G = 1.2,

Sl = 1, LPS = LQR = 6, LPQ = LSR = 10. All dimensions are in mm.

L

substrate - patch

Fig. 3.1: Antenna geometry and design.

- ground

3.2.3 Working Mechanism

The two-element MIMO antenna, depicted in Fig. uses circular patches loaded with
split-ring-shaped slots as radiating elements. The design evolution is explained through various
stages, as shown in Fig. [3.2l For analysis of this 2-port antenna, Antenna 1 is excited, and
Antenna 2 is terminated with a matched load. When this MIMO antenna is simulated without
decoupling units, i.e., stage 1, the corresponding S-parameters and current distributions are
shown in Fig. [3.3(a) and Fig. |3.4{a), respectively. |Sq;| are found to be good. It is noted that
the lower frequency band resonance is due to the current vectors in the outer ring. However,
the higher frequency band is due to the surface currents in the middle ring and the circular
patch. The MC between antenna elements is observed to be > -10 dB in the lower band and
> -15 dB in the upper band, which needs to be reduced further for better MIMO performance.

For doing so, the antennas are connected with a neutralization line (AB), as shown in stage 2.
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(c) (d

Fig. 3.2: Intermediate design stages before the final design: (a) stage 1, (b) stage 2, (c) stage 3, and
(d) stage 4.

The surface current plot for this stage reveals that currents in Antenna 2 reduce significantly in
the regions responsible for the lower frequency band. However, surface currents in the middle
ring and circular patch do not weaken at the higher frequency band. Hence, neutralization
line AB is capable of enhancing the isolation in the 2.5 GHz band only and unable to reduce
the MC in the 3.5 GHz band. Stage 3 examines the capability of the grounded stub LM,
which is Ag/4 in length at 3.5 GHz. The S-parameters of stage 3 indicate that the MC in
the 3.5 GHz band can be reduced by extending a \,/4 long grounded stub. Surface current
plot corresponding to stage 3 indicate that the grounded stub is unable to reduce the surface
current in the outer ring at the lower frequency band. However, at the higher frequency band,
it reduces the surface currents effectively in the parts of Antenna 2, accountable for the higher
frequency band. Therefore, the grounded stub can reduce the MC below -15 dB in the 3.5 GHz
band, but not in case of the 2.5 GHz band. Next, an attempt has been made to reduce the MC
in both frequency bands, resulting in stage 4, which is a combination of stages 2 and 3. It can
be seen in Fig. that the NL and the GS together cannot reduce the MC below -15 dB in
both frequency bands. When Antenna 1 is excited at the higher frequency band, the current

distribution in the interior part of Antenna 2 diminishes. Still, significant currents is seen in
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Fig. 3.3: S-parameters: (a) stage 1, (b) stage 2, (c) stage 3, (d) stage 4, and (e) final stage (Fig. .

its outer ring (refer to Fig. [3.4{d)). By observing the direction of current vectors, it is found

that they are very similar to Stage 1 in the lower frequency band but tilted because Antenna

2 is excited by the neutralization line link. Hence, these currents can not increase the coupling

at the higher frequency band. Therefore, with both the NL and the GS, the isolation is high

enough only in the 3.5 GHz band, while both |Sy;| and [Sa;| become poorer in the 2.5 GHz

band compared to the second stage. For achieving high isolation in both frequency bands, the
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1.95 GHz
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Fig. 3.4: Current distribution: (a) stage 1, (b) stage 2, (c) stage 3 (d) stage 4, and (e) final stage.
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final design is obtained by connecting an additional rectangular loop PQRS to the NL of stage
4. This loop provides two more NL paths (A-P-S-B, A-Q-R-B) in addition to the path AB. It
is observed that with a slight reduction in the length of the grounded stub LM and placement
of the rectangular loop with the neutralization line AB, the MC in both the bands falls below
-15 dB with a minimum of -25 dB in the 2.5 GHz band and -32 dB in the 3.5 GHz band. The
surface current plots for the final stage are given in Fig. 3.4(e). Note that the magnitude of the
surface currents in Antenna 2 because of Antenna 1 excitation does not reduce efficaciously in
the outer ring part. However, this surface current does not contribute to the mutual coupling
at the higher frequency band because of a reason similar to that explained for stage 3. The

frequency range where |Sy;| is < -10 dB and [Sg;| < -15 dB, is shaded with the grey colour in
Fig. 13.3(e)

gl
(a) Top view

(b) 'ﬁttom view

Fig. 3.5: Fabricated prototype.

3.2.4 Antenna Performance

A prototype of the proposed MIMO antenna is fabricated and shown in Fig. The
measured and simulated |Sy;| and [Se;| values are plotted against frequency in Fig. 3.6f The
-10 dB simulated impedance bandwidth of the antenna lies between 2.3 to 2.825 GHz and
3.375 to 3.725 GHz. The isolation between antenna elements is found to be more than 15
dB. However, the -10 dB measured impedance bandwidth of the fabricated prototype is noted
from 2.4 to 2.84 GHz and 3.5 to 3.95 GHz. The measured isolation is higher than 10 dB from
2.55-2.84 GHz and 3.5-3.95 GHz, and for the frequency range from 2.55-2.84 GHz and 3.5-3.65
GHz, the isolation is noted to be more than 15 dB with the maximum isolation of 23.98 dB
in the 2.6 GHz band and 20 dB in the 3.5 GHz band. The slight mismatch in the simulated
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and measured S-parameters is because of the tolerances in the fabrication and measurement

process.

S-parameters (dB)

el Al \ 1
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Fig. 3.6: Simulated and measured S-parameters.
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Fig. 3.7: Radiation patterns at 2.6 GHz: (a) ¢ = 0° plane and (b) ¢ = 90° plane.

The simulated and measured radiation patterns for ¢ = 0° and ¢ = 90" planes at 2.6
GHz and 3.5 GHz are plotted in Figs. [3.7 and [B.8] respectively. Only the concerned port is
excited during the pattern measurements, while the other is terminated with a 50 {2 matched
load. It is observed that the radiation patterns corresponding to port A are the mirror image
of the radiation pattern corresponding to port B, thus exhibiting pattern diversity. Therefore,

the radiation patterns corresponding to only port B are shown. The measured gain versus
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Fig. 3.8: Radiation patterns at 3.5 GHz: (a) ¢ = 0° plane and (b) ¢ = 90° plane.

frequency plot is shown in Fig. It can be observed that the simulated gain ranges from

1.77 to 3.77 dBi, while the measured gain lies between 1 to 3.66 dBi.
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Fig. 3.9: Simulated and measured gain versus frequency.

The value of ECC is calculated using (1.12]) and ((1.13) from chapter 1 and is plotted in
Fig. [3.10l The ECC for this dual-port MIMO antenna is noted to be less than 0.0465. The

correlation among antennas causes a loss in the channel capacity of a MIMO system. Based
on the assumption that this MIMO antenna is used at both transmitter and receiver sides to
realize a 2x2 MIMO communication system. The CCL for such a MIMO system due to the
correlation is calculated using from chapter 1 and plotted in Fig. |3.10, The CCL for this
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MIMO system is noted to be less than 0.137 bits/s/Hz.
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Fig. 3.10: ECC and CCL versus frequency.
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Fig. 3.11: DM and PDGR versus frequency.

Using , the DO for the above-described 2x2 MIMO system is four across the antenna
bandwidth. The DM is calculated using and plotted along with the DO in Fig. [3.11]
The percentage diversity gain reduction (PDGR) is a parameter that measures the reduction
in the diversity performance of a MIMO antenna due to the correlation between antennas. The
PDGR versus frequency curve is plotted in Fig [3.11] and is noted to be less than 8.7 %.

In a multi-user MIMO scenario, the channel capacity loss is measured as sum rate loss
(SRL). Three mobile terminals (each having this two-port MIMO antenna) are considered for
the SRL analysis in accordance with Fig. of chapter 1. The SRL is calculated using
and plotted in Fig. [3.12] It is noted below 1 x 1077 bits/s/Hz.
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Fig. 3.12: SRL versus frequency.

3.3 Low Mutual Coupling Six-Port Planar Antenna for the
MIMO Applications

3.3.1 Introduction

The channel capacity of the i.i.d. Rayleigh faded MIMO channel varies linearly with the
minimum number of antennas on the transmitter and receiver sides. Therefore, using multiple
antenna elements in MIMO communication systems enables us to achieve higher data rates.
Various 6-port MIMO antennas are discussed in [78-81], and it has been noted that all of them
have non-planar geometry. An orthogonal arrangement of three two-port antennas reduces the
MC in a six-port antenna design with the drawback of its 3-D structure [78]. In [79], a 6-port
antenna is created by placing six antennas on a bulky hollow pyramidal-shaped metal frame
with grooves between antenna elements for MC reduction. Six 3-D planar inverted F-antennas
fixed on six dielectric cubes are presented in [80] and have an isolation of only 10 dB among
the antenna elements. In [81], four leaf-shaped notch antennas and two leaf-shaped monopole
antennas are used to realize a 6-port MIMO antenna with an isolation of 12 dB. This design uses
a reflector that increases the antenna profile. The above-discussed six-port MIMO antennas
have non-planar geometry. Note that when the number of antenna ports exceeds three or four,
it becomes difficult to control the coupling between antenna elements in planar configurations.
In this part of the chapter, mutual coupling in a six-port antenna is reduced using the NL

technique. Note that the NL technique is not new. However, the proposed six-port antenna
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design using NLs provides a novel configuration that can achieve an inter-element spacing of
0.076 A\, (A\;, = highest operating wavelength) with reduced MC in the planar structure. Six NLs
are inserted between the six antenna elements to reduce the MC using self-cancellation of the
induced near-field surface currents. The isolation between all the antenna elements is more than
15 dB in the operating frequency range. Among the 6-port MIMO antennas reported recently,

the proposed MIMO antenna has a simple and planar structure with satisfactory performance.

3.3.2 Antenna Geometry

The structure of the proposed six-port planar MIMO antenna is shown in Fig. [3.13] A
hexagonal-shaped substrate of Rogers RT-Duroid 5870 (e,=2.33, tan 6=0.0012) is used to design
this MIMO antenna. This antenna uses six circular-shaped monopole patches as radiators in
its top layer. The bottom layer is printed below the 1.57 mm thick substrate and serves as the
ground plane. A separate microstrip line feeds the signal to every monopole antenna. Note
that six ports are placed at the center of each side of the hexagonal substrate. The adjacent
antenna elements are connected with the neutralization lines AB, CD, EF, GH, 1J, and KL.
The values of various design parameters are as follows: Ly = 18, Wy =18, a = 12, d = 6.6,

g = 0.87, Lpg = 70. All dimensions are in mm.

3.3.3 Working Mechanism

The proposed MIMO antenna uses circular monopole patches as radiating elements. To
understand its working mechanism, antenna A; is excited through Port 1, and the remaining
ports are terminated with a 50 €2 matched load. The S-parameters without the NLs are plotted
in Fig. [3.14] Tt is observed that circular monopole patches resonate at two different frequencies,
1.7 GHz, the lower resonating frequency (LRF), and a higher-order resonance at 4.2 GHz, as
seen from the S-parameters plot. The LRF can be calculated using from [82].

7.2
(2250 + g) /&

Here, a (cm) is the diameter of the circular patch, g (cm) is the lateral gap between the

LRF(GHz) = (3.1)

ground plane (bottom layer) and patch, and ¢, is the dielectric constant of the substrate. Note

that the above equation is valid only for an isolated patch, which is not inter-connected to its
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Fig. 3.13: Antenna geometry and design.
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Fig. 3.15: Simulated S-parameters with the NLs.

neighbouring patches through the NLs.

In the following step, the circular monopoles are connected using the NLs for MC reduction.
Again during the analysis, only antenna A; is excited, and the remaining ports are terminated
with a 50 © matched load. The S-parameters for this configuration are shown in Fig. [3.15]
Note that the lower resonant frequency band is not observed.
the current distribution in the circular monopole and reduce the effective resonating length of
antenna A;. To explain this further, the surface current vector plots of antenna A; are shown in
Fig. It can be inferred that the decrease in effective resonating path length is responsible
for the upward shift in the LRF of the circular monopole antenna from 1.7 to 4 GHz. It can

It is because the NLs alter
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Fig. 3.16: Surface current vectors in antenna Aj at 1.7 GHz: (a) without the NLs (b) with the NLs.

be also noted that the antenna with the NLs has a wide bandwidth (from 3.44 to 4.68 GHz) as

compared to the configuration without the NLs at higher frequency band.
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Fig. 3.17: Surface current plot at 4 GHz: (a) without the NLs (b) with the NLs.

The scalar current distributions for the above-discussed configurations (at 4 GHz) are shown
in Figs. [3.17(a) and B.17(b), respectively. With the NLs, the magnitude of the induced surface
currents in feed lines of neighbouring antennas (A; and Ag) reduces compared to the antenna
configuration without the NLs. However, it is observed that the magnitude of the surface
currents induced in the circular patches of the neighbouring antennas (As and Ag) increases,
but a part of the induced currents also oppose the exciting current vectors, thus helping in

MC reduction. The same is illustrated in Figs. [3.18| and [3.19], which show vector current

distributions at 4 GHz without and with the NLs, respectively. The current induced in the
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Fig. 3.18: Surface current vectors without the NLs at 4 GHz.

antenna A; because of the excitation signal is referred to as the exciting current. The excitation
current vectors of antenna A; induce currents in antennas A, and Ag because of the near-field
interaction. It is observed in Fig. that without NLs, the induced current vectors (jm
and 316) are not opposing the excitation current vectors (jE) in antenna A; and the mutual
coupling is relatively higher at the 4 GHz frequency band. When the adjacent antenna elements
are connected through NLs, the current distributions in antennas A;, Ay, and Ag change. It is
found that the induced current vectors (312 and 316) in antenna A, and antenna Ag oppose the
excitation current vectors in antenna A; (j Ea and J Eb), as shown in Fig. [3.19] thus contributing
to the isolation enhancement.

It can be also seen that the current vectors in the NLs (j N2 and jNG) oppose the excitation
current vector (j Ea and ij) in antenna A; as depicted in Fig. |3.19 It is also noticed that when
the NLs are shifted away from the center of the hexagon (point O) towards the edge of the
substrate by a distance Loy (refer to Fig. , the isolation among neighbouring antennas
becomes more than 15 dB. An optimal performance is obtained when length Loy = 23 mm. It
can be seen from antenna geometry (in Fig. that the inter-element spacing (d) between the
radiating patches is directly proportional to the side length (Lpg) of the hexagonal substrate.

Therefore, the effect of the inter-element spacing on antenna performance can be understood by

TH-3146_156302008 a4



3.3 Low Mutual Coupling Six-Port Planar Antenna for the MIMO Applications

Jsurf [Afm]

CBAYI1IE+EEL
. BEEEE+EE1
HS12E+EEL
Bz24ZE+EEE
 BELGE+EEE
1637 E+86E
L 1526E+888
C1HEAFE-BE1
L 271RE-BEA1
L FYHZEE-BA1
L Z2OZ29E-ERE
A4S ZE-EERE
BIYYE-BEZ
MHESYE-BEE
MFEEZE-BE3
L9527E-B83

[ e o T ¥ B . Y x B o % TR = B o SV R ) |

Fig. 3.19: Surface current vectors with NLs at 4 GHz.

varying Lpg. The S-parameters for different values of Lpg with the corresponding inter-element
spacing (d) are shown in Fig. For Lpg — 65 mm, at the resonating frequency of 4.7 GHz,
the MC between all the antennas is below -13.23 dB. For Lpg — 67.5 mm, at the resonating
frequency of 4.3 GHz, the MC between all the antennas is below -20.7 dB. For Lpg = 70 mm,
at the resonating frequency of 4 GHz, the MC between all the antennas is below -22.76 dB. For
Lpg = 72.5 mm, at the resonating frequency of 3.8 GHz, the MC between all the antennas is
below -20.7 dB. For Lpg = 75 mm, at the resonating frequency of 3.4 GHz, the MC between
all the antennas is below -20.9 dB. Therefore, from Fig. [B:20] it is concluded that the MC
deteriorates when Lpg is reduced below 70 mm. Also, the resonance shifts rightward towards
the higher frequencies. When Lpg is increased above 70 mm, d increases, and resonance shifts
to the left towards the lower frequencies. However, as the primary design goal is to obtain the
minimum MC among all antenna elements at the resonating frequency, the 70 mm side length
is our choice for this parameter while considering both the optimal antenna performance and

size.
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Fig. 3.20: S-parameters for varied side length (Lpg) and corresponding inter-element spacing (d):
(a) Lpg = 65 mm, d = 2.29 mm, (b) Lpg = 67.5 mm, d = 4.46 mm, (c¢) Lpg = 70 mm, d = 6.62
mm, (d) Lpg = 72.5 mm, d = 8.79 mm, (e) Lpg = 75 mm, d = 10.95 mm.

3.3.4 Antenna Performance

The antenna prototype is fabricated and experiments are performed inside an anechoic
chamber to validate the simulated results, as shown in Fig. [3.21]

The measured |Sy;| for j = 1, 2,..., 6, are plotted as functions of frequency in Fig. [3.22
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Fig. 3.21: Measurement set-up (Inset: top and bottom views of fabricated antenna prototype).
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Fig. 3.22: Measured S-parameters of the fabricated prototype.
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and the simulated S-parameters are plotted in Fig. [3.15| The -10 dB simulated impedance
bandwidth of this MIMO antenna lies between 3.67 and 4.53 GHz, and the isolation among
all the antenna elements is found to be more than 15 dB. The -10 dB measured impedance
bandwidth of the fabricated prototype is noted from 3.44 to 4.68 GHz. The measured isolation
among all the ports is greater than 15 dB from 3.44 to 3.56 GHz and more than 20 dB beyond
3.56 GHz. Moreover, it is also noted that [Se1|, |Se1| and [Ss1], |Ss1| are coinciding because of
the symmetric location of Port 2 & Port 6 and Port 3 & Port 5 with respect to Port 1. The
slight mismatch in the simulated and measured S-parameters is because of the tolerances in the

fabrication and measurement process.
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Fig. 3.23: Radiation patterns at 4 GHz: (a) ¢ = 0° plane and (b) ¢ = 90° plane.

The simulated and measured radiation patterns of the proposed antenna in ¢ = 0° and
¢ = 90° planes for port 1 are plotted in Fig. while the remaining antenna ports are
terminated with a 50 €2 matched load. It is noted that the maximum of the main beam is in
the direction ® = 0° in both planes. The radiation patterns for only port 1 is plotted as all
other ports are symmetrical in the antenna design. Cross-polar discrimination (XPD) of 19 dB
in ¢ = 0° and 27 dB in ¢ = 90° planes are observed in the broadside direction of the radiation
pattern at 4 GHz.

The simulated, measured gain, and antenna efficiency versus frequency curves are plotted
in Fig. [3.24l The measured peak gain is 5.1 dBi, and the antenna efficiency is found to be lying
between 83% to 88 %.
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Fig. 3.25: ECC and CCL versus frequency.

The ECC is calculated using and from chapter 1 and is plotted in Fig. |3.25,
The ECC for this six-port MIMO antenna is noted to be less than 0.049 from 3.6 to 4.6 GHz.
The correlation among antennas causes a loss in the channel capacity of a MIMO system. Based
on the assumption that this MIMO antenna is used at both transmitter and receiver sides to
realize a 6x6 MIMO communication system. The CCL for such a MIMO system due to the
correlation is calculated using from chapter 1 and plotted in Fig. [3.25, The CCL for this
MIMO system is noted to be less than 0.98 bits/s/Hz from 3.6 to 4.6 GHz.

Using , the DO for the above-described 6x6 MIMO system is six across the antenna
bandwidth. The DM is calculated using and plotted along with the DO in Fig. [3.26]
The PDGR, a measure of reduction in the diversity performance, is plotted in Fig. [3.26] and is
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Fig. 3.26: DM and PDGR versus frequency.

noted to be less than 18.6 % from 3.6 to 4.6 GHz.

Table 3.1: Comparison of the proposed work with other 6-port MIMO antennas.

Refs. BW Ag Is MC Gp St
78 2.45 0.43x0.43x0.43  NA <o 1957l N5
planar
Non-
[79] 5.15-5.825 2.45x2.14x0.48 NA < -45 6-7
planar
Non-
[80] 1.88-1.9, 2.3-2.6  0.85x0.43x0.037 0.306 <-10 1
planar
[81] 7-10 1.16x1.86x0.28  0.38 <12 3.7 Nou-
planar
Prop. 3.44-4.68 1.6x1.37x0.018 0.076 <-15 3-5.1 Planar

Abbreviations: Refs.: references, BW: impedance bandwidth (GHz), Ap: highest operating wavelength, Ag:
antenna size (in A} ), Is: inter-element spacing (edge-to-edge in Aj,), MC: mutual coupling in dB, Gp: peak gain
in dBi, St: structure type, Prop.: proposed work, NA: information not available.

The comparison of the proposed work with other contemporary works is listed in Table
[B.1] It indicates that the proposed MIMO antenna has overall better performance than other
works. The proposed six-port MIMO antenna has higher isolation than the other reported
antennas except for the one in [79]. However, the latter occupies approximately 64 times more
volume (A?) than our antenna. It is also noted that the antenna presented here has a lower

size (A\3) than the rest, except for the antenna in [80]. However, the proposed six-port antenna
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has a higher isolation, better gain, and much lower inter-element spacing than the antenna
in [80]. Our proposed antenna has higher gain than others except for antennas in 79| and [81].
Our proposed antenna has a broader bandwidth (fractional bandwidth) than all other antennas
except for the one in [81]. But the antenna in [81] occupies approximately 15 times more volume
than our antenna. Moreover, the antenna presented here has less fabrication complexity than

the rest because of its planar and simple geometry.

3.4 Conclusions

In this chapter, two MIMO antennas (dual-port and 6-port) utilizing the NL technique for
MC reduction are designed, fabricated, and tested. For the dual-port antenna, the MC in both
the frequency bands (2.3-2.8 GHz and 3.3-3.7 GHz) is reduced with a modified neutralization
line and a grounded stub together. This antenna has a bandwidth from 2.3 to 2.8 GHz and 3.37
to 3.72 GHz. It covers 2.4 GHz-WLAN, LTE 38, LTE 40, LTE 41, 3.5 GHz-WiMAX, and 3.3 to
3.7 GHz for 5G applications. The radiation patterns are plotted, and a maximum gain of 3.66
dBi is noted in the operating frequency range of the antenna. Isolation is found to be greater
than 15 dB. The ECC is noted to be less than 0.0465, and CCL is found below 0.137 bits/s/Hz.
The PDGR is found below 8.7 %. The SRL for this MIMO antenna is below 1 x 107 bits/s/Hz.
Therefore, this dual-port antenna is suitable for use in multiple-band MIMO applications. For
the 6-port MIMO antenna, simulated and measured results are found to be in good agreement
with each other. From 3.6 to 4.6 GHz, the isolation is found to be greater than 15 dB, the
ECC is noted to be less than 0.049, and the CCL is noted below 0.98 bits/s/Hz. The PDGR
is noted below 18.6%, thus making this antenna a suitable candidate for application in MIMO
communication systems. Moreover, this 6-port antenna can also be used for altimetry (4.2-4.4

GHz) in unmanned aerial vehicles (UAVs) as a 6-port MIMO antenna for better performance.

TH-3146 156302008 51



TH-3146 156302008



Space Efficient Meta-grid Lines for
Mutual Coupling Reduction

It is understood in chapter 2 that EBGs, isolators, and NLs for MC reduction require extra
space between antennas to accommodate them. The ADS for isolation enhancement requires
additional layer/layers above the MIMO antenna. Therefore, these techniques increase the
antenna profile. In this chapter, meta-grid lines (MGLs) are proposed and designed for MC
reduction in printed monopole MIMO antennas and MIMO DRAs. This technique utilizing
MGLs neither requires extra space between antenna elements nor involves the arrangement of

additional layers like the ADS. Hence, it helps in designing compact two-port MIMO antennas.
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4.1 Introduction

It is noted in chapter 2 that EBGs, isolators, and NLs for MC reduction require extra space
between antennas to accommodate them. Besides, ADSs or superstrates are placed above the
MIMO antenna to reduce the MC between ports. The height of the ADS above the antenna
determines the phase of the partially reflected wave, which nullify the effect of the coupled
wave. Therefore, these techniques require either extra space or additional layers.

This chapter presents a novel single negative (SNG: p and € are of opposite signs) meta-grid
line (MGL) structure. This MGL structure is used to design the following low MC MIMO
antenna configurations:

1. Two-port coplanar waveguide (CPW)-fed monopole MIMO antenna (TPCFMMA)

2. Two-port MIMO DRA (TPMDRA)

Unlike EBGs, isolators, and NLs for MC reduction, this approach obviates the need for any
extra space between antennas to accommodate the decoupling unit. Integrating these MGLs
in the ground plane for MC reduction does not require any additional layers, unlike ADSs or
superstrates that increase the height of the antenna. Therefore, this technique helps to realize
the compact design of TPCFMMA with minimal edge-to-edge spacing between the antenna
elements (0.015\).

It is noted that for the TPCFMMA, the unit cell periodicity (p) of the MGL structure is
6.35 mm, and guided wavelength ()) is 57.7 mm whereas, for the TPDRAA, p is 6 mm and
Ag is 34.85 mm at 5.8 GHz. Hence, p is much smaller than the A, of the propagating wave
(ie., p < Ag) [83,84], so that fields are averaged across the unit cells and see the structure
as a homogenous medium at a macroscopic scale. Also, from the extracted permittivity and
permeability curves of MGLs for the TPCFMMA and the TPMDRA, it is noted that the MGL
structure shows wideband SNG behaviour. Even though the presented structure resembles a
DGS (both are etched copper patterns on the ground plane), the former differs significantly
from a DGS (which uses a slot of a length comparable to the guided wavelength [36,37] or half
of the guided wavelength [38]) due to its characteristic properties discussed above.

In addition, most MC reduction techniques involving EBG structures and superstrates gen-
erally lack portability or interoperability among different types of radiators (patch antenna<>DRA).
In other words, EBG structures and superstrates used to reduce the MC in MIMO patch an-

tennas are seldom employed in MIMO DR As without major structural modifications. However,

TH-3146 156302008 54



4.2 Unit cell analysis

this is not the case with the presented technique because, in the TPMDRA, the dielectric blocks
are excited by means of microstrip patch feed printed over an MGL (with wideband SNG char-
acteristics) backed substrate. Therefore, MGLs effectively deal with the MC in both printed
and dielectric resonator antennas. A notable feature of this decoupling structure is that the
antenna's resonating frequency can be adjusted over a wide frequency range (2.6 to 4.4 GHz)
by varying MGL's geometric parameters in the case of the TPCFMMA. With changing res-
onating frequencies, minimal offsets between the resonance and minimal mutual coupling are
observed, i.e., the MC performance at resonance remains almost undisturbed. In the TPMDRA
design, the resonating frequency can be made to lie at any value between 5.78 and 6.55 GHz
by changing the dimensions of annular ring slots in the patch, which excites the DRA. Even in
the TPMDRA, the MC performance is preserved while varying antenna resonating frequencies.

This chapter is divided into three sections: Section presents the unit cell analysis of the
proposed MGL structure. The TPCFMMA is discussed in Section [£.3, whereas the TPMDRA

is discussed in Section 4.4

For TPCFMMA:

R=5.0mm P=535mm
h=1.57 mm W,=0.5 mm

For TPMDRA:

R=5.0mm P=337mm
h=1.57 mm W= 0.5 mm

B copper

rogers RT-Duroid 5870

Fig. 4.1: Meta-grid lines unit cell.

4.2 Unit cell analysis

An isolated unit cell (single unit cell) of MGLs to be integrated with the ground plane of
MIMO antennas is shown in Fig. The MGLs are printed on the back of Rogers RT-Duroid
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5870 with €, = 2.33 and tan(d) = 0.0012. The simulation set-up for extracting the real parts
of the complex permeability and permittivity of such a unit cell is shown in Fig. [4.2] Using
the parameter retrieval option in CST Microwave Studio Suite 2018, the permeability and

permittivity curves are plotted in Figs. 4.3(a)| and [4.3(b)] respectively.

A O B = ey oy B
~ PMC boundary (+Z and -Z direction)
Ry o R e

il ‘ = o | ;3
PEC boundary (+Y and »-YI' direction) !

Fig. 4.2: Simulation set-up for effective material parameter extraction.

From Figs. |4.3(a)|and |4.3(b)}, it can be seen that the unit cell exhibits the behavior of SNG

metamaterial (e-negative). The refractive index (n = ,/u€) becomes imaginary as p and € are
of opposite signs. Electromagnetic waves can not propagate in such mediums and, thus, can be

used for isolation enhancement in multi-port MIMO antennas by suppressing the propagation of

the surface waves from one antenna to another. Gray-shaded regions in Figs. 4.3(a)| and {4.3(b)|

indicate the operating frequency ranges of the TPCFMMA and the TPMDRA, respectively.

4.3 2-port CPW-Fed Planar Monopole MIMO Antenna
Using SNG Meta-Grid Lines

4.3.1 Introduction

This part of the chapter presents a two-port CPW-fed monopole MIMO antenna (TPCFMMA).
It has been observed that the TPCFMAA has mutual coupling below -20 dB for frequencies
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Fig. 4.3: Extracted effective permittivity and permeability of the unit cell: (a) for the TPCFMMA
and (b) for the TPMDRA.
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between 2.6 to 4.4 GHz. At 3.5 GHz, the inter-element distance between the antennas is noted
to be 0.015\; (A, = highest operating wavelength). The TPCFMMA can be used in 3.5 GHz

internet of vehicles (IoV) multi-user MIMO communication.

4.3.2 Antenna Geometry and Working Mechanism

This subsection discusses the TPCFMMA employing the SNG MGLs integrated with the
ground plane for MC reduction (shown in Fig. [4.4)). The top layer consists of two CPW-fed
elliptical printed monopole patches, which are used as radiators, whereas the bottom layer
consists of an MGL structure (5 x 4 unit cells). The values of all the geometrical dimensions
corresponding to Fig. [4.4] are given below: L; = 38.75, Ly = 25, P =535, R =5, w = 1,
G=5a=48 b=432 W, =16, Wy =0.7, L, = 4.5, Ly = 3.5, r = a/b. Note that all
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- <
- copper (top and bottom layers) substrate

Fig. 4.4: Geometry of the 2-port CPW-fed monopole MIMO antenna.

(a) (b)

Fig. 4.5: Fabricated prototype of 2-port CPW-fed monopole MIMO antenna: (a) top view and (b)
bottom view.

values are in mm.

The photographs of the top and bottom views of the fabricated prototype of the TPCFMMA

are shown in Figs. [4.5(a)|and [4.5(b)|, respectively. All simulation results are generated using the

High-frequency structure simulator (HFSS) version 14.0. To understand the contribution of the
proposed MGL structure in MC reduction, the S-parameters without and with this structure
are plotted in Fig. [4.6] It is apparent from these plots that the integration of the MGLs in
the ground plane reduces the MC by 20 dB at 3.5 GHz. Two important design parameters
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Fig. 4.6: S-parameters with and without MGLs integration in ground plane.
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Fig. 4.7: S-parameters for different values of G.

(M and G, as shown in Fig. |4.4)) are found to be vital in positioning the antenna's resonating
frequency. In the case of G, as shown in Fig. [1.7] increasing or decreasing the values of G shifts
the frequency upward or downward, respectively. However, in the case of M, as shown in Fig.
[4.8] it is reversed, i.e., increasing or decreasing the values of M shifts the frequency downward
or upward, respectively. In both cases, the MC performance remains intact. Retaining the
MC performance with varied resonating frequencies is one of the novel aspects of the proposed
two-port MIMO antenna. For M = 6.85 mm and G = 5 mm, the antenna can be designed
for the 3.5 GHz WiMAX application. At 3.5 GHz design frequency, the electrical size of the
antenna is noted to be 0.45 \g x 0.30 .

Fig[4.9 shows the S-parameter for several combinations of M, G, and r. These combinations

TH-3146_156302008 59



4. Space Efficient Meta-grid Lines for Mutual Coupling Reduction

0 e
-54
-10 1
—
m ]
o 15
©n 2
5 -20 - )
5 [ —m—js, |(r=285) |
g 225 —e—s,|(M=385) |
£ 1 —A—S,,|(M=485)
2.-307 —w—s,,| (M =5.85) ‘ Y
A 35 ] ISl M=6.85) f—o—1S,,| (1 =2.85) —O—1S,,| (M =6.85)
| B -1l (M=7.85) IS, (M =3.85) —=—1S,,| (M =7.85)
-40 4 —& 18,/ (M=8.385) DS, | (M=4.85) —@—|S,,| (M =8.85)
45 1~ - 18nl (M =9.85) —%—|[S,,| (M =5.85) —%— S, (M =9.85)
2.0 2.5 3.0 3.5 4.0 4.5 5.0
Frequency (GHz)
Fig. 4.8: S-parameters for different values of M.
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Fig. 4.9: S-parameters for several combinations of M, G, and r.

include Combination A (M = 12.85, G = 7, r = 0.9), Combination B (M = 11.85, G = 7, r
= 0.9), Combination C (M = 9.85, G = 5, r = 0.9), Combination D (M = 5.85, G = 5, r =
0.9), Combination E (M = 3.85, G = 5, r = 0.3), and Combination F (M = 2.85, G = 5, r =
0.3). Note that all values are in mm. By selecting the proper combination of these parameters,
an optimal mutual coupling performance can be obtained, and the antenna can be designed to
resonate at any frequency between 2.6 and 4.4 GHz. For example, a mutual coupling of close
to -45 dB can be achieved using Combination B. For Combination A, the MC is below -17.27
dB, while for the rest of the combinations, the MC is noted to be below -20 dB.

The performance comparison of the TPCFMMA with other works is shown in Table [4.1]
It is noticed that the proposed TPCFMMA has the minimum inter-element spacing (in terms
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Table 4.1: Comparison of the proposed TPCFMMA with other EBG, MTM, MS and DB based
two-port antenna designs.

Refs. BW Ag ML EH Is
5.75 center
frequency,
[29] bandwidth not 1.50x1.50x0.049 Yes 1.27 mm 0.5\,
mentioned
[30] 4.85-5.08 0.87x0.43x0.024 No 0.00 mm  0.13)\
8.7-11.7,
11.9-14.6,
[32] 15.6-17.1, 1.07x2.03x0.046 No 0.00 mm  0.58),
22-26, 29-34.2
[48] 2.5-2.7, 3.4-3.6 0.83x1.25%0.14 Yes 11 mm 0.008\y,
[49] 3.3-3.7 1.1x1.1x0.385 Yes 35 mm  0.264\,
[51] 3.3 to 3.34 1.6x0.9%0.16 Yes 143 mm  0.12\,
[52] 4.6-5.29 1.53x0.92x0.38 Yes 16.5 mm  0.092);,
No extra
Prop. 3.46-3.56 0.28x0.45x0.018 No hellht 0.015);,

Abbreviations: Refs.: references, BW: impedance bandwidth (GHz), Ap: highest operating wavelength, Ag:
antenna size (in A}), ML: multi-layer arrangement, EH: excess height, Is: inter-element spacing (edge-to-edge
in Ap), Prop.: proposed work.

of \;) except for the MIMO antenna in [48|. But, the antenna in [48] occupies 64 times more
volume (in A}) than the TPCFMMA. The TPCFMMA has broader percentage bandwidth than
the antenna of [51] and comparable percentage bandwidth with the antenna in [29] but lesser
percentage bandwidth than the antennas in 30|, [32], [48], [49], and [52]. However, excellent
bandwidth improvement is seen in the TPMDRA employing meta-grid lines in the ground plane
for MC reduction, and it will be covered in the next section. The TPCFMMA is a very low
profile antenna that occupies 48.6, 3.95, 44, 64, 205, 101.6, and 236 times lower volume than
the antennas of [29], [30], [32], [48], [49], [51], and [52], respectively. The elements of this highly
compact MIMO antenna satisfy the criterion (ka < 1) for electrically small antennas [85].
Furthermore, the TPCFMMA design is simple, compact, and especially does not have a multi-
layer arrangement contrary to the antennas of [29], [48], [49], [51], and [52| that add extra

heights to these antennas.
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—0O— measured Co-Pol —O— measured Co-Pol

—%— measured X-Pol —%— measured X-Pol
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Fig. 4.10: Radiation patterns at 3.5 GHz: (a) ¢ = 0° plane and (b) ¢ = 90° plane.

4.3.3 Antenna Performance

The measured S-parameters with their simulated values are shown in Fig. A good
agreement has been seen between the simulated and the measured S-parameters.

Normalized radiation patterns at 3.5 GHz (for Combination D) in ¢ = 0° and ¢ = 90°
planes are plotted in Fig. [4.10, The peak gain is noted to be lying from 1.53 to 1.68 dBi
within the antenna bandwidth from 3.46 to 3.56 GHz (Fig. [4.11)). It can be observed that

the measured gain slightly deviates from the simulated gain, which may be due to fabrication

tolerances.

EE Y N
1 1

—&— simulated gain
—O— measured gain

PaSES . Sy

w
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(e}
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3.40 3.45 3.50 3.55 3.60
Frequency (GHz)

Fig. 4.11: Measured and simulated gain of the TPCFMMA.
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Fig. 4.12: ECC and CCL versus frequency.

The ECC is calculated using (1.12)) and ({1.13)) from chapter 1 and is plotted in Fig. 4.12| The

ECC for this dual-port MIMO antenna is noted to be less than 0.0099. The correlation among
antennas causes a loss in the channel capacity of a MIMO system. Based on the assumption
that this MIMO antenna is used at both transmitter and receiver sides to realize a 2x2 MIMO
communication system. The CCL for such a MIMO system due to the correlation is calculated
using from chapter 1 and plotted in Fig. . The CCL for this MIMO system is noted
to be less than 0.028 bits/s/Hz.

5 5
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Q44 %w##&:w
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z 28
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Fig. 4.13: DM and PDGR versus frequency.

Using (1.18)), the DO for the above-described 2x2 MIMO system is four across the antenna
bandwidth. The DM is calculated using ((1.19) and plotted along with the DO in Fig. [4.13]

The percentage diversity gain reduction (PDGR) is a parameter that measures the reduction
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in the diversity performance of a MIMO antenna due to the correlation between antennas. The
PDGR versus frequency curve is plotted in Fig and is noted to be less than 1.96 %.

In a multi-user MIMO scenario, the channel capacity loss is measured as sum rate loss (SRL)
and calculated using . Three mobile terminals (each having this two-port antenna) are
considered for the SRL analysis in accordance with Fig. of chapter 1. The SRL for this
MIMO antenna at the center frequency (3.51 GHz) is 0.0160 x 1074 bits/s/Hz.

Considering the practical deployment of this antenna, the effect of the large ground plane
on antenna performance is analyzed. The simulation with an extended ground plane (50 mm in
the +Y axis, +X axis and -X axis directions as per Fig. in the plane containing the bottom
layer of the antenna is carried out. It is noted that the cross-polarization discrimination (XPD)
performance and antenna gain both improve with the usage of the extended ground plane.
Another simulation is carried out with a large ground plane (50 mm in the +Y axis, +X axis
and -X axis directions as per Fig. , which is placed 10 mm below the plane containing
the bottom layer of the TPCFMMA. It is seen that the gain improves from 1.65 dBi to 2.91
dBi. However, the XPD does not improve. In both cases, impedance matching and isolation
performances remain almost unaffected.

The TPCFMMA can be mounted over a vehicle's roof-top, utilizing the large metallic roof
layer of the vehicle as an extended large ground plane or as a reflector below the antenna.
Therefore, this antenna can be used for the 3.5 GHz internet of vehicles (IoV) multi-user

MIMO service.

4.4 2-Port MIMO DRA using SNG Meta-Grid Lines

4.4.1 Introduction

This section of the chapter presents a two-port MIMO DRA (TPMDRA). A patch with
annular ring-shaped slots is used for exciting each DRA. It is noted that the TPMDRA's
operating frequency can be tuned by changing the parameters of the annular ring slot in the
excitation patch. For low MC, MGLs, as explained in section of this chapter, are integrated
into the ground plane. The bandwidth of the TPDRAA can be further increased by merging the
two resonances. For the TPDRAA, the measured -10 dB impedance bandwidth is from 5.65 to

6.55 GHz. The mutual coupling between the antenna elements is seen to be below -16 dB for an
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inter-element spacing of 4.8 mm, which is 0.090)\,. The measured gain of the TPMDRA within
the bandwidth is from 4.17 to 5.2 dBi. The TPMDRA can be used for satellite communication
in the 5.925 to 6.425 GHz frequency band, WiMAX in the 5.7 to 5.85 GHz band, ISM in the
5.725 to 5.85 GHz band, and WLAN in the 5.8 GHz band.

f}»
patch with @ iH
annular rings Port 2
L

dielectric substrate

Fig. 4.14: Antenna geometry of the 2-port MIMO DRA.

4.4.2 Antenna Geometry and Working Mechanism

The isometric view of the antenna is shown in Fig. [£.14] Tt uses two CDRA blocks of €, = 25
as radiating elements. These dielectric blocks are excited by means of two concentric annular
rings in the circular patches placed above the substrate (Rogers RT-Duroid 5870 with ¢, = 2.33
and tan(d) = 0.0012). These circular patches are connected to the microstrip line that feeds
signals to the antenna elements. The ground plane (in maroon) has an MGL structure (7 x 4
unit cells) integrated between two uniform rectangular sections of dimensions L, x W at its
two ends. The values of all the geometrical parameters are as follows: D = 144, H = 3.8,
L=45W =25,L, =72, Wy =24, Ly =77, Ry = 3.8, Ry =22, P=337, R=15, dy =04,

dy = 0.6, s =1, h = 1.57. All dimensions are in mm.
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Using (4.1) and (4.2) from , the resonating frequency of the circular patch of radius a
= 5.2 mm is calculated to be 9.8 GHz which is much higher than the frequency range of the

proposed antenna. Therefore, it is concluded that the non-radiating patches with annular ring

slots are used for exciting the HEM;95 mode in the cylindrical dielectric blocks.

8.791 x 10°
F=22"2C7 4.1
fr % \/ET ( )
4 (4.2)
\/1 20 (log, (ZE + 1.7726))

Here, h and a are in cm and f, is the resonant frequency of the circular patch.
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Fig. 4.16: S-parameters for different radii of the OARS.
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Fig. 4.17: S-parameters for different radii of the TARS.

The antenna configuration without the annular ring-shaped slots has small bandwidth (refer
to Fig. . Therefore, attempts are made to increase the bandwidth by employing the annular
slots in the circular patches, which excite the DRA blocks. Note that the initial radius of the
slot is chosen such that the annular ring slot length (perimeter) = \g/2. For 6 GHz frequency,
Ao/2 = 50 mm and A\, = 32.75 mm. Hence, (\g/2) = 16.37 mm. The radius for the circular
annular ring slot with a perimeter of 16.37 mm comes out to be 2.6 mm. Hence, variations
have been made around this initially calculated dimension to chose the radii of annular ring
slots for bandwidth enhancement. Here, Ay and A, are the free space and guided wavelengths,
respectively.

It is shown in [86] that increasing the radius of the feeding slot decreases the resonating
frequency and vice-versa. A similar trend can be observed in the S-parameters of the antenna,
with only the outer annular ring slot (OARS) and only the inner annular ring slot (IARS).
The same can be seen in Figs. and which show the S-parameters for different radius
values of the OARS and ITARS, respectively. It has been observed that by varying the radius
of the OARS and the TARS, the resonance can be adjusted in the lower and higher frequency
regions, respectively. The above discussion implies that the lower resonance at 5.78 GHz and
the higher resonance at 6.5 GHz in Fig. are due to the OARS and TARS, respectively.
These two resonances merge when the IARS (Ry = 2.2 mm) and the OARS (R; = 3.8 mm) are
used together, leading to a broader bandwidth from 5.68 GHz to 6.7 GHz.

The dimensions of the circular dielectric block to excite the HEM 55 mode at 5.8 GHz are
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calculated using (4.3)) from and turn out to be H = 3.8 mm and D = 14.4 mm.

30k0a
GHz) = ——— 4.3
f(GHz) Sra(cm) (4.3)
where,
3.72 + 0.4464x + 0.22322% + 0.05212% — 2.65exp™¥
koa = s
vV €r

a = %, r = 55 and N = 1.252(1 + 4.7x), f is the resonating frequency and e, is the relative

permittivity of the dielectric material.

E Field [V/m]

1.0000E+004
I 2.6872E+003
7.1969E+002

. 1.9307E+002
5.1795E+001

1.3895E+001

3.7276E+000

1.0000E+000

Fig. 4.18: Electric field distribution at 5.78 GHz: (a) top and (b) side view.

Fig. [1.16] shows that the mutual coupling curves have valleys just below the resonance for
the OARS, and the same is observed for the IARS in Fig. It is mainly because of the
integration of the MGLs in the ground plane.

Electric field patterns at 5.78 GHz are shown in Fig. and confirm the excitation of
HEM;55 mode [88].
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Fig. 4.20: Measured and simulated S-parameters.

4.4.3 Antenna Performance

The simulated and measured S-parameters of the fabricated prototype (as depicted in Fig.
4.19) are plotted in Fig. The measured -10 dB impedance bandwidth of the antenna is
observed from 5.65 to 6.55 GHz, and the simulated bandwidth is from 5.68 to 6.7 GHz. The
slight difference in the measured and simulated bandwidth is because of various tolerances,
such as imperfections in cutting the DRA block and PCB fabrication. The measured isolation
between the antenna elements is found to be more than 16 dB for the entire bandwidth, with
a maximum value of 38.6 dB.

The measured and simulated co-polar and cross-polar radiation patterns for ¢ = 0° and
¢ = 90° planes at 5.8 GHz are plotted in Fig. 4.21l During pattern measurements, port 1 is
excited, whereas port 2 is terminated with a matched load. The measured cross-polarization
discrimination (XPD) value in the broadside direction is more than 11.5 dB in both planes.
The difference in the XPD value between the simulated and measured data could be due to

the detector sensitivity. The measured and the simulated peak gain with respect to frequency
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Fig. 4.21: Radiation patterns: (a) ¢ = 0° plane and (b) ¢ = 90° plane.
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Fig. 4.22: Measured and simulated gain.

are plotted in Fig. The measured antenna gain ranges from 4.17 to 5.2 dBi, while the
simulated gain lies between 3.97 to 5.4 dBi.

The ECC is calculated using and from chapter 1 and is plotted in Fig. m The
ECC for the TPMDRA is noted to be less than 0.04 from 5.78 to 6.58 GHz. The correlation
among antennas causes the loss in the channel capacity. Considering this MIMO antenna
deployed on the transmitter and receiver sides of a 2x2 MIMO system, the channel capacity
loss due to the correlation can be calculated using from chapter 1 and is plotted in Fig.
4.23, The CCL for this MIMO system is noted to be less than 0.118 bits/s/Hz from 5.78 to
6.58 GHz.
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Fig. 4.24: DM and PDGR versus frequency.

Using , the DO for the above-described 2x2 MIMO system is four across the antenna
bandwidth. The DM is calculated using and plotted along with the DO in Fig. [4.24]
The PDGR is a measure of the reduction in the diversity performance of a MIMO antenna due
to antenna correlation and is plotted in Fig [£.24] The PDGR value is noted to be less than
6.18 % from 5.78 to 6.58 GHz.

The comparison of the proposed work (TPMDRA) with other contemporary works is listed
in Table £.2] Tt has been observed that MIMO antennas in [67], [69], [70], and [71] occupy
3.1, 34.8, 23, and 6.1 times more volumes than the TPMDRA, respectively. Moreover, the
TPMDRA has the highest percentage bandwidth and the lowest inter-element spacing (in

terms of \p).
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Table 4.2: Comparison of the proposed work with other works.

Refs. BW Ag Np Ig
[67] 5.25-5.92 1.05%0.7x0.15 3 0.208),
69] 9.04-9.92 1.7x1.7x0.424 3 Eﬁ’(faabi
[70]  27.25:28.35  1.8x1.8x0.25 2 0.117\,
71] 95.2-27.1 1.8%0.92x0.13 2 0.11\,

Prop.  5.65- 6.55  0.84x0.46x0.091 2 0.00L\,

Abbreviations: Refs.: references, BW: impedance bandwidth (GHz), Ap: highest operating wavelength, Ag:
antenna size (in A3), Np: number of ports, Is: inter-element spacing (edge-to-edge in \z), Prop.: proposed
work.

4.5 Conclusions

In this chapter, meta-grid lines are integrated into the ground plane to reduce the MC
in a TPCFMMA. This technique is further extended for the same objective in the case of a
TPMDRA as well. The proposed MC reduction approach does not add any extra footprint to
the presented MIMO antennas. The TPCFMMA and TPMDRA are fabricated and tested as
proofs-of-concept. For the TPCFMMA, at 3.51 GHz center frequency (bandwidth from 3.46 to
3.56 GHz), the MC is -28 dB. The ECC is noted to be less than 0.0099, and the CCL is found
below 0.028 bits/s/Hz within the operating bandwidth. The PDGR is found below 1.96%. The
SRL for this MIMO antenna at the center frequency (3.51 GHz) is 0.0160 x 10~ bits/s/Hz.
Therefore, the TPCFMMA is a suitable candidate for the 2-port MIMO WiMAX application.
The MC in the TPMDRA is noted to be less than -16 dB within the operating frequency range.
The ECC is noted to be less than 0.04, and the CCL is found below 0.118 bits/s/Hz from 5.78
to 6.58 GHz. The PDGR is found below 6.18%. Thus, making this compact TPMDRA a
suitable candidate for MIMO application in the operating frequency range (5.78 to 6.58 GHz)
that covers 5.925 to 6.425 GHz frequency band for satellite communication, 5.7 to 5.85 GHz
for WiMAX, 5.725 to 5.85 GHz for ISM band, and 5.8 GHz for WLAN application.
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Double-Side Copper Cladded Substrate
for Mutual Coupling Reduction in
Miniaturized DRASs

This chapter presents a technique that uses a double-side copper cladded substrate for reducing
the mutual coupling between two half-split cylindrical DRAs. This approach helps to realize a
closely packed MIMO antenna with small edge-to-edge inter-element spacing and low electro-
magnetic interaction between antenna elements with simultaneous miniaturization of the DRA

with an overall reduction of MIMO antenna size.
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Miniaturized DR As

5.1 Introduction

This chapter presents a method for reducing the mutual coupling in the E-plane between
two tightly-spaced and reduced-size DRA elements. E-plane coupling within closely spaced
antennas introduces strong mutual coupling and has been rarely addressed in the literature.
The proposed design is presented with a four-fold objective: (i) small inter-element spacing,
(ii) good isolation, (iii) miniaturized DRAs, and (vi) reduced overall antenna size. A double-
side copper-cladded substrate is inserted between two half-split cylindrical DRAs (CDRAs),
offering a close to 50% reduction in the DRA's size. It also helps to reduce the mutual coupling
by reducing the mutual impedance between the ports. The mutual impedance is tuned to
a minimal value, precisely at resonance, by varying the substrate thickness. This approach
has been analyzed and verified further by demonstrating an equivalent circuit model of this
two-port DRA. The proposed concept is a simple and efficient way of reducing the mutual
coupling. This approach fulfills the requirements of modern MIMO communication by realizing
a compact antenna system. All results are systematically presented based on simulation studies

and validated experimentally using a fabricated prototype.

Fig. 5.1: E-field distribution of the first two radiating modes of a CDRA with the possibility of splitting
into halves or quarters using the PEC boundary: (a) possible for HEM715 mode with straight PEC
boundary, (b) not possible for HEM315 mode with straight PEC boundary, (c) possible for HEMo4
mode with 45° titled PEC boundary, and (d) possible for HEMy;5 mode to break into 4-quarters with
two tilted PEC boundaries at 45° and 135°.
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5.2 Proposed Concept and Antenna Design

This section presents a systematic design strategy for reducing the mutual coupling between
two half-split CDRAs. It begins with a coaxial-fed CDRA of radius (r4) = height (hg) = 10

mm with €4,, = 10. Its resonating frequency for the dominant HEM;;5 mode is estimated as

3.96 GHz using (p.1)) [53].

47713 x k
o 200 X o (5.1)
a
where
6.324 a a
koa = 0.27 4+ 0.36(—) + 0.02(—)?
W= T ¢ 2T+ 036 g 00205, )

Here, h and a are in cm, and f, is the resonant frequency in GHz.

Fig. depicts the E-field distributions for the first two radiating modes of CDRA with
the possibility of splitting into halves or quarters by inserting vertical PEC boundary without
affecting the E-field distribution. As evident from Fig. [5.1{(a), splitting into two halves is
possible in the case of HEM;5 mode. In contrast, with the same location of the PEC wall, this
is not the case with the higher-order HEMs;5 mode, as shown in Fig. [5.1(b). This higher-order
mode is expected to be suppressed due to the placement of a vertical metal sheet. However, if
the metal sheet becomes tilted by 45°, the HEM,;5 mode is supported (as shown in Fig. [5.1{c)),
and the HEM;,5 mode is suppressed. Also, if another metal sheet tilted by 135° is inserted, the

CDRA can be split into 4-quarters, as shown in Fig. [5.1|(d).

Port 2 Port 2 ort 2
@ . BIC DJO D
Port 1 Port 1 Port 1 Port 1

(a) (b) (c) (d)

Fig. 5.2: Evolution of various antenna configurations: (a) Aj: conventional CDRA with single port,
(b) Ag: CDRA with two ports, (¢) As: two-port half-split CDRAs with inserted metal sheet, and (d)
Ay4: two-port half-split CDRAs with metal sheet and air gaps.

Fig. illustrates various excitation options of a CDRA — antenna configurations using a
single probe (A;) and its design evolution using dual probes (A, Az, and A4). The conventional

configuration A; excites HEM;15 mode dominantly. A, excites better HEM;15 mode when the
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two ports are out of phase. However, when the two ports are in phase, the HEMy;5 mode is

excited, and the HEM;15 mode is suppressed. Let us concentrate on the HEM;,5 mode case.

0

RN e

1
D
o

3J 6
Frequency (GHz)
(a)

iy i, zero field
-504 . . ‘ . \'\’ region
> N
-60 S  aae
3 + 5 J ! y
Frequency (GHz)
(b)

Fig. 5.3: S-parameters for various antenna stages: (a) [S11| and (b) [Sa1].

In the dual port configuration, a metal sheet with and without the air gap is also incorpo-
rated to investigate their effect on the resonance and the mutual coupling characteristics. The
insertion of the metal sheet makes it possible to have two independent excitations with low mu-
tual coupling using coaxial probes at the opposite ends of the CDRA. It appears to be a suitable
design approach to realize a compact MIMO antenna with suppressed mutual coupling. The
|S11| characteristics of all antenna variants are plotted in Fig[5.3|(a). The curve corresponding to
A4, representing a coax-fed CDRA with a single port, exhibits resonances at 3.95 and 6.5 GHz,
indicating the excitation of the HEM;;5 and HEMs;5 modes, respectively . This is evident
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from the E-field distributions of the CDRA shown in the inset of Fig. (a), at frequency
points f; and f, on the |Si;| curve for A;. However, configuration A, with two ports (in phase)
suppresses the HEM;15 and supports HEMy;5 mode that resonates near 6.5 GHz (f3). E-field
distribution at frequency point f3 confirms this. Configuration A has a strong mutual coupling
between its ports, as evident from Fig. (b) It is possible to restore the dominant HEM;
mode and reduce mutual coupling in configuration Az with a reduced size DRA [89]. Note
that configuration Aj is realized from As by introducing a metal sheet of the same height as
the half-split CDRA. The electric field portrayal of Az, shown in Fig. (a), also confirms the
excitation of HEM;15 mode at frequency point f;. The poor impedance matching performance
of A3 near its first resonance is significantly improved by incorporating two air gaps beside the
metal sheet in A4. The electric field distribution of A4 at point f5 is shown in Fig. (a) and is
found to be similar to that of the HEM;;5 mode. This strategy further suppresses the mutual
coupling, as shown in Fig. b). However, there is a slight shift in resonance towards the
higher side. This occurs due to the perturbation of the CDRA and the inclusion of air gaps.
It should also be stated that the air gap will reduce the effective permittivity of the split DRA
as explained in [90-92|. This reduction of the effective permittivity causes a reduction of the
resonator Q-factor and, in turn, an increase in the antenna bandwidth.

Based on this concept, a vertical double-side copper-cladded substrate between two half-
split CDRA elements changes the edge impedance to be high because it acts as a parallel plate
transmission line shorted at the ground plane end. When the height of the substrate is close to a
dielectric quarter wavelength, the impedance seen at the top of the substrate is very high (open
circuit), forcing the normal electric field to the edge to be zero. Thus, eventually creating an
almost zero field region and increasing the isolation significantly. Secondly, the air gaps between
the metal plates and half-split DRAs have been created. These air gaps improve the impedance
matching performance. The mutual coupling between the ports may be improved further by
controlling the substrate thickness. In this proposed technique, the lower order fundamental
mode (HEM;y4) is excited with size miniaturization, but there is a slight upward shift in its
resonating frequency. The final antenna configuration is depicted in Fig. [5.4 The proposed
two-port antenna consists of two perturbed half-split dielectric blocks (€4, = 10), which are
created by cutting it along the diameter of the cylindrical dielectric block. In the air gap region,

an FR-4 sheet (both sides copper cladding) is placed between DRA 1 and DRA 2. This sheet
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substrate, —>gi<
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DRA1 —}di<— DRA2 ha
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' (a) '
A
R
Lt
R > <
Half-split Half-split
Port 1 &L oo DRA2 — port2

s 6 Erd J Era 9 A

A
\/

Lg

(b)
Fig. 5.4: Antenna configuration: (a) side view, (b) top view. Design parameters (in mm): L, = W, =
50, rq = 10, hg = 10, h, = 6.6, p= 3, d = 0.8, g = 1.065.

has a thickness (d) of 0.8 mm and ¢, of 4.4. The size of the ground plane is 50 mm x 50 mm.

The S-parameters for various values of d are plotted in Fig. [5.5(a). It is noted that for
a particular value of d, the mutual coupling at the resonant frequency reduced significantly
compared to the mutual coupling of A4 (refer to Figs. [5.3(b) and [p.5{(a)). This is because the
copper-cladded FR-4 sheet primarily functions as a parallel plate capacitor (C,). Therefore,
the mutual impedance between antenna ports changes by varying its thickness. For a particular
value of d, the mutual impedance can be brought to near zero. The same is depicted in Fig.

5.5(b). The S-parameters for different values of p for a fixed value of d = 0.8 mm are plotted
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Fig. 5.5: Parametric study for different values of d (in mm): (a) S-parameters, (b) magnitude of
mutual impedance (|Z21]), and (c) imaginary part of mutual impedance.
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Fig. 5.6: S-parameters study for: (a) different values of p with d = 0.8, (b) various combinations of
p and d. Dimensions are in mm.

in Fig. [5.6(a). It is noted that increasing the value of p alone is not sufficient to reduce the
mutual coupling effectively at the resonance frequency. However, a particular combination of
p and d helps to reduce the mutual coupling efficiently at the resonance frequency, as shown in
Fig. [5.6(b).

The two-port DRA can be modeled as its equivalent R-L-C circuit to get better insight into
the proposed mutual coupling reduction mechanism. The equivalent circuit models are shown
in Figs. [5.7(a) and [5.7[(b). A parallel R-L-C resonator is considered to model each half-split
perturbed DRA with an air gap, where Cy, Ly, R, are the capacitance, the inductance, and
the resistance associated with each DRA block. Cy;, is the capacitance due to the air gap. C'is

the capacitance between the copper clad of the FR-4 sheet and the ground plane, whereas L is
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Fig. 5.7: Proposed circuit model of the two-port DRA: (a) detailed equivalent circuit, (b) sim-
plified equivalent circuit. Circuit parameters at 4.79 GHz: R’y = 50 Q, C'y = 3.97 pF, L'y =
0.2786 nH, Le, = 0.663 nH, and Coy = 1.67 pF.
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Fig. 5.8: Model validation by comparing the S-parameters of the equivalent circuit model with the
S-parameters of the two-port DRA.

the inductance of the copper clad. €, denotes the capacitance of the FR-4 sheet. When there
is a resonance in path 1, i.e., short-circuit, the signal that is supposed to be coupled from Port
1 to Port 2 follows path 1 and ensures minimum mutual coupling with the other port. If there
is no resonance in path 1, then C), can be varied by changing the thickness of the FR-4 sheet
and can ensure resonance in path 2. From Fig. [5.5(b), it is clear that for d = 0.8 mm, the
minimum mutual impedance is seen, and for this particular value of d, the minimum mutual

p-5(a)).

manner, copper cladded FR-4 sheet reduces the mutual coupling precisely at the resonating

coupling is observed at the resonating frequency (refer to the inset of Fig. In this
frequency. The circuit diagram of Fig. |5.7|(a) can be reduced to the circuit diagram of Fig.
5.7(b). At the resonating frequency of the antenna, the equivalent circuit parameters of Fig.

5.7(b) are calculated, and its S-parameters with the simulated S-parameters of the antenna are
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Miniaturized DRAs

plotted in Fig. A close match between them further validates the proposed equivalent

circuit. By using the center frequency and bandwidth, the Q-factor is calculated from the |Sy|

curve. Knowing the Q-factor and applying the condition of resonance in parallel R-L-C circuit,

L'y and C'; values are calculated. The antenna impedance (R';) at resonance should be 50

Q. Under the resonance condition, the parallel R-L-C circuit in the left arm (corresponding

to Port 1) of Fig. |5.7(b) reduces to a purely resistive circuit having R';. To ensure that no

signal flows to Port 2, the resonance condition is applied to a series R-L-C circuit (R'y = 50

Q, Ly, and Cy,) as seen from Port 1. The values of the L.,, and C,, are determined by using

the resonance condition for the series R-L-C circuit and its Q-factor value, which is calculated

from the bandwidth and center frequency of the |Sy;| curve.

Table 5.1: Design parameters for various cases.

Cases €d | Ta | P | d g Ly | Wq
Case A | 7519 |31 0.965 | 50 | 50
Case B |10 |10 | 3 | 0.8 | 1.065 | 50 | 50
Case C |16 |9 |3 ]0.5|1.215 |50 |50
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Fig. 5.9: S-parameters for various DRA configurations. Dimensions are in mm.

The FR-4 sheet for the mutual coupling reduction is also used for different DRA materials

and design parameters, as depicted in Table |5.1} The S-parameters for these cases are shown

in Fig. It appears to work quite well in reducing the mutual coupling for all three cases.
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Fig. 5.10: Fabricated prototype of two-port MIMO DRA in an anechoic chamber and its magnified
view. All dimensions are as per Fig.
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Fig. 5.11: Simulated and measured S-parameters of proposed antenna.

5.3 Results and Discussions

Fig. shows a prototype of the two-port MIMO DRA that is fabricated and tested to
validate the proposed design. Measurements are done using a 2-Port ShockLine vector network
analyzer (MS46122B) in an automated anechoic chamber. The simulated and measured S-
parameters for the fabricated prototype are shown in Fig. [5.11l The measured impedance
bandwidth is approximately 16% (4.54-5.34 GHz), which is slightly higher than the simulated
bandwidth, 4.51 to 5.07 GHz (12%). Despite this, the reflection coefficient characteristics are
close to those measured and simulated. The |Sy;| parameter measures the mutual coupling or

isolation between the MIMO antenna's ports. It is measured to be about -44 dB near the center
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Fig. 5.12: Co- and cross-polar radiation patterns at 4.9 GHz: for Port 1 (a) ¢ = 0° plane, (b) ¢ = 90°
plane; for Port 2 (c) ¢ = 0° plane, (d) ¢ = 90° plane.

frequency (4.9 GHz) and maintained below -27.5 dB over the entire operating bandwidth.
The measured and simulated radiation patterns in ¢ = 0° plane (H-plane) and ¢ = 90° plane
(E-plane) for Port 1 and 2 are plotted in Fig. [5.12| During the radiation pattern measurement,
the concerned port is excited while the other port is terminated with a 50 {2 matched load.
The direction of the maximum radiation for Port 1 and Port 2 excitations are noted in the
0 = 320° and © = 40° direction, respectively. Note that the radiation patterns corresponding
to Port 1 and 2 excitations are almost identical in the ¢ = 0° plane. This is mainly due to the
use of a double-side metal-backed FR-4 sheet that is used to reduce the mutual coupling and
the DRA size. The tilt in the radiation beam is advantageous for the MIMO antennas used
for access points in wireless communications. Very close agreement between the simulated and
measured results is revealed for the co-polar (Co-pol) radiation patterns in both the principal
planes. However, the cross-polar (X-pol) radiation pattern in ¢ = 90° plane is not matching
perfectly. It is because the X-pol radiation is highly sensitive near ¢ = 90°, as understood from

the simulation results. The radiation patterns for Port 2 in the ¢ = 90° plane are the mirror
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images of those for Port 1 with ¢ = 0° plane as the mirror plane. The measured and simulated
gain of the antenna for a single port excitation (Port 1) are plotted in Fig. [5.13, The measured

gain lies from 4.39 to 6.7 dBi within the antenna's operational bandwidth.

&) —&— measured gain
—O— simulated gain

0 : : : . :
4.5 4.8 5.1 54
Frequency (GHz)

Fig. 5.13: Measured and simulated gain of the antenna.
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Fig. 5.15: DM and PDGR versus frequency.
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The ECC is calculated using (1.12)) and ((1.13)) from chapter 1 and is plotted in Fig. |5.14
The ECC for this dual-port MIMO antenna is noted to be less than 0.053. The correlation

among antennas causes the loss in the channel capacity. Considering this MIMO antenna

deployed on the transmitter and receiver sides of a 2x2 MIMO system, the channel capacity

loss due to the correlation can be calculated using (1.24]) from chapter 1 and is plotted in Fig.
5.14] The CCL for this MIMO system is noted to be less than 0.15 bits/s/Hz.

Table 5.2: Comparison of the proposed two-port half-split CDRA with other dielectric resonator-

based two-port MIMO antennas.

Edge to

Band- Volume Gain e Mutual Min. Mutual coupling
Refs width (A3) (dBi) spacﬁng Coupling of reduction
" (GHz) . (o) (dB) DRAs technique
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¢ 0.36 -63.5 dB between CDRAS
27.19- pelow -2 Printing of metallic
. BIx1.81x 4-9. . up to - 0 .
[70] 2848  1.81x1.81x 7.4-9.24 0.118 & 28 N o, s%)n RDRAs
(4.7 %) 0.25 dB e
below -24 . .
1 2227 148x133x 5866 007 &upto-50  No . msertionof metallic
(7.6 %) 0.13 B vias in RDRAs
P below -27.5 cladded subaprte
' 0.75x0.75x  4.39-6.7 0.045 & up to Yes .
Prop. (16.2 0.15 62.3 dB between half-split
%) ’ ’ CDRAs

Refs.: References, CDRA: cylindrical dielectric resonator antenna, RDRA: rectangular dielectric resonator
antenna, A\g: highest operating wavelength.

Using ([1.18]), the DO for the above described 2x2 MIMO system within the operating
bandwidth is found to be 4. The DM is calculated using ([1.19)) and plotted along with the DO
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in Fig. The percentage diversity gain reduction (PDGR) is a parameter that measures
the reduction in the diversity performance of a MIMO antenna due to correlation between
antennas. The PDGR versus frequency curve is plotted in Fig and is noted to be less than
9.88 %.

The performance comparison of the proposed MIMO antenna with other DRA-based 2-port
antennas is summarized in Table[5.2] Compared to the previously reported works, the proposed
MIMO antenna has the best mutual coupling performance and the smallest volume with the
lowest edge-to-edge spacing. The proposed MIMO antenna offers a better percentage bandwidth
than the other works. Moreover, among the other mutual coupling reduction techniques, the
proposed method works effectively with an additional feature of size miniaturization. However,
the gain of the proposed antenna is slightly low compared to [58] and [70]. It is mainly due to

the size-miniaturized DRAs used in the proposed design.

5.4 Conclusions

A double-side copper-cladded substrate has been used to achieve high isolation between
antenna ports in the E-plane while reducing the size of a CDRA by 50%. The fabricated
prototype is tested, and the measured results are found to be in close agreement with the
simulated prediction. The work demonstrates that the minimum mutual impedance has been
achieved precisely at the resonance frequency by controlling the substrate thickness, resulting in
a low mutual coupling. The validity of the proposed technique is tested for different resonating
frequencies by changing dielectric materials and design parameters, and found to work well.
The low values of mutual coupling, ECC, and PDGR over the operating bandwidth have made
this antenna a promising candidate for MIMO-based wireless communication. Various shapes
and configurations of DRAs with more ports can be explored in the future to improve the

MIMO performance further.
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[1/8-Mode Partial SIW Cavity Based
8-Port MIMO Antenna

Because of various design and fabrication challenges involved in the substrate-integrated waveg-
utde (SIW) antenna design, SIW-based MIMO antennas have not been reported much unlike
microstrip-based MIMO antennas in the literature. Half mode SIW (HMSIW) and quarter mode
SIW (QMSIW) antennas have gained enormous interest in the antenna community due to the
offered advantage of size reduction compared to full mode SIW antennas. Thus, by utilizing the
fraction-mode SIW antenna technology, compact MIMO designs can be realized. This chapter
presents one such I1/8-mode partial SIW cavity-based compact 8-port MIMO antenna.
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6. II/8-Mode Partial SIW Cavity Based 8-Port MIMO Antenna

6.1 Introduction

It is noted that SIW-based MIMO antennas have not been reported much like microstrip-
based MIMO antennas in the literature because of various design and fabrication challenges
involved in the SIW antenna design. However, SIW cavity-based antennas possess a noteworthy
feature of size miniaturization by employing fraction mode SIWs (half-mode (HM), quarter-
mode (QM), eight-mode (8M), etc.) [93,094]. In addition, SIW cavities are known for their low
profile, ease of integration, and self-consistent electrical shielding [95|. The size miniaturization
feature of fraction-mode SIW antennas enables placing more antennas into limited space on the
receiver /transmitter sides with low mutual coupling.

A few SIW-based multi-port MIMO antennas are presented in chapter 2 [34], [72H77]. The
SIW cavity-based MIMO antennas have either two or four ports because of various limitations
in the HM, QM, and 8M designs to get an aperture (the wall or boundary with no vias)
for radiation. Rotational symmetry may help in packing more antennas in a limited space.
Various rotationally symmetric MIMO antennas are reported in [96-100]. Most of them have
either three or four ports. An SIW horn-based array antenna in [101] uses an electrically thick
substrate (0.13\g) and provides the end-fire radiation. However, the presented work uses an
electrically thin substrate (0.03)¢) and has a broadside beam.

This chapter presents a m/ 8—m0deE| partialﬂ SIW (PMPSIW) radiator. It is demonstrated
that the field configuration of TMassy diagonal mode in the rectangular cavity made up of
complete via walls can be retained using partial via walls. To the best of the authors' knowledge,
such a realization of a sector-shaped PMPSIW antenna design from the TMyyy diagonal mode
of the entire rectangular cavity is presented for the first time. The vias contribute not only
to the realization of PMPSIW radiators but also help to achieve low mutual coupling among
the radiators. Using this PMPSIW design concept, an 8-port MIMO antenna is designed. The
8-port MIMO antenna bandwidth is increased by more than 100% by etching radiating slots
in each antenna's top and bottom layers. The slot-loading increases the radiated power, which
causes a reduction of the cavity Q-factor. In addition, the slots are other resonators whose

resonant frequencies can be controlled by varying the slot dimension and location.

1 As HM uses half of the full-mode STW, QM uses a quarter of the full-mode SIW. Similarly, /8-mode uses
7/8% of the full-mode rectangular cavity.

2The antenna is derived from the rectangular SIW cavity that has few vias in place of full via-walls, unlike
[34], [72H77] in chapter 2.
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6.2 Concept and Design Evolution

The remainder of this chapter is organized as follows. The concept and design evolution of
the proposed PMPSIW antenna are explained in Section II. Section III introduces an 8-port
MIMO antenna. In Section IV, the results and discussions are presented. Lastly, conclusions
are drawn in Section V of this chapter.

. full via wall full via wall-

(a) d (b) s
partial via wall
: /S

top side
_open slot

ﬂttom side
(d) closed slot

(©) partial via wall

Fig. 6.1: Magnetic field lines: (a) TMayg side full SIW mode, (b) TMago diagonal full SIW mode, (c)
TMago diagonal partial SIW mode, and (d) TMagy diagonal-PMPSIW using partial PEC and PMC
truncation (PMPSIW MIMO antenna element).

6.2 Concept and Design Evolution

The TMssy mode of the rectangular SIW cavity can be classified into two categories: the
conventional TMagy mode, the TMagy side mode, and the TMsyy diagonal mode. The indices
m, n in TM,,0 side mode indicate the number of variations in the standing wave pattern in

the x- and y-axis directions. The index zero corresponds to the z-axis direction because the
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cavity is thin and very small compared to the wavelength. Similarly, in the TM,,,, diagonal
mode, m, n indicates the number of variations in the standing wave pattern in the diagonal
one and two directions, respectively. The HFSS eigenmode analysis of the entire SIW cavity
shows that the resonance frequency of the TMsyyy diagonal mode is close to that of TMagg side
mode. The TMayy side and diagonal modes in the SIW cavity are shown in Figs. (a) and
6.1|(b), respectively. It can be observed that magnetic field lines form four loops, and the region
where two magnetic field loops split, the electric field is zero (weak electric field region). The
center of each loop (denoted as C;, Cy, C3, and C4) has a maximum electric field, where a
vertical electric current can be used to excite the entire cavity. Notice that one current at this
location can excite such a cavity mode, but also other modes can be excited. To purely excite
this particular mode, four electric current sources should be used with the same magnitude but
with alternating phases. The phases will be, for example, clockwise arranged to be 0° at Cy,
180° at Csy, 0° at Cs, and 180° at C4. Thus, a perfect electric conductor (PEC) can be placed
vertically without disturbing the field distribution or the cavity resonance frequency. This will
create four smaller cavities quarter the size of the entire cavity. This is similar to the concept
used in [89] with dielectric resonators, where PEC and perfect magnetic conductors (PMC)
were used to reduce the cavity size by using only a part of the entire cavity. In addition, it
is possible to split even the quarter-size cavity into two or four using the concept in [89] and
implemented in [64] to create a four-port MIMO DRA. Also, if the PEC wall size is reduced
to be part of the whole wall and represented by vertical vias to replace the PEC partially, this
can be considered as cavity perturbation that will cause the tuning of the original resonant
frequency, but the field distribution will be almost the same as the original distribution. As
can be seen in Fig. (c), by just using a few metallic vias at the side walls and a few vias
at the minimum electric field region along the diagonal between them (i.e., along the line AB),
the field distribution of the TMy9q diagonal mode is almost retained.

The main advantage of this configuration is that it has open apertures, reducing the Q-factor
and increasing the antenna bandwidth. The possible truncation of the cavity as a sector by
using PEC boundaries in the form of partial via wall and a curved PMC boundary as an open
aperture, depicted in Fig. (C) with dotted lines, makes the structure compact, keeping the
same magnetic field distribution in a smaller area. The ratio of the sector area shown in Fig.

[6.1)(d) to the rectangular SIW entire cavity is 7/8. Hence, this design is named 7/8-mode partial
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SIW cavity. The PMPSIW design evolved from the fraction-mode design concept [94] from the
rectangular SIW cavity that presents a compact sector-shaped individual radiator, which can
fit well in the neighboring space to realize a compact rotationally symmetric 8-element MIMO
antenna.

As a non-radiating cavity, it can also be used as a multi-port power divider, as in |[102-104],
which for this particular mode is a 1:3 power divider with the opposite port in-phase and the
other surrounding ports being out of phase. It will be proposed in the near future.

The resonant frequency of the TM,,,,0 side mode of the thin rectangular SIW resonator can

be calculated using (6.1]) & (6.2) from [105] and [106|, respectively.

2 2
sl c mm nm
- @ 6.1
3 2w\/m\/(Leﬁ) +(Leﬁ) o

d? d?
Lig=L—108—+4+0.1— 6.2
i - + 7 (6.2)

where ¢ is the velocity of light in free space, m = 1,2, ..., n = 1, 2, ..., and €, & pu, are the
relative permittivity and permeability of the substrate, respectively. L is the cavity side-length,
d is the via diameter, and s is the distance between the centers of vias.

An 8-port MIMO antenna utilizing this PMPSIW radiator is shown in Fig. [6.2] The initial
dimension (L) of the sector-shaped patch for the TMyyy diagonal-PMPSIW antenna design is
calculated using and for the TMsyyy side mode because of their proximity in the
resonance frequency. For the TMsgg side mode to resonate at 6 GHz, the initial dimension
(L, as shown in Fig. is found to be 46.8 mm with d = 1 mm and s = 2 mm, which is
further optimized as L = 46.5 mm for better results. The parameters d and s are chosen to
satisfy the criteria d < A\;/5 and s < 2d to minimize the power leakage between the vias. The
PMPSIW radiators are placed at a radially offset distance from the center to accommodate
coaxial connectors in the bottom layer.

A circular substrate made up of Rogers RT-Duroid 5870 with thickness h of 1.57 mm, a
dielectric constant of €, = 2.33, and a loss tangent of tan(d) = 0.0012 is used for the antenna
design. Each antenna has a sector-shaped patch in the top layer with metallic vias along its
straight edges. Ports P;-Pg are placed towards the end of the sector-shaped patch's narrower

side.
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partial wall of vias
L=X+Y

' substrate ©) | copper

Fig. 6.2: Antenna geometry for 8-port MIMO operation: (a) top layer, (b) bottom layer, and (c)
magnified view of the patch. Design parameters: R = 53, W) = 7.6,L1 = 17.6,Wy = 5.1, Ly =
126,M =23,p=5,s =2,d =1.2,Y = 3.5, X =43,d; = 42.6,dy = 45.2,w = 0.95. All dimensions
are in mm.

shaped patch
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Fig. 6.3: S-parameters of stage 1 for different number of vias (Ny).

6.3 8-port MIMO Antenna

The various intermediate stages are analyzed before the final design. The first stage, i.e.,
stage 1, has no slot. As stated previously, the change in the number of vias causes cavity
perturbation and consequently changes the resonating frequencies. It can be seen in Fig. [6.3]

where S-parameters are plotted for the different numbers of via. We have considered seven vias
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Fig. 6.4: S-parameters for various antenna stages in MIMO operation

for this antenna design. Stage 2 has a rectangular-shaped annular slot (closed slot) beneath
each patch in the bottom layer. Similarly, stage 3 has a closed slot, but on the top layer only.
Note that for stages 1-4a, d = 1 mm, and the sector angle (SA) is 38°. Stages 4a and 4b have
closed slots in the bottom and top layers. The final stage has a closed slot in the bottom layer
and an open (C-shaped) slot in each patch in the top layer. Fig. shows the S-parameters
corresponding to the various stages (design evolution). In stage 1, the antenna resonates at 6.04
GHz and has a bandwidth of 70 MHz. Using , , the resonating frequency corresponds
to TMagg side mode for L = 46.5 mm, evaluated as 6.047 GHz, which is very close to the
simulated frequency (6.08 GHz) of this PMPSIW radiator without any slot (stage 1 with N, =
7). When a closed slot is loaded in the bottom layer (stage 2), it is seen that the resonating
frequency decreases to 5.44 GHz from 6.08 GHz. In stage 3, there are two resonances, one close
to the resonance of stage 1 and another at 5.77 GHz. Stage 4a has relatively close resonances
than stage 3 but poor impedance matching in the lower resonating frequency range. In stage
4b, via diameter d is changed from 1 to 1.2 mm, and the SA is changed to 37" from 38° to
obtain good impedance matching in both frequency bands. The two resonances of stage 4b are
observed at 5.95 and 6.12 GHz. The notable point is that the resonances in stages 4a and 4b
are closer than in stage 3. In the final stage, choosing to have a closed slot in the bottom and
an open slot in the top layer is basically to achieve more bandwidth. With a closed slot at
the bottom layer, having an open slot instead of the closed one in the top layer provides more

capacitive loading. It helps to merge the resonances, leading to a better bandwidth (180 MHz),
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Fig. 6.5: S-parameters for case 1 and case 2.
which is more than 100% improvement from the stage 1 antenna's bandwidth.

The S-parameters for two variations of the final stage (case 1 and case 2) are plotted in Fig.
6.5, For case 1, d; = 44 mm and dy = 44 mm, whereas for case 2, d; = 42.6 mm and dy = 45.2
mm. The -10 dB impedance bandwidth for case 1 is 120 MHz and 180 MHz for case 2. It can
be seen from Fig. [6.2) that ports 2 and 8 are located at rotationally symmetric positions with
respect to port 1, and the same is noted in the case of ports 3 & 7 and ports 4 & 6. Thus, only
1S21], |S31], |Sa1|, and |Ss;1| are shown in Fig. [6.50 The mutual coupling between the antenna

ports is below -17 and -20 dB for cases 1 and 2, respectively.

(b)

Fig. 6.6: Fabricated antenna prototype: (a) during pattern measurement in an anechoic chamber, (b)
top view, and (c) bottom view.
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Fig. 6.7:
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Measured and simulated |S;;| parameters for 8-port MIMO antenna (case 1).
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Fig. 6.8: Measured mutual coupling of 8-port MIMO antenna (case 1).

6.4 Results and Discussions

To validate the concept presented, a prototype of the eight-port MIMO configuration (Fig.
is fabricated (see Fig. and tested. The measured and simulated |S;;| parameters for
all ports are shown in Fig. [6.7 An N9952A Keysight vector network analyzer is used for

the S-parameters measurements. The common measured -10 dB reflection bandwidth for all

antennas is from 6.006 to 6.143 GHz (137 MHz), whereas the simulated bandwidth is from

5.95 to 6.13 GHz (180 MHz). The measured mutual coupling within the common bandwidth

for all antenna ports is below -21 dB, as shown in Fig. [6.8l The slight deviation between the

measured and simulated |S;;| is likely due to fabrication tolerances.
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measured X-Pol

Fig. 6.9: Radiation patterns at 6.08 GHz for ¢ = 0° (LHS), ¢ = 90° planes (RHS): (a) antenna Aj,
(b) antenna Ay, (c) antenna Az, and (d) antenna Ay.
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Fig. 6.10: Radiation patterns at 6.08 GHz for = 90° plane: (a) antenna A, (b) antenna As, (c)

antenna Ag, and (d) antenna Ay.

The radiation patterns in ¢ = 0° and ¢ = 90" planes for ports P, Py, P53, and P, are shown
in left-hand side (LHS) and right-hand side (RHS) of Fig. respectively. The radiation
patterns in @ = 90° plane for ports Py, Py, P3, and P4 are plotted in Fig. [6.10l A good match

between simulated and measured radiation patterns is observed. Note that only the concerned

port is excited during the pattern measurements, and the rest are terminated with the matched

loads. The antenna's measured gain lies between 3.46-4.72 dBi within the common measured

bandwidth and is shown in Fig. [6.11}
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Fig. 6.11: Simulated and measured gain.
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The ECC is calculated using and from chapter 1 and is plotted in Fig. [6.12
The ECC for this 8-port MIMO antenna with the common measured bandwidth (6.006 to 6.143
GHz) is noted to be less than 0.0027. The correlation among antennas causes the loss in the
channel capacity. Considering this MIMO antenna deployed on the transmitter and receiver
sides of a 8x8 MIMO system, the channel capacity loss due to the correlation can be calculated
using from chapter 1 and is plotted in Fig. [6.12l The CCL for this MIMO system is
noted to be less than 0.108 bits/s/Hz within 6.006 to 6.143 GHz.

0.010 0.15
0.008 1
0,006 - # ~ECCL,/ECCyq -
o - = -ECC,;/ECC,, §
80004_ -4 -ECC,,/ECC,q =y
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O
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0.000 +0.00
5.9 6.0 6.1 6.2
Frequency (GHz)
Fig. 6.12: ECC and CCL versus frequency.
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Fig. 6.13: DM and PDGR versus frequency.

Using ((1.18)), the DO for the above described 8x8 MIMO system within the common mea-
sured bandwidth (6.006 to 6.143 GHz) is found to be 64. The DM is calculated using (|1.19)) and
plotted along with the DO in Fig. [6.13 The PDGR is a parameter that measures the reduction

in the diversity performance of a MIMO antenna due to the correlation between antennas. The
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PDGR versus frequency curve is plotted in Fig|6.13| and is noted to be less than 1.73 %.

Table 6.1: Comparison of the proposed MIMO antenna with other rotationally symmetric MIMO
antenna.

Band- Mutual .
Refs. width V?I;;r)ne Coupling ECC ciflﬁc_ (leaBlS N,
(GHz) 0 (dB) Y
[96] 3.3-4.2 0.2995 < —14 <0.05 > 88 6.6 3
[97] 3.3-4.2 0.2351 Set15 < 0.01 > 88 NA 3
[98] 3.5-5 0.2351 k¢ 113 <0.05 > 84 6.8 4
[99] 3.3-4.2 0.00235 U5 < 0.06 > 40 2 4
3.3-4.2 (-6
< — < >
o] g refl) 0.00245 < —9.7 < 0.48 >36  0.00416 4
Prop. 66'01%2' 0.112 < —21.17 <0.0027 >90 4.72 8

Refs.: References, Prop.: proposed work, Ag: highest operating wavelength, N: number of ports, NA: informa-
tion not available.

It can be observed from Table[6.1]that the proposed MIMO antenna has the highest number
of ports, the lowest mutual coupling, and ECC with the highest efficiency among the rotationally
symmetric MIMO antennas reported in the comparison table. It is also more compact than
the existing MIMO antennas except [99] and [100], but these two have much lower gain than
our MIMO antenna. In terms of bandwidth, our MIMO antenna has the lowest bandwidth,
an inherent property of SIW-cavity-based antennas. However, the bandwidth provided by
our antenna is more than sufficient for applications such as MIMO-based video transmitting
applications (case 2: 5.7-5.90 GHz) [107-109] or robust Wi-Fi connectivity in unmanned aerial
vehicles (UAVs) operating in the 5G New Radio (NR) Frequency Range 1 (FR1) [110,111] and

small access points.

6.5 Conclusions

Using the TMyy diagonal mode, a space-efficient PMPSIW antenna can be designed with
61% size miniaturization than the SIW rectangular cavity in its complete mode configuration.
The antenna bandwidth is enhanced significantly using the proper slot combinations in the top

and bottom layers. The 8-port MIMO antenna bandwidth is from 6.006 to 6.143 GHz, and
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antenna efficiency is better than 90%. The low inter-port mutual coupling, ECC, and PDGR
make this antenna suitable for MIMO-based video transmitting applications or robust Wi-Fi
connectivity in unmanned aerial vehicles (UAVs) operating in the 5G NR FR1 and small access

points.
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Summary of Contributions and Future

Scope

A good amount of work has been done in the literature so far in the context of multi-port MIMO
antenna design. This thesis presents 2-port, 6-port, and 8-port space-efficient, low electromag-
netically coupled MIMO antenna designs with small edge-to-edge spacing. The performance
of all proposed antennas has been analyzed in terms of mutual coupling, envelope correlation
coefficient, channel capacity loss, and percentage diversity gain reduction. Contributions from

each chapter are summarized here with their future scopes.
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7.1 Conclusions and Future Scope

This chapter summarizes the contribution of Chapters 1-6 with their future scopes.

Chapter 1 of the thesis provides a detailed overview of the importance and benefits of the
MIMO communication system and associated challenges in its realization, mainly multi-port
MIMO antenna design. This chapter discusses the reasons behind the electromagnetic coupling
between antenna elements and their undesirable effects, such as higher correlation, channel
capacity loss, etc. This chapter elaborates on how low mutual coupling and low correlation in
MIMO antennas help to improve communication system performance.

Chapter 2 covers various state-of-the-art MIMO antenna design techniques to achieve low
electromagnetically coupled antennas. These techniques include electromagnetic band-gap
(EBQG) structures, defected ground structures (DGS), neutralization line technique, decoupling
surfaces, and SIW-based fraction mode designs. The mutual coupling reduction techniques
mentioned above are explained with a few representative MIMO antenna designs from the
literature, with their merits and further scope for improvements.

Achieving low mutual coupling with small inter-element spacing between antennas is a key
challenge in the MIMO antenna design. Hence, this thesis aimed to design multi-port MIMO
antennas with small edge-to-edge inter-element spacing (i.e., less than 0.1)¢) and low mutual
coupling. Chapters 3 and 4 contain two MIMO antennas each, whereas chapters 5 and 6 include
one MIMO antenna each. The conclusions with the future scope for each work are summarized
herewith.

The first part of chapter 3 contains a two-port dual-band antenna, whereas the second part
presents a six-port antenna for the MIMO applications. The spacings between antennas for
the two-port and six-port MIMO antenna are noted to be 0.092)\y and 0.076\g, respectively.
Compared to the electromagnetic band-gap and array decoupling surface technique, as discussed
in the literature survey, the neutralization line technique offers a simple and effective method
to design multi-port antennas with low mutual coupling. Using NLs, two-port, three-port,
four-port, and six-port antennas with an inter-connected structure can be developed. The
use of a neutralization line (NL) can be further extended to the multi-port MIMO DRA. An
antenna with the integration of a filter is known as a filtering antenna or filtenna. Using the
NL technique, MIMO-filtenna designs can be explored.

Chapter 4 of the thesis presents a single negative (SNG) meta-grid line structure. This struc-
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ture can be integrated with the ground plane and can mitigate the mutual coupling in a two-port
coplanar waveguide (CPW)-fed printed monopole antenna (TPCFMAA) and patch-fed two-
port MIMO dielectric resonator antenna (TPMDRA) designs without adding any additional
space. The edge-to-edge spacings between antennas in the TPCFMAA and the TPMDRA are
noted to be 0.015\g and 0.09)q, respectively. The possible extension of this work includes the
use of SNG meta-grid lines with different shapes of the DRA. The usage of the SNG meta-grid
line structure can also be investigated along with the neutralization line technique for mutual
coupling reduction.

In chapter 5, a double-side copper-cladded substrate is used to achieve high isolation between
antenna ports in the E-plane while reducing the size of a CDRA close to 50%. This work
demonstrates that the minimum mutual impedance has been achieved precisely at the resonance
frequency by controlling the substrate thickness, resulting in a low mutual coupling. The
validity of the proposed technique is tested for different resonating frequencies by changing
dielectric materials and design parameters and found to work well. The height of the copper-
cladded substrate is kept the same as that of the half-split CDRAs. Therefore, this technique
does not add additional space or height to the MIMO antenna profile and provides a space-
efficient approach for mutual coupling reduction in the MIMO DRA. The edge-to-edge spacing
in this two-port half-split CDRA is noted to be 0.045)\,. If in a two-port half-split CDRA, each
split-DRA block has a different dielectric constant; the work can be extended to design the
two-port diplexing antenna. The proposed use of vertical copper-cladded substrate for mutual
coupling reduction may be further explored with various dielectric resonator antenna shapes,
such as equilateral DRA, rhombus DRA, etc., in the future to improve the MIMO performance
further.

The sixth chapter presents a space-efficient 7/8-mode partial STW (PMPSIW) cavity-based
MIMO antenna from the TMaq diagonal mode of the SIW cavity. This technique can offer 61%
size miniaturization compared to the SIW rectangular cavity in its complete mode configuration.
It is possible to design 2-8 ports MIMO antennas using the PMPSIW radiator. The bandwidth
of the MIMO antenna can be enhanced significantly by using slots in the top and bottom layers.
The metallic vias used in the SIW implementation also reduce the coupled energy leakage among
radiators, allowing mutual coupling between fraction mode radiators to be kept below -15 dB

without extra effort. A further extension of this work is to design self-diplexing, self-triplexing,
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and self-quadruplexing multi-port MIMO antennas operating at multiple frequency bands.
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A.1  Mutual Coupling Mechanism in a Transmitting MIMO

Antenna
T
\V4 2 N/
M
a
Antenna 1 Antenna 2

Fig. A.1: A MIMO antenna system with two elements in the transmitting mode.

In the transmit mode, all elements of a MIMO antenna are supposed to radiate the signal
only, but this does not happen under practical scenarios. While transmitting, antenna elements
also receive a part of the transmitted signal from the nearby antennas. As depicted in the two-
antenna system of Fig. [A.T] only Antenna 1 is excited with Antenna 2 in its proximity. The
amount of power supplied to Antenna 1 is denoted by a, whereas the power radiated from it into
the free space is labeled as ¢. The nearby Antenna 2 also receives some amount of the radiated
power (labeled as b) from Antenna 1 due to the electromagnetic (EM) interactions between
the closely placed antennas. The power received by Antenna 2 would get partially scattered
into its vicinity. Again, Antenna 1 will receive a part of the scattered energy (from Antenna
2) because of the mutual coupling. Such a process will continue indefinitely. Thus, when both
the antennas are excited, the EM radiation will be the sum of the radiated fields from the
individual antennas and the re-scattered radiations from both the antenna elements [8,9).

A two-element antenna system comprising two dipole antennas is considered for theoretical
circuit modeling of the mutual coupling effect, as shown in Fig. [9]. Antenna elements are
separated by a distance d. The equivalent circuit of these antennas with mutual coupling is

shown in Fig. [A.3] Let V5, and Vs, are the excitation voltages of Antenna 1 and Antenna 2,
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Fig. A.2: A MIMO antenna system comprising two dipole antennas in the transmitting mode.

> Zl] Zzz <
11 12

Vm(t) Ct) Vs2
Vio=2515 Vor=2x1,

Fig. A.3: The equivalent circuit model of a two-element MIMO antenna system considering the
mutual coupling.

respectively. Z;; and Zys are the antenna impedances of Antenna 1 and Antenna 2, respectively.
The mutual coupling effect is considered in terms of coupled voltage. Vi, is the coupled voltage
on Antenna 1 due to Antenna 2, and V5; is the same on Antenna 2 because of Antenna 1.
Coupled voltage in terms of mutual impedance can be expressed using , which is given

below.

Vie = Zi21s Vor = Zn (A.1)

Using circuit diagrams shown in Fig. and Fig. |A.4] mutual impedances (Z15 and Z;)

can be expressed as

Z15 = the mutual impedance seen by Antenna 1 with Antenna 2 excited

e (A.2)
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Fig. A.4: The circuit diagram for defining the mutual impedance.

_ the coupled voltage across Antenna 1's open circuit terminal

the excitation current at Antenna 2's shorted terminal

V
= (])Cl | [, =0, Vg =0 (A.3)
2

Similarly, Z5; can be defined as

Z31 = the mutual impedance seen by Antenna 2 with Antenna 1 excited

Vo
== A4
2 (A4)
_ the coupled voltage across Antenna 2's open circuit terminal
~ the excitation current at Antenna 1's shorted terminal
Ve
= ?CZ | I, =0, Vg =0 (A.5)
1

Let I; and I, are the actual terminal current on Antenna 1 and Antenna 2, respectively,

with mutual coupling. From Fig. [A.3] the following relation can be obtained.

Ve — Vg I_VSQ_VQl
— 81 e = 2

I
! Z11 Z22

(A.6)

Let Is; and Igo are the antenna terminal current with no mutual coupling, i.e., only one antenna
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is excited.

Vi1 = Z sy Vso = Zaolsy (A7)

Using (A.2)), (A.4)), & (A.7)), (A.6) can be reduced to (A.8)).

Z12IQ Z21[1

I = Ig — 70 I, = Is; — o (A8)
The above expressions can be rearranged as (|A.9)).
I 51 — Z1s 12| i 223 (2 = Zy, I (A.9)
D D
where
Zglzg—j; Z{F% and D:l—%

The relationship between antenna terminal currents with and without the mutual coupling can

be expressed in matrix form as
- 72 (A.10)

Viotar1 and Va2 along the entire length of Antenna 1 and Antenna 2 can be written as
Viotain = Z1111 Viotalz = Zaa I (A.11)
and
V;fotall — VSl - 21212 V;otal2 F ‘/SQ - ZQIII <A12)

Using (A.11]), (A.12) can be reduced to (A.13), as given below.

Z Z
‘/totall = VSI - _12‘/;50tal2 V;fotzzIQ = ‘/SQ - i‘/totall (A]-S)
ZZZ le

The matrix form of (A.13]) can be written as following.

VSl N 1 g_;; V;fotall (A 14)
VSZ g_ﬁ 1 ‘/;fotal2
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WViotal) = [27]7'[Vs] (A.15)

Here,
Va1 L
= V5 = the uncoupled excitation voltage vector
Va1
‘/totall . .
= Viotar = the coupled excitation voltage vector
V;SotaIZ
Zi2
Zt 5 1 oo
Z21
Z11

A.2 Mutual Coupling Mechanism in a Receiving MIMO

Antenna

Antenna 1 Antenna 2

Fig. A.5: A MIMO antenna system with two elements in the receiving mode.

Ideally, in receiving mode, all antenna elements are supposed only to receive the signal, but
this is not the case in a practical scenario. As depicted in Fig. [A.5] the antenna elements
receive the electromagnetic (EM) waves and convert them into an electrical signal. Assuming
that the power of the incident EM waves on Antenna 1 is e. A significant part of this incident
power gets converted to electrical power (labeled as f). However, a small part of the incident

power gets scattered back by Antenna 1, labeled as g. Due to its proximity to Antenna 1,
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Antenna 2 partially collects this scattered power because of the mutual coupling. Similarly,
Antenna 2 also re-scatters some portion of the received energy, which is subsequently received
by Antenna 1. The same process is followed when EM waves are incident over Antenna 2.
Now considering that both the antennas receive simultaneously, as shown in Fig. In that
case, the total signal received by the antenna array will be the sum of the signal received by
individual antennas and the sum of the signal received because of the mutual coupling effect

between them [8}|9].

+ ;11 + ;]2
2 5 = z| =
L d >
Antenna 1 Antenna 2

Fig. A.6: A MIMO antenna system comprising two dipole antennas in the receiving mode.

It should be noted the coupling paths between elements of a MIMO antenna during the
transmitting and receiving modes are different. In addition, the excitation of the transmitting
and receiving MIMMO antenna are not the same, thus having different mechanisms that cause
the mutual coupling. Therefore, the problem of mutual coupling for antenna arrays should be
treated differently for the transmitting and receiving antenna modules [9).

An antenna system with two dipole antennas is considered in Fig for analyzing and
modeling the mutual coupling in receiving mode [10]. Note that Fig. depicts the reception
of the signal with both antennas, whereas Fig. [A.7] illustrates the signal reception in the stan-
dalone case for each antenna. The notations used in these figures are as follows:

Z1,1: is the termination load connected to Antenna 1.
Z19: 1s the termination load connected to Antenna 2.

I;: is the terminal current in Antenna 1.
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(a) (b)

Fig. A.7: Antennas receiving in the stand alone mode: (a) only Antenna 1, (b) only Antenna 2.

: is the terminal current in Antenna 2.
Vi
Va:
Ui:
Us:

is the measured voltage at Antenna 1's terminal in the presence of dipole 2.
is the measured voltage at Antenna 2's terminal in the presence of dipole 1.
is the measured voltage at Antenna 1's terminal in the absence of dipole 2.

is the measured voltage at Antenna 2's terminal in the absence of dipole 2.

Let V15 and V5, be the coupled voltage at the antenna load terminals of Antenna 1 and

Antenna 2, respectively. Using Figs. [A.6] and [A.7] the following expressions can be obtained.

Vi=U+Vig Vo =Us + Vig (A.16)

Vi=U+ Z1o1s Vo=Ui+ Zonh (A.17)
Vi Vs

[ = ——— [y = ——= A.18

Y Zn T Zi (4.18)

The above expressions can be reduced as (A.19)).

Z Z
Uy =Vi+ 12 Up=Vot+ o2 (A.19)
ZL2 ZLl
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The matrix form of (A.19) can be written as given below.

U 1 22|V
H o= Zu | (A.20)
G (2 1] v
V] =[z"17'U] (A.21)
Here,
Vi .
=V = the coupled received voltage vector
Va
Uy :
= U = the uncoupled receirved voltage vector
Uz
Z1
2
22 g

Using (A.19), mutual impedances Z5; and Z;; can be defined as given below [10].

B - P e

Vo —
21 i V

18 (A.22)

A.3 Effect of Mutual Coupling on Radiation Pattern

dr2
Hertz dipole 2

Fig. A.8: A MIMO antenna system comprising two Hertz dipoles in the transmitting mode.
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The mutual coupling effect changes the net excitation current of the antenna element, which

in turn changes its radiation pattern. Hence, the radiation pattern of a multiple antenna system

would change as the individual antennas' radiation patterns change. To understand the same,

an antenna system comprising two Hertz dipoles (shown in Fig. [A.8]) is considered. A Hertz

dipole is an infinitesimally small current element of length dl. Let Is; and Iss be the excitation

current in the Hertz dipole 1 and Hertz dipole 2, respectively. The combined E-field radiation

by both elements at a point P (in the far-field region), considering the mutual coupling, can be

related to the combined E-field radiation without the mutual coupling [16].

EO(total) = EO(I) + Ee(z)

= Tsydlsin 0y exp P11 82 jlgydl sin Oy exp 02 3
Eototary = J +

dmewry 4mewrsy

For a point P lying in the far-field region, the following assumptions are taken:

91 = 02 =40
For phase variation,

r=r-+ 50030 ro =1 — 50039

For amplitude variation,

M"mM="rm=rr

(A-27) reduces to (A-28) using (A-25), (A.26), and (A:27).

o .dl exp™7P" sin 32
EH(total) =J

_;d id
1 (ISI exp Jg5cost +182 eXp+j26059>
TEWT

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

The above expression defines the radiation pattern considering no mutual coupling. Let [; and

15 are the current distribution in the Hertz dipole 1 and Hertz dipole 2 considering the mutual

coupling. Using ({A.28]), the electric field vector can be written as

- _j exp 7P sin 652
EH(totalfmc) =]

_.d d
Amewr <I pexp 729% 4 [, exptie cose)

(A.29)

Using (A.29) and (A.9) from section Eg(total) for this two-element MIMO antenna
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system with the mutual coupling can be written as

7 exp 777 sin 632
O(total—mc) — 4
mewrD

[(Isl - Z12152) exp*jgcose +

(152 - Z;lfsl> exp*j%“’se]

B —jcos +72cosd (ABO)
:5[(131)exp 129957  (Isy) exp ™2 ]—
B / . ) .
) |:<Zl2182> exp 920 4 (Z21]31> expﬂgcose]
where
- j exp 7" sin 032
= Amewr
ALY/
pD—1_ 212
ZyZ11
Using (A:28) and (A30),
= E@(total)
O(total—mec) — = 1 .
Ey e + Other terms (A.31)

Here,

B / : / .
Other terms = ) |:(212I82) exp‘ﬂgeose + (221]31) expﬂ%‘m@]

Note that, Eg(total_mc) denotes the total electric field vector considering the mutual coupling

and E@(total) denotes the total electric field vector with no mutual coupling. Similarly,

—

7 H, ota
Hoytotal—me) = ¢(lt)t ) 4 Other terms (A.32)

Here,

C / ; ) ,
Other terms = ) [<212[52> exp*]%“’se + (221]51> expﬂ%‘m@]

_ jexp P sin6p

C

Arr
B ACYA)

D=1
ALYAN
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A.4 Mutual Coupling Compensation by Considering the
Modified Channel Matrix

Transmitter Receiver

Fig. A.9: A 2x2 MIMO communication channel model.

The mutual coupling effect can be compensated by considering the modified channel matrix.
To illustrate the same, let us consider a 2x2 MIMO system as shown in Fig. [A.9 where channel

matrix H can be given by
hii h
H=| " " (A.33)
ha1 has

Let the transmitted voltage vector from the transmitter is given by

c_ W
vt = (A.34)
‘/'21‘,

The actual transmitted voltage vector with mutual coupling can be given by ({A.35) using
(A.15]).
Vaetwatl = 1Z°]7 V] (A.35)

actual

At the receiver side, the actual received voltage with mutual coupling is given by

Ve

actual

| = [H][V,

actual]

(A.36)
Vaetuad) = [H][Z'] 71 [V']

actual

The received voltage vector with no mutual coupling on receiver side can be given by using
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(A.21).

[VT] = [ZTH arctual] (A37)
Thus, using (A-36) and (A-37),
V'] = [Z"[H) [z V'] (A.38)
and
[Vr] 1 [Hmutualfcoupling][vt] (A39)
Hence, comparing (A.38) and (A.39),
Hmutual—coupling = [ZT][H] [Zt]_l (A40)

Here, [Z'] and [Z"] are the same as given in (A.15)) and (A.21]), respectively.

In this way, by using the circuit theoretic approach, the effect of mutual coupling can be

compensated by considering the modified channel matrix.
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