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Abstract
This thesis studies existing methods to derive decoupling and matching lumped

element networks for antenna arrays. Based on the results, one method is used to
design a decoupling and matching network for a 4 × 4 MIMO handset antenna.
the complete antenna together with realistic lumped elements is simulated and,
for the first time, realized in practice in a mobile phone antenna decoupling more
than two antennas.

The selected design for the decoupling and matching network is merely a starting
point for the work. The network is reduced in order to manufacture it on a single
layer PCB. Furthermore, several optimization steps are taken to derive the final
values of the network elements.

The MIMO array is designed at 2.6 GHz–2.7 GHz band and the measured
total efficiencies vary between 32.6% and 62.5%. However, the efficiencies could
potentially be 49.9%–62.7% according to the simulations. The difference is most
likely due to excessive amount of solder for joining the components and other
manufacturing defects. In simulations, decoupling and matching networks operate
significantly better than conventional input matching networks. The difference
varies from 5.7 percentage points to 16.5 points. These results demonstrate, that
decoupling and matching networks are a potential choice, when strong mutual
coupling is present in an antenna array. Furthermore, these networks provide an
alternative approach to the issue of coupling.
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Tiivistelmä
Tämä työ tutkii olemassa olevia menetelmiä, joiden avulla voidaan suunni-

tella erilliskomponenteilla tehtyjä sovitus- ja erotuspiirejä antenniryhmille. Yhtä
menetelmää sovelletaan sovitus- ja erotuspiirin suunnittelemiseksi 4 × 4 MIMO
antenniryhmälle matkapuhelinympäristössä. Simulaatioiden lisäksi tästä ryhmästä
valmistetaan koekappale, mikä on ensimmäinen kerta, kun sovitus- ja erotuspiiriä
käytetään matkapuhelimissa tässä mittaluokassa.

Menetelmä itsessään soveltuu vain alkuarvaukseksi piirille. Piiristä poistetaan
komponentteja, jotta se voidaan valmistaa yksikerroksiselle piirilevylle. Lisäksi
lopullisen piirin komponenttien arvojen löytäminen edellyttää useita iterointivai-
heita.

Antenniryhmä suunniteltiin 2.6 GHz–2.7 GHz kaistalle ja mitatut kokonais-
hyötysuhteet vaihtelevat välillä 32.6%–62.5%. Toisaalta hyötysuhteet voisivat olla
paremmat. Jos liiallinen juotteenkäyttö ja muut valmistusvirheet olisi vältetty,
niin simulaatioiden perusteella 100 MHz:n kaistan hyötysuhteet vaihtelisivat välillä
49.9%–62.7%. Simulaatioissa sovitus- ja erotuspiirit ovat huomattavasti parempia
kuin toisistaan irralliset sovituspiirit. Hyötysuhteiden ero on alimmillaan 5.7 pro-
senttiyksikköä ja korkeimmillaan 16.5. Joka tapauksessa tulokset osoittavat, että
sovitus- ja erotuspiirit ovat mahdollinen valinta, kun antenniryhmän elementtien vä-
lillä on vahva kytkentä. Lisäksi nämä piirit antavat vaihtoehtoisen lähestymistavan
kytkeytymisongelmaan.

Avainsanat irtikytkentä, DMN, erotus- ja sovituspiiri, keskinäiskytkentä,
matkapuhelinantenni, antenniryhmä, matriisianalyysi
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Symbols and abbreviations

Symbols
a length-to-diameter ratio of antenna
_aa vector containing signals propagating from DMN to antennas
_as vector containing signals propagating from source to DMN
_asa vector containing signals propagating from antennas to DMN_
ba vector containing signals propagating from antennas to DMN_
bs vector containing signals propagating from DMN to source_
bsa vector containing signals propagating from DMN to antennas
dmid feeding location of middle antenna
dout feeding location of outer antenna_
E electric field_
Ei incident electric field upon antenna_
Emax maximum of electric field
e Euler’s number
ecd conduction-dielectric efficiency/radiation efficiency
etot total efficiency
F radiation pattern
g gap width of half-wave dipole_
H magnetic field
H unitary matrix_
h antenna length vector
III identity matrix_
I vector containing the currents of ports
Im current wave at port m
I+

m current wave into port m
I−

m current wave out of port m
J matrix of ones
j imaginary number
k length of half-wave dipole in wavelengths
lmid length of middle antenna
lout length of outer antenna
me even port number
mo odd port number
N number of ports/antennas
P matrix calculated in Nie’s methods 1 and 3
p polarization efficiency
Q matrix calculated in Nie’s methods 1 and 3
q matching efficiency
RA antenna resistance
RA radiation matrix/real part of antenna impedance matrix
RG generator resistance
RL load resistance of antenna
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RR radiation resistance of antenna
r radius of half-wave dipole
ra matrix containing the eigenvalues of ZA_
S complex power flowing density
S scattering matrix
SA antenna scattering matrix
SD scattering matrix of DMN
SD,mn sub-matrix of SD
S-matrix scattering matrix
Smn element of scattering matrix
SS scattering matrix of system containing antennas and DMN
SS,mn element of SS
T current transfer matrix
TI imaginary part of current transfer matrix
TR real part of current transfer matrix
tm reference plane of port m
U matrix containing eigenvectors of RA_
V vector containing the voltages of ports
V unitary matrix containing eigenvectors of radiation matrix
VA voltage of antenna at reception
VG voltage source
Vm voltage wave at port m
V +

m voltage wave into port m
V −

m voltage wave out of port m
W real orthogonal matrix
x spacing of elements in antenna array
XA reactance of antenna
XA imaginary part of antenna impedance matrix
XG generator reactance
Y admittance matrix
Y0 port admittance
YA antenna admittance matrix
YD admittance matrix of DMN
YD,mn a sub-matrix of YD
YGND,m total admittance between port m and ground
Y-matrix admittance matrix
Ymn element of admittance matrix
Y-parameter admittance parameter
YS admittance matrix of system containing antennas and DMN
YTHR,mn admittance between ports m and n
Z impedance matrix
Z0 port impedance
ZA antenna impedance
ZA antenna impedance matrix
ZA antenna impedance matrix



10

ZA
mn element of ZA

ZD impedance matrix of DMN
ZD impedance matrix of DMN
ZA

mn element of ZD

ZD,mn sub-matrix of ZD
Zeven even integers
ZG generator impedance
ZG

m generator impedance of port m
Zin,m input impedance of port m
Z-matrix impedance matrix
Zmn element of impedance matrix
Zodd odd integers
Z-parameter impedance parameter
ZS impedance matrix of system containing antennas and DMN
ZS impedance matrix of system containing antennas and DMN
ΓA diagonal matrix containing modal reflectances
Γtot total multi-port reflectance
δN phase constant of port N
η wave impedance
θ polar angle
λ wavelength
µA complex coefficient
ξA complex coefficient∑ real positive diagonal matrix
σ smallest diagonal element in ∑
τm reflection coefficient of port m
φ azimuthal angle
Ω SI-unit of electrical resistance
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Operators
(·)T matrix/vector transpose
(·)−1 inverse
Re{·} real part

N∑
m=n

sum from n to N

(·)H hermitian transpose/conjugate transpose
|·| absolute value
(·)∗ complex conjugate_
A ×

_
B cross product of vectors

_
A and

_
B_

A ·
_
B dot product of vectors

_
A and

_
B

diag(A) diagonal elements of matrix A√
· square root

N,N∑
m,n=1

double sum from 1 to N

(·)x power of x
|| · || Frobenius norm
Im{·} imaginary part

Abbreviations
DGS Defected Ground Structure
DMN Decoupling and Matching Network
DWS Defected Wall Structure
EBG Electromagnetic Band Gap
LTCC Multilayered Low Temperature Cofired Ceramics
MIMO Multiple-Input Multiple-Output
NCMN Non-Coupled Matching Network
PCB Printed Circuit Board
WLAN Wireless Local Area Network
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1 Introduction
Coupling in antenna arrays is an issue known for a very long time. Few of the
earlier examples addressing this issue include articles by Hannan [1] in 1965 and
Andersen [2] in 1976. Even though this problem is old, it remains a major topic in
modern antenna design, especially in mobile phone antenna design. The reason is
that the development of the mobile phones. Throughout the 1990s mobile phones
were mainly just phones with few more capabilities, such as sending text messages
and e-mails. However, Apple introduced their first iPhone aimed for an everyday
user in 2007 [3]. This phone revolutionized the mobile phone industry paving way
for modern smart phones, which are miniaturized computers with an easy access to
Internet. However, this development has created a demand for increasing the data
traffic. It is estimated that by 2021 mobile data accounts for 20% for all Internet
traffic, and that 86% of all the mobile data is due to smart phones [4].

To ameliorate the data traffic capabilities of smart phones, a concept of Multiple-
Input Multiple-Output (MIMO) has been applied. MIMO is a technology that requires
multiple antennas to increase data speeds [5], and thus the available bandwidth can
be used more effectively [6]. However, since mobile phones are compact nowadays,
MIMO is challenging to adapt to them. Antennas have to be placed at a close
proximity with each other, which usually leads to a strong mutual coupling [7]. This
strong coupling typically results in high correlation [8], which consequently lowers
the MIMO capacity [9].

To alleviate the design constraints imposed on mobile MIMO antennas, this
thesis studies and proposes methods of deriving lumped element networks for these
antennas. The purpose of these networks is to match and decouple antenna ports,
which ideally results in low matching losses. Objective of the thesis is to study and
compare different methods, and to test whether they offer benefits in practice in
mobile phone MIMO antennas. Different already existing methods are studied and
compared using simulations, and the practical feasibility of decoupling networks is
verified by manufacturing and measuring a 4 × 4 MIMO handset antenna prototype.
It is the first time when a decoupling and matching network is applied in mobile
phone environment for more than two-element arrays.

The following sections introduce these methods and the results of the prototype.
Section 2 gives a short background to theories and tools required in understanding
coupling in antennas. Furthermore, this section includes a short literature review on
other decoupling techniques. The following section 3, introduces the theory of the
studied methods, and in section 4, the methods are studied in terms of bandwidth
and network complexity. Section 5 covers the manufacturing of the prototype and
its measurements. Finally, section 6 summarizes this thesis.
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2 Background
This section provides necessary theory to understand the concept of coupling,

and how to develop methods to construct networks that decouple and match an
antenna array. The section begins by providing theory on impedance, admittance and
scattering matrices, which are important tools in antenna design in general. Next,
the basics of antenna theory are explained. Focus is on modeling antennas in terms
of network parameters and on explaining coupling in antenna arrays. Furthermore, a
general approach to decoupling antennas is explained, which is based on scattering
parameters. The section ends with a brief literature review on decoupling methods.

2.1 Network parameters
Basically, three levels exist on which electromagnetic circuits can be modeled. The

first level involves the full appliance of field theory and Maxwell’s equations. Third
level simplifies circuits such that connections between different elements, such as
resistors, inductors and voltage sources, are ideal in a sense that no phase difference is
introduced because of connections. The second level lies in between the first and the
third level and takes into account the wave nature of voltage and current by applying
transmission line theory. At this second level, it is useful to characterize circuits with
port parameters. The following two sections cover these parameters. These sections
are an adaptation of the contents in the classical text book by Pozar [10].

Z- and Y-parameters

Figure 1 shows an arbitrary N -port network with reference planes tm at which
voltages Vm and currents Im can be defined. Each voltage/ current can be divided
into a sum of voltages/currents flowing into (V +

m /I+
m) and out (V −

m /I−
m) of ports:

Vm = V +
m + V −

m , (2.1.1)
and

Im = I+
m − I−

m. (2.1.2)

When voltages and currents are defined in this manner, a so called impedance
(Z-) matrix can be defined. This matrix is basically a matrix, that converts currents
at ports into voltages. Mathematically for an N -port system, that relation is

⎡⎢⎢⎢⎢⎣
V1
V2
...

VN

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎣
Z11 Z12 · · · Z1N

Z21
. . . ...

...
ZN1 · · · ZNN

⎤⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣

I1
I2
...

IN

⎤⎥⎥⎥⎥⎦ , (2.1.3)

and in compact form, it is
_
V = Z

_
I . (2.1.4)
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V1,I1
t1

tN

t2

V1,I1

VN,IN VN,IN

V2,I2

V2,I2

+  +

+    +

+  +

-   - -   -

-    -

Figure 1: An arbitrary N -port network with incoming voltage and current waves
V +

m ,I+
m and outgoing waves V −

m ,I−
m, respectively.

Respectively, a matrix that converts voltages into currents can be defined. This
matrix is called admittance (Y-) matrix, and is naturally the inverse of an impedance
matrix:

Y = Z−1. (2.1.5)

If the network is passive and composed of isotropic materials, then the impedance
and admittance matrices are reciprocal. Mathematically, this denotes that matrices
are symmetrical – i.e. they have following relations, in which the operator (·)T

denotes transpose,

Z = ZT (2.1.6)
and

Y = YT. (2.1.7)

In terms of ports, this reciprocity means that a response seen at port m when port
n is excited is equal to a response seen at port n when port m is excited.

If the network is lossless, impedance and admittance matrices must be purely
imaginary:

Re{Z} = 0. (2.1.8)
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a)

b)

Z11-Z12 Z22-Z12

Z12

Y11+Y12

-Y12

Y22+Y12

Port

 1

Port

 2

Port

 2

Port

 1

Figure 2: The equivalent circuit constructed from Z- and Y-parameters for a reciprocal
two-port network.

These reciprocal lossless networks can be realized with capacitors and inductors.
Figure 2 shows how equivalent circuits can be constructed from Z- and Y-parameters
for two port systems. A realization from Z-parameters is called a T -circuit and
a realization from Y-parameters is called a π-circuit. With Y-parameters it is
straightforward to construct equivalent circuits for N -port networks. The admittance
value of a component between ground and port m is simply

YGND ,m =
N∑

n=1
Ymn, (2.1.9)

and the admittance value of a component between port m and n is

YTHR ,mn = −Ymn. (2.1.10)

S-parameters

In addition to admittance and impedance matrices, a matrix that relates incident
and reflected voltages through following mathematical definition

_
V

−
= S

_
V

+
. (2.1.11)

This matrix is called a scattering (S-) matrix, and the diagonal elements denote the
reflections at ports and the non-diagonal elements indicate coupling between ports.



16

Since the scattering matrix is closely related to the impedance matrix, it can be
derived from this matrix through a following relation

S =
( Z

Z0
− III

) ( Z
Z0

+ III
)−1

, (2.1.12)

where it must be assumed that the port impedances have the same value of Z0.
Because of this close relationship, the reciprocity condition for S-matrices is exactly
same as for Z-matrices:

S = ST. (2.1.13)

However, the condition for a lossless network is different. The condition is

SSH = III, (2.1.14)

where the operator (·)H indicates hermitian transpose and III is an identity matrix.

2.2 Antenna theory
Generally, an antenna is referred to as a structure, which transforms an alternating

current distribution into propagating electromagnetic waves. Since this current
distribution is the source of radiation, then it is possible to define the radiation
characteristics of an antenna from this distribution. In modern classical textbooks,
such as [11] and [12], this current distribution is applied by solving so called magnetic
vector potential. This vector potential in turn can be utilized in defining magnetic
and electric fields created by the current distribution. In the actual design of antennas,
rigorous manual application of vector potential is rarely beneficial, since modern
electromagnetic simulators can handle the calculation of currents and electromagnetic
fields. Thus usually, it is more practical to study and design antennas in terms of
network parameters. On the other hand, these parameters merely yield information
on port quantities, such as coupling between close antenna ports, and produce very
limited knowledge of actual radiation characteristics [13]. However, this inconvenience
can be overcome by applying active element patterns, which denote radiation patterns
of a multi-antenna system. The pattern is obtained by exciting a single antenna port
while other ports are terminated with load impedances [13].

Antennas in terms of electromagnetism

As discussed above, the network parameters alone are not sufficient in describing
the properties of antennas. This section introduces antenna concepts, that cannot
solely be described with network parameters.

One of these concepts is a normalized radiation pattern, which is defined in far
field as [11]

F (θ, φ) =

⏐⏐⏐_
E(θ, φ)

⏐⏐⏐⏐⏐⏐_
Emax

⏐⏐⏐ , (2.2.1)
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where
_
E(θ, φ) is the electric field around antenna and

_
Emax is the maximum of the

electric field around an antenna defined at the same distance as
_
E(θ, φ). Since electric

and magnetic fields are real in far field and orthogonal to each other and have a
far-field relation [11]

η =

⏐⏐⏐_
H

⏐⏐⏐⏐⏐⏐_
E

⏐⏐⏐ , (2.2.2)

and since complex power flowing density is [11]
_
S = 1

2

_
E ×

_
H

∗
, (2.2.3)

the normalized radiation pattern is a measure of how an antenna distributes radiative
energy around space. Equation (2.2.1) in this form contains no information on
polarization properties of antennas, since it is merely an absolute value. In order to
have information on polarization, for example equation (2.2.3) can be applied. In the
far field, this equation is purely real indicating that all of the power is radiating away
from the antenna [11]. In the near field, the power flowing density can be purely
imaginary, which denotes that electric and magnetic fields are standing waves, and
thus, no power is propagating near the antenna. [11].

Another important antenna concept is total efficiency. The equation for a receiving
antenna is [11, 12]

etot = pqecd, (2.2.4)

where

p =

⏐⏐⏐_
Ei ·

_
h

∗⏐⏐⏐⏐⏐⏐_
Ei

⏐⏐⏐2⏐⏐⏐_h∗⏐⏐⏐2 = polarization efficiency, (2.2.5)

q = 1 −
N∑

m=1
|Sm1|2 = matching efficiency (2.2.6)

and
ecd = conduction-dielectric efficiency/radiation effciency. (2.2.7)

As equation (2.2.4) shows, the total efficiency is a factor of three variables. The first
variable, polarization efficiency, is a function of an incident electric field upon an
antenna

_
Ei and antenna length vector

_
h. This vector has a dimension of length and

it characterizes the radiative properties of antennas including both amplitude and
polarization [14]. The second variable, matching efficiency, is expressed in terms of
scattering parameters. It is a measure of how much power is lost due to reflection
back to source and coupling to other antenna ports. The final variable, radiation
efficiency, covers the resistive losses on metal surfaces and in the dielectric. In the
case of transmission, the efficiency is similar to (2.2.4). The only difference is that
polarization efficiency is omitted.



18

Isolated antennas in terms of circuit analysis

A simple antenna without dielectric can be represented by a circuit model described
in Figure 3 [12]. The left side of the figure represents a generator, which consists of
an ideal voltage source (only in transmission) VG and a complex generator impedance
ZG = RG + jXG. The right side respectively represents an antenna, which consists
of an ideal voltage source (only in reception)

VA =
_
Ei ·

_
h (2.2.8)

and antenna input impedance ZA = RA + jXA [12].
The resistive part describes the dissipation of energy, which occurs in form of

radiation and ohmic losses [11]. The resistor RR describes the radiation and RL ohmic
losses [12], which are associated to the radiation efficiency through a relation [12]

ecd = RR

RR + RL
. (2.2.9)

The reactive part, XA, describes the part of the power that is stored in the near field
of the antenna [11].

Generator Antenna

RG

RR

RL

XA

XG

VG VA

RA

Figure 3: A circuit model of a single simple isolated antenna.
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Antennas arrays in terms of network parameters

When antennas are close to each other, the isolated antenna model is naturally
invalid, since it fails to take into account mutual coupling. According to [11], there
are three mechanisms to consider in mutual coupling, and these are shown in Figure
4.

Firstly, there exists direct coupling through radiation. Secondly, nearby ob-
structions, such as other nearby antennas and other metallic structures, can scatter
radiation back to antenna. This is called indirect coupling. Thirdly, the feed network
is also responsible for coupling between antennas. For example, if microstrip lines
feeding two antennas are close to each other, this can lead to significant mutual
coupling.

On circuit level presentation, this mutual coupling can be taken into account by
applying either Z- or Y-parameters [11]. Since antennas are reciprocal [11, 12] in
nature, also Z- and Y-parameters of antenna arrays are reciprocal. Thus, equivalent
circuits shown earlier in Figure 2 can be utilized in modeling antenna arrays. In
terms of Z-parameters, the elements of form Zmm are referred to as self impedances
and the elements of form Zmn, m ̸= n are called mutual impedances [11]. As the
name implies, these mutual impedances describe the mutual coupling effects, and in
the case of isolated antennas these impedances approach zero [11].

However, according to [13], there has been an ongoing debate whether the network
parameters defined for transmission can be utilized in the case of reception. For
example, based on work in [15–17], a new network parameter was proposed in
2016 [18]. However, in 2012 [19], it was already shown through experiments that
network parameters derived for transmission can also be applied for reception. The
paper suggests that possible sources leading to inaccuracies in reception are employing
isolated element patterns instead of active element patterns and employing improper
current modes at ports.

Feed network

21

Figure 4: An illustration of mutual coupling mechanisms for two closely spaced
antennas.



20

2.3 On general derivation of decoupling and matching net-
works

This section introduces a rather general approach to deriving and understanding
decoupling and matching networks (DMN). The approach is based on S-parameters
and is for example introduced in [20,21]. Understanding this approach is crucial in
comprehending the applied decoupling and matching methods in this thesis.

In terms of S-parameters, a system composed of a DMN and antennas can be
represented as in Figure 5, in which subfigure a) is a block representation and
subfigure b) is a signal flow graph. The S-matrix of an N -element array (SA) is a
N × N square matrix and the S-matrix of the DMN is a 2N × 2N square matrix. In
this matrix, the ports are numbered such that ports from 1 to N characterize feeding
ports of system and ports from N + 1 to 2N depict antenna ports. Furthermore, the
labeling is chosen such that feeding port m feeds antenna port m + N .

SD

SD,21

SD,11 SD,22

a)

b)

SD,12

asa,ba

bsa,aaas

bs

SA

bsa

asabs

as

ba

aa

SA

I

I

Figure 5: The S-parameter representation of an antenna and decoupling network
system. The decoupling network is labeled as SD and the antenna as SA. The signals
_as and

_
bs describe port signals traveling towards the DMN or back to the feeding

ports. Subfigure a) is a block description and subfigure b) a signal flow graph of the
system.
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This matrix can be partitioned into four sub-matrices, and in [20], these sub-
matrices are labeled followingly

SD =
[
SD,11 SD,21
SD,12 SD,22

]
. (2.3.1)

As is evident from Figure 5 b), these sub-matrices denote following signal transfor-
mations:

_
bs = SD,11

_as|_
a sa=0, (2.3.2)

_
bsa = SD,21

_as|_
a sa=0, (2.3.3)

_
ba = SA

_aa (2.3.4)
and

_
bs = SD,12

_asa|_
a s=0. (2.3.5)

Furthermore, the signals are depicted in form of column vectors, which allows
illustration of a 2N × 2N system with a signal flow graph similar to that of two port
systems. Here _as and

_
bs are signals of the feeding port propagating towards the

DMN or back to the source. Respectively, _aa and
_
ba are signals defined at antenna

ports and describe propagation into the antennas or outwards from them.
It is rather straightforward task to derive the S-matrix defined at feeding ports.

This matrix is defined as

SS
_as =

_
bs. (2.3.6)

Since matching efficiency is defined according to (2.2.6), then system matrix SS
should be zero matrix for perfect matching.

Although, signals are defined as vectors and S-parameters as matrices in signal
flow graph in Figure b) of 5 the analysis is almost identical to two port signal flow
graph case. The only challenging part is to define signal _asa in terms of signal _as.
This correlation can be derived from following equations

_
bsa = SD,21

_as + SD,22
_asa (2.3.7)

and
_
bsa = SA

_asa (2.3.8)

By applying (2.3.7) twice in (2.3.8) yields
_asa = SA(III − SD,22SA)−1SD,21

_asa, (2.3.9)

and the whole system matrix reads as

SS = SD,11 + SD,12SA(III − SD,22SA)−1SD,21. (2.3.10)

If voltages and currents are employed instead of signals, then it is possible to
derive the system matrix in terms of Z- and Y-parameters. Since derivation is similar
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to the S-matrix derivation, only the final system matrices are shown. One can refer
to articles [22, 23] for more detailed information on definition of these matrices. The
system impedance and admittance matrices are defined as

ZS = ZD,11 + ZD,12ZA(III − ZD,22ZA)−1ZD,21 (2.3.11)
and

YS = YD,11 + YD,12YA(III − YD,22YA)−1YD,21. (2.3.12)

2.4 Literature review on matching and decoupling methods
Quite a few articles considering decoupling and matching of antenna arrays can

be found in recent literature. This section shortly introduces various decoupling
techniques. The techniques can roughly be divided into two categories: network based
and structural approaches. The most common structural approaches involve applying
of neutralization lines, electromagnetic band gaps (EBG), defected ground structures
(DGS) and defective wall structures (DWS) and parasitic scatterers. Furthermore,
choice of antennas and their relative placement and orientation belong to the category
of structural approaches. The network-based approaches are typically analytic and are
based on the appliance of network parameters and matrix operations. As discussed in
the introduction, these network approaches are discussed and studied in more detail
in section 3, with the exception of decoupling based on eigenmodes. The arrays of
two antennas have a separate subsection, since there exists a wide variety of articles
in literature and some solutions to them are unique compared to the aforementioned
methods.

Arrays of two antennas

A vast number of articles exist on the decoupling of two-antenna arrays. Most
likely, the main reason is that an analytical solution can be found readily. For example,
articles [24–29] derive a decoupling and matching network from analytic equations.
Out of these articles, [24–26] DMNs have been implemented with lumped elements
and the remaining articles have applied transmission lines in networks. Analytical
solutions can also be found, when decoupling is implemented with transmission line
coupled resonators between the two antennas to decouple. For example, solutions
can be viewed in articles [30, 31]. The latter design additionally implements the
decoupling on two different bands simultaneously. Other multi-band considerations
include aforementioned articles [25] and [32], the network of which is implemented
with transmission lines. One of the approaches unique to two-antenna arrays are
one-fit-all designs, which have been proposed in articles [33,34]. One-fit-all scheme
denotes that network is independent of the antenna types. In Ref. [34], an LC low-pass
π network has been proposed as a solution. This solution has also been physically
implemented with a Multilayered Low Temperature Cofired Ceramics (LTCC) filter
and with lumped elements. Besides the already mentioned methods, solutions based
on scattering elements [35], tunable DMNs [36], neutralization lines [37], antenna
placement and polarization [38] and defected ground structures [39] can be found in
the literature.
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Decoupling based on eigenmodes

In 2008, Volmer [40] introduced the eigenmode theory in antenna arrays. Ac-
cording to this theory, the total radiation in an antenna array of N elements can be
divided into N orthogonal modes. The goal of this theory is to find a decoupling
structure, that excites each eigenmode at different ports. Because of the orthogonal-
ity of the modes, the ports are naturally decoupled. This decoupling denotes that
each port can be individually matched. Besides Volmer, for example Shavit [41],
Krewski [42] and Coetzee [43] have applied eigenmode theory in the decoupling of
antenna arrays.

Neutralization lines

In the literature, transmission lines shorting two-antenna structures are referred
to as neutralization lines. However, not all shorting transmission lines are called
neutralization lines. The further requirement to a call a shorting lines as a neu-
tralization line is, that it has not been analytically derived. Thus, the design of
neutralization lines is based on intuition, parametric studies with electromagnetic
simulators and on inspection of surface currents and S-parameters. For example
in Refs. [37, 44] the neutralization line implementations on two-element arrays in
mobile phone environment have been analyzed in terms of S-parameters and surface
currents. The operating principle of neutralization lines is simple. They provide an
alternative current path, which results in the decoupling of antennas.

DGS, EBG and DWS

As the name implies, a defected ground structure denotes a purposefully cut
ground plane. When an antenna array shares a mutual plane, these cuts ideally
mitigate ground plane currents responsible for coupling. DGS structure has been
employed in the case of mobile phone arrays. [45] An antenna occupies each corner,
and ground plain has several vertical slots and a single circular slot. The operating
principle of an EBG, at least for a 2D EBG, is rather similar to that of DGS. For
example in Ref. [46], the antenna array consists of two patch antennas with the
EGB structure in between the antennas. Instead of suppressing ground current, it
is supposed to mitigate surface wave propagation in order to reduce the coupling
of array elements. Furthermore, the solution presented in Ref. [47] utilizes a patch
antenna array in the study of defected wall structures, which create a wall like barrier
between the two antennas. In the article, the DWS is made of a metal sheet with
periodical slots.

Parasitic scatterers

Few mentions in the literature can be found on parasitic scatterers. For example,
Ref. [48] demonstrates a planar three-antenna array with two decoupling scatterers in
between and already mentioned two-antenna array case [35] made of monopoles with
a monopole scatterer included. The operating principle resembles that of DGS and
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EBG. The parasitic scatterers act as a shield between the two antenna elements [35],
or on a substrate, they prevent current flowing between the antenna elements [48].

Placement, orientation and polarization of antennas

Preceding subsequent sections presented different structures in order to decouple
antenna arrays. However, these structures may not be required in antenna arrays
provided that the elements are inherently decoupled. For example in Ref. [49], a
high isolation between close antenna elements is achieved because of orthogonality
in polarization between antenna elements. Furthermore, relative antenna locations
and orientations are an important factor in mutual coupling on mobile phones. In
Ref. [50], these locations and orientations are studied systematically with inverted-F
antennas on a mobile phone chassis.

Besides systematic studies, some theories can be applied in designing the correct
antenna types, locations and orientations. For example both Ref. [38] and Ref. [51]
apply the theory of characteristic modes in mobile phone environment. Robert
Garbacz was the first to present the theory, and later on Harrington redefined it.
The theory itself gives an understanding of the resonant modes of the whole antenna
structure, including ground planes. This understanding helps in defining proper
antenna locations in order to have low mutual coupling. [51]
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3 Methods to lumped element design of decou-
pling and matching networks

This section introduces a few methods, which can be applied in the design of
decoupling and matching networks (DMN). All of the methods are studied and
utilized in deriving element values for decoupling and matching networks. In total,
five papers [2, 20–23] are chosen for further studies, and the oldest paper is by
Andersen [2] from 1976 and the newest ones from Bouezzeddine [21] and Nie [20]
were published in 2014. The two remaining papers are written by Weber dating back
to 2005 and 2006. Both Weber’s and Andersen’s papers derive the DMN matrix from
impedance and admittance matrices. Respectively, publications by Bouezzeddine and
Nie begin derivation from scattering matrices. All these articles yield a solution at a
point frequency and give little attention (except for [21]) to bandwidth. This section
merely introduces the concepts in publications [20–23] and gives a brief summary of
their results. However, the theory of paper [2] will be discussed in more detail to give
an example of how it is possible to derive decoupling networks based on matrices.
The subsequent section will describe the results obtained with these methods for a
test case array.

3.1 Andersen’s and Rasmussen’s method
Andersen and Rasmussen have derived a decoupling network from Z-parameters

in 1976 [2]. This paper is one of the early examples of an attempt to derive decoupling
networks, and it has still importance. The aim of this publication was to derive a
method that completely decouples and descatters an antenna array. This denotes
that a single feeding port excites only a single antenna, which has a radiation pattern
equal to that of an isolated antenna. The design method is described in detail here
for a four-element array.

Theory

In case of four antennas, there are eight ports in a DMN: four antenna and four
feeding ports. As Figure 6 shows, the feeding ports are labeled with odd numbers
and antenna ports are labeled with even numbers. The equation inside the rectangle
represents the total impedance matrix of the system:

ZS = ZD − (ZA − diag
(
ZA

)
), (3.1.1)

which includes the Z-parameters of the decoupling network (ZD) and non-diagonal
terms (mutual impedances) of the antenna Z-parameters (ZA). The diagonal
terms (self impedances) have been placed outside of this network to represent port
impedances of antennas. Impedances of form ZG

m, where m is the port number,
represent feeding impedances. From these Z-parameters, one can derive following
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Z
S
=Z

D-(Z
A-diag(Z

A))

AZ 22
AZ 44

AZ 66
AZ 88

G
Z 1

G
Z 3

G
Z 5

G
Z 7

Figure 6: A network of four antennas and feeding ports with a decoupling network
included.

equations assuming that decoupling network is reciprocal:

V1 = ZD
11I1 + ZD

12I2 + ZD
13I3 + ZD

14I4 + ZD
15I5 + ZD

16I6 + ZD
17I7 + ZD

18I8

−ZA
22I2 = ZD

12I1 + ZD
23I3 + (ZD

24 + ZA
24)I4 + ZD

25I5 + (ZD
26 + ZA

26)I6

+ ZD
27I7 + (ZD

28 + ZA
28)I8

V3 = ZD
13I1 + ZD

23I2 + ZD
34I4 + ZD

35I5 + ZD
36I6 + ZD

37I7 + ZD
38I8

−ZA
44I4 = ZD

14I1 + (ZD
24 + ZA

24)I2 + ZD
34I3 + ZD

45I5 + (ZD
46 + ZA

46)I6

+ ZD
47I7 + (ZD

48 + ZA
48)I8

V5 = ZD
15I1 + ZD

25I2 + ZD
35I3 + ZD

45I4 + ZD
56I6 + ZD

57I7 + ZD
58I8

−ZA
66I6 = ZD

16I1 + (ZD
26 + ZA

26)I2 + ZD
36I3 + (ZD

46 + ZA
46)I4 + ZD

56I5

+ ZD
67I7 + (ZD

68 + ZA
68)I8

V7 = ZD
17I1 + ZD

27I2 + ZD
37I3 + ZD

47I4 + ZD
57I5 + ZD

67I6 + ZD
78I8

−ZA
88I8 = ZD

18I1 + (ZD
28 + ZA

28)I2 + ZD
38I3 + (ZD

48 + ZA
48)I4 + ZD

58I5

+ (ZD
68 + ZA

68)I6 + ZD
78I7 (3.1.2)

In these equations, antenna port voltages have been replaced with Vm = −ZA
mmIm,

where the minus sign denotes that currents are flowing into the network, not to the
antenna ports. On the other hand, the antennas are decoupled and the system is
lossless if the network has the following Z-parameters, where all the elements are
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purely reactive:

ZS =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Z11 Z12 0 0 0 0 0 0
Z12 Z22 0 0 0 0 0 0
0 0 Z33 Z34 0 0 0 0
0 0 Z34 Z44 0 0 0 0
0 0 0 0 Z55 Z56 0 0
0 0 0 0 Z56 Z66 0 0
0 0 0 0 0 0 Z77 Z78
0 0 0 0 0 0 Z78 Z88

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (3.1.3)

If we assume that mutual coupling elements (ZA
mn, {m ̸= n, m, ∈ Zeven}) of antenna

Z-parameters are purely imaginary, then according to (3.1.2) , the decoupling network
that realizes (3.1.3) must be of form:

ZD =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Z11 Z12 0 0 0 0 0 0
Z12 Z22 0 −ZA

24 0 −ZA
26 0 −ZA

28
0 0 Z33 Z34 0 0 0 0
0 −ZA

24 Z34 Z44 0 −ZA
46 0 −ZA

48
0 0 0 0 Z55 Z56 0 0
0 −ZA

26 0 −ZA
46 Z56 Z66 0 −ZA

68
0 0 0 0 0 0 Z77 Z78
0 −ZA

28 0 −ZA
48 0 −ZA

68 Z78 Z88

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (3.1.4)

In another words, elements −ZA
mn of ZD cancel out mutual coupling parameters of

antennas, and thus results in system matrix described by (3.1.3). If we define that
feed and antenna ports have a fixed real impedance Z0, i.e. ZG

mo , mo ∈ Zodd and
ZA

meme , me ∈ Zeven, then for each port modd feeding antenna port meven = modd + 1,
the input impedance is

Zin,mo = Zmomo − (Zmome)2

ZA
meme + ZA

meme

. (3.1.5)

If we let Zmomo , Zmeme = 0 and Zmome = jZ0, then input impedance simplifies to
Zin,mo = Z0. This denotes that return loss at port i is

Γmo = Zin,mo − ZG
mo

Zin,mo + ZG
mo

= 0. (3.1.6)

Thus, power from port mo is fed exclusively to antenna me = mo + 1 and the final
decoupling network is.

ZD =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 jZ0 0 0 0 0 0 0
jZ0 0 0 −ZA

24 0 −ZA
26 0 −ZA

28
0 0 0 jZ0 0 0 0 0
0 −ZA

24 jZ0 0 0 −ZA
46 0 −ZA

48
0 0 0 0 0 jZ0 0 0
0 −ZA

26 0 −ZA
46 jZ0 0 0 −ZA

68
0 0 0 0 0 0 0 jZ0
0 −ZA

28 0 −ZA
48 0 −ZA

68 jZ0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (3.1.7)
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Results and conclusions

The paper verifies the method by applying it to two and three monopole arrays
over a ground plane. Two array case shows that complete descattering can be achieved
at a point frequency, and three array case demonstrates that complete descattering is
possible only for two antenna arrays in reality. However, the descattering levels are
somewhat improved from approximately −12 dB level to −20 dB level. The network
in this paper is constructed with transmission lines, but can also be implemented
with lumped elements. Although the results are satisfying, the prescribed method
sets constraints on applicable antennas. The paper states, that antennas should
be matched when they are isolated and that mutual impedance between antennas
should have only imaginary part present. This, according to the paper, indicates that
antennas should have orthogonal beam patterns in multibeam sense. Furthermore,
descattering can be achieved only with minimum scattering antennas for which the
scattering pattern equals transmit pattern. Hence, the method is best suited for
simple wire- and slot antennas such as half-wave dipoles.

3.2 Weber’s methods
Weber derived a matching and decoupling network (DMN) from impedance and

admittance matrices [22, 23]. The method in general begins from defining desired
port patterns by modifying antenna array structure. These predefined port patterns
produce a desired impedance/admittance matrix for an antenna array, and this
matrix can be applied to yield the DMN. Publication [52] realizes the method by
applying the one presented in Ref. [23].

Theory

In his earlier paper from 2005, Weber based his method on defining an impedance
matrix, which is then converted into an admittance matrix to produce the DMN [22].
A system impedance matrix can be constructed similarly to the system scattering
matrix described in section 2.3. The system matrix can be written as

ZS = ZD,11 − ZD,21T, (3.2.1)
where T is a current transfer matrix defined as

T = (ZA + ZD,22)−1 ZD,12 (3.2.2)
Equation (3.2.1) can be utilized in solving the system impedance matrix, which
is reciprocal and has real part equivalent to zero. Thus, it can be expressed as a
reactance matrix XD. In terms of partitioned sub-matrices, the solution is

XD,11 = Z0IIITI
−1TR, (3.2.3)

XD,21 = Z0IIITI
−1, (3.2.4)

XD,12 = RATI + RATRTI
−1TR (3.2.5)

and
XD,22 = RATRTI

−1 − XA, (3.2.6)
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where Z0 is the port impedance, III is an identity matrix, RA and XA are real and
imaginary parts of the Z-matrix of an antenna array and TR and TI are real and
imaginary parts of the current transfer matrix. So that the system impedance matrix
would be reciprocal, the current transfer matrix has to be of form

T = U(ra
−1Z0)

1
2 · H, (3.2.7)

where U and ra are derived from the eigenvalue decomposition of the matrix RA. U
contains eigenvectors and ra is a diagonal matrix of eigenvalues. Matrix H can be
an arbitrary unitary matrix.

Similar kind of derivation can also be applied in Weber’s latter paper from
2006 [23]. The method in this paper utilized admittance matrices directly. Since
the derivation is very similar, it will be omitted in this thesis. This method anyway
produces a unitary matrix H, which can be chosen arbitrarily.

Although the current transfer matrix does not necessarily need to be predefined,
it is essential to determine this matrix if the predefined port patterns are applied. For
example in publication [22], the current transfer matrix was obtained by means of a
Schelkunoff polynomial method when desired port patterns are known. In paper [22],
the port patterns were defined such that each port pattern illuminates different
sections in space. When the current transfer matrix is known, then the antenna
array has to be designed such that condition

RA =
(
TH

)−1
T−1Z0 (3.2.8)

is satisfied. In Weber’s earlier paper [22], this condition is achieved by changing
lengths of antennas.

Results and conclusions

In Weber’s both papers, the presented method was verified by applying it to either
a monopole [22] or a dipole [23] array comprising three elements having a spacing
of 0.1λ. The design frequency was at 2.45 GHz and the array and the DMN were
merely simulated instead of being implemented practically. In the earlier paper [22],
the DMN clearly decreases coupling and improves matching. However, the matching
efficiency seems to increase drastically on a relatively narrow band. The band is
approximately 1 MHz wide. Furthermore, the earlier paper merely considers lossless
components in the DMN. Latter paper takes the lossy DMN into account and the
results are very similar to that of earlier [23]. The matching efficiency increases
significantly on a very narrow band.

Weber also published a paper [52] on the practical implementation of the method
described in [23]. However, the implementation was achieved with quasi-lumped
elements, which is why the DMN has a relatively large size of approximately 6.0 cm
× 3.5 cm. The practical implementation manages to verify the results in previously
mentioned publications. Furthermore, the implementation managed to decrease
the number of elements by exploiting all degrees of freedom. Additionally, the
implementaion is robust, since the component tolerance levels are well above 10%.
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3.3 Bouezzeddine’s method
In her conference paper [21], Bouezzeddine introduced a systematic method for

designing a DMN for antenna arrays and an algorithm to maximize the available
bandwidth. The design method is solely based on matrix operations with scattering
parameters, and the theory was applied to a practical case of four-port MIMO
antenna system operating from 470 MHz to 790 MHz.

Theory

The method begins by defining an S-matrix of a lossless antenna system with the
following formula

SA = VΓAVT, (3.3.1)
(3.3.2)

where V is a unitary matrix containing eigenvectors of a radiation matrix RA [42]
and ΓA is a diagonal matrix consisting of modal reflectances [21]. For a lossless
antenna system, the power balance states that the radiation matrix can be defined
as [40,53]

RA = III − SASA
H. (3.3.3)

Once the eigenvector matrix is known, the modal reflectance matrix can be defined
from

ΓA = VTSAV. (3.3.4)

After defining V and ΓA, Bouezzeddine deduces the values of the DMN from the
scattering parameters of the whole system. Furthermore, the partitioned DMN
matrix is required in the deduction. These matrices were defined in section 2.3 by
formulas (2.3.10) and (2.3.1) in section 2.3 with few intermediary steps and matrix
operations. These steps are omitted in this thesis, and the reader can refer to the
original publication for more details. The final DMN matrix is

SD =
[

−Ψ2ΓA (III − ΓAΓA
∗) 1

2 ΨVT

V(III − ΓAΓA
∗) 1

2 Ψ VΓA
∗VT

]
, (3.3.5)

where Ψ is a diagonal matrix of arbitrary phase factors (ejδN ). The obtained DMN
matrix can be converted into an admittance matrix with the help of formulas (2.1.12)
and (2.1.5). Then the required element values for the DMN can be calculated from
equation (2.1.9).

Results

As stated in the beginning, Bouezzeddine applied the method to a symmetrical
four-port MIMO antenna array. The array is symmetrical in such a way that the
eigenvector matrix V is real and independent of frequency. The goal of the paper was
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finding a matrix Ψ, which maximizes the bandwidth in terms of a total multiport
reflectance. The algorithm to finding the optimal matrix is described as a pseudo
code in the paper. The total multiport reflectance is defined as [53]

Γtot =

√ 1
N

N,N∑
m,n=1

|SS,mn|2 = 1
N

∥SS∥, (3.3.6)

where N denotes the number of antennas in the array. In other words, the formula
is a square root of averaged port losses. Bouezzeddine reports that over the defined
operating frequencies (470 MHz–790 MHz), the best obtainable bandwidth varies
between 41 MHz and 90 MHz, when the total multiport reflectance level is below -7
dB.

3.4 Nie’s methods
In his publication [20], Nie developed five different methods to decouple and

match arbitrary loads. His paper was mainly focused on the theory, although a
few simulation examples were provided to verify the theory. Main focus on the
publication was on the first two methods, which sought to minimize the number
of lumped elements required for the DMN. Three other methods were shown for
practical value, which is due to the structure of the DMN.

Theory

As showed in section 2.3, all the methods are based on partitioning the scattering
matrix of a decoupling and matching network (SD) and deriving the scattering
parameters of the systems according to equation (2.3.10). When the admittance
matrix of the DMN is found, it can be realized with lumped elements according to
formulas (2.1.9) and (2.1.10).

As stated, methods 1 and 2 seek to minimize the number of lumped elements
required for the DMN. Method 1 minimizes the number of elements for arbitrary
loads and method 2 minimizes the number for certain loads. Namely, method 2
requires that for example antenna loads have to be of form

SA = µAIII + ξAJJJ, (3.4.1)

where µA and ξA are complex coefficients, III is an identity matrix and JJJ is a matrix
of ones. However, because of this constraint, the method is practically impossible
to apply to arrays of four or more elements. For two element arrays, it is obvious
that the constraint is fulfilled, and in case of three elements the method is applicable
provided that all the elements are equidistant to each other. This case is only fulfilled
if the elements lie at the vertices of equilateral triangle.

Method 1, however, does not have this limitation and enables reducing N2

elements out from original 2N2 + N required for an N -element array. Since the
publication contains detailed information on the proof and derivation of method 1,
the proof is omitted in this thesis. Furthermore, the proof does not provide any
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intuitive insights on matching and decoupling. In short, the method mainly consists
of five distinctive steps, which involve solving a quadratic equation and performing a
singular value decomposition, a Cholesky factorization and other matrix operations.
Figure 7 shows the structure of the DMN. As in section 2.3, there is an equal
number of feeding and antenna ports and number labeling is equal to that of previous
section. In the figure, the lines represent single lumped elements, and furthermore,
the nodes contain a lumped element connected to ground. The dashed line represents
an element as well if a certain condition is not fulfilled.

Figure 8 respectively shows the matching and decoupling networks for methods
3-5. The subfigure a) depicts DMN of method 3, b) is DMN of method 4 and c)
corresponds to network obtained with method 5. From these methods, methods 4
and 5 were not investigated thoroughly, since the network structure is inferior to
that of method 3. Namely, the cross-connection in DMNs of method 4 and 5 would
possibly require a more complex physical structure. Possibly, a multi- layer PCB
would have to be applied in the actual implementation. It was estimated that the
full implementation of network of method 3 would only require a two-layer PCB.

Figure 7: The DMN obtained with method 1. The lines represent elements, and
there is an element connected to ground at every node. The dashed line contains an
element as well if a certain condition is not fulfilled.

Figure 8: The DMNs obtained with methods 3–5. a) The DMN of method 3 b) The
DMN of method 4 c) The DMN of method 5. The lines represent elements, and
there is an element connected to ground at every node.
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Since method 3 is the actual method applied in the implementation of a practical
network in mobile phone environment in section 6, the design equations will be shown
here. First, two matrices have to be defined, and these matrices are

P =
(
III − SASA

H
)−1

(3.4.2)
and

Q = SA
H

(
III − SASA

H
)−1

. (3.4.3)

Then, the following singular value decomposition is to be calculated

WΣW = 2Re{P} + 2Re{Q} − III, (3.4.4)

where W is a real orthogonal matrix and Σ is a real positive diagonal matrix. With
these matrices the network can be written in terms of the following admittance
matrices

Y11 = jY0W
( 1

σ
Σ − III

) 1
2

WT, (3.4.5)

Y12 = Y21
T = j

1√
σ

Y0III (3.4.6)

and

Y22 = jY0

[
1√
σ

WΣ− 1
2

(
III − σΣ−1

) 1
2 WT + 2Im{P − Q}WΣ−1WT

]
, (3.4.7)

where σ is the minimum value of the diagonal of Σ.

Results and conclusions

The theory was verified with two simulation examples. Nie analyzed the func-
tionality of method 1 with an array of two identical lossless half-wave dipoles with a
1
10λ spacing and an array of three half-wave dipoles with 1

10λ and 1
5λ spacings. He

performed a bandwidth analysis on a two-port antenna case stating that a bandwidth
of approximately 0.09% is possible for less than -10 dB reflection on average. However,
the analysis is rather poor, since two antenna array case is simple and does not
yield insight on arrays of more than two elements. Furthermore, he only considers
the reflection and disregards the bandwidth of coupling, which is a crucial factor in
defining the total matching efficiency. As it becomes evident in subsequent section,
method 1 may not be the most suitable method for more practical cases.
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4 The methods applied to idealized half-wave dipole
arrays of four elements

This section represents simulation results for the methods that were introduced
in the preceding chapter. The methods are applied to two lossless half-wave dipole
arrays with loose and tight spacing. The purpose of this section is to analyze the
different methods and compare them with each other. In the comparison, two factors
were emphasized: simplicity of the derived network and the obtainable bandwidth.
Furthermore, the second purpose is to determine which method is most suitable for
practical implementation in mobile phone environment. As it becomes evident in
this section, Nie’s [20] method 3 is found to be the most suitable.

4.1 Antenna arrays simulated
The four element dipole arrays are simulated in order to evaluate the different

decoupling methods. The simulation is performed with a 3D electromagnetic sim-
ulation tool CST Studio Suite 2017 [54]. Figure 9 shows the general structure of
the array and the parameters that define the dipole characteristics. In the figure,
g denotes the gap between upper and lower antenna elements and the feeding is
an ideal infinitely thin discrete port between these elements. Parameter k denotes
the total length of a single dipole in wavelengths, and x respectively expresses the
spacing of antenna elements in wavelengths. Variable r denotes the radius of the
cylindrical dipole arms, and N describes the number of elements in the array. The
design frequency is set at the arithmetic center of 2.4 GHz WLAN band, which is
2.442 GHz.

r

x 

k g Port 1,

Ant 5

Port 2,

Ant 6

Port N,

Ant 2N

Figure 9: The structure of a half-wave dipole array of N elements.
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Loose array

A loose array is applied to verify the method described by Andersen [2]. The
spacing x is chosen such that the back lobe for an ordinary end-fire mode is reduced
[11]. Furthermore, the radius r is fixed such that length-to-diameter ratio a = 2r

kλ

corresponds to a thin dipole antenna. According to Stutzman [11], the ratio should
be greater 50 to achieve 70 Ω antenna resistance at the resonant frequency. Since
Andersen’s method requires a matched port at the resonant frequency, the feeding
port impedances are set at a value of 75 Ω instead of more conventional 50 Ω resistance.
The remaining two variables, length k and gap g, are adjusted to achieve the desired
resonant frequency. Parameter values are shown in table 1.

Array parameters
Number of elements (N ) 4
Spacing of elements (x) 0.4375 λ
Length-to-diameter ratio (a) 300
Length of a dipole (k) 0.465 λ
Gap between dipole arms (g) 0.8 mm

Table 1: The array parameters of the loose array.

Tight array

A loose array does not necessarily benefit from coupled networks obtained with
the aforementioned methods. Hence, a tighter array is applied in the estimation of all
the methods. Table 2 shows the parameter values for the tighter array. The design
frequency is maintained the same at 2.442 GHz and is again achieved by adjusting
length k and gap g.

Array parameters
Number of elements (N ) 4
Spacing of elements (x) 0.1 λ
Length-to-diameter ratio (a) 300
Length of a dipole (k) 0.47 λ
Gap between dipole arms (g) 1 mm

Table 2: The array parameters of the tight array.

4.2 Network structures
Since all the methods employ equations (2.1.9) and (2.1.10) in the derivation

of the networks, they exhibit similar structure. Therefore all the networks can be
constructed from π-element matching networks, which are coupled to each other.
Figures 10 and 11 show these decoupling and matching networks for different methods.
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Figure 10: The DMN structures obtained with Andersen’s, Weber’s and Bouezzed-
dine’s methods. The red crosses over the elements signify element reductions for the
reduced form.
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Figure 11: The DMN structures obtained with Nie’s methods 1 and 3. The red
crosses over the elements denote element reductions for the reduced network.
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Figure 10b shows that Bouezzeddine’s and both Weber’s methods necessitate
the largest number of elements, which is 36, for the DMN. The networks contain
several cross connections, which is obviously problematic from a practical point of
view. A simpler network structure is obtained with Nie’s method 3. The DMN
has fewer elements and has less cross connections making it more suitable for a
practical realization. The full network requires 24 elements whereas the reduced
network requires merely 18 elements. The reduced network is obtained by omitting
the elements with the red crosses. Thus, the reduced network contains no crossing
elements and can be constructed on a single-layer PCB. The simplest DMN, which
increases the matching efficiency to unity for arbitrary loads is shown in Figure 11a.
The network is obtained with Nie’s method 1. The number of elements is 20 and
cross connections are limited to four elements. However, the simplest DMN structure
is produced by Andersen’s method. The network is shown in Figure 10a, and the
number of elements is 18 for the full network and 15 for the reduced one.

4.3 On simulations and bandwidth optimization
The electromagnetic simulations of the antenna arrays are performed with CST,

which yield the scattering matrices of the arrays. The element values of matching
and decoupling networks are calculated with Matlab [55], and the effect of the DMNs
on the antenna arrays is studied with AWR Design Environment 13 [56].

Besides a point frequency study for the tight array, networks are studied on three
different bandwidths:

• 2.400 GHz–2.484 GHz (2.4 GHz WLAN band)

• 2.242 GHz–2.642 GHz (400 MHz bandwidth)

• 2.042 GHz–2.842 GHz (800 MHz bandwidth)

The loose array is studied in more detail at 2.4 GHz WLAN band and small studies at
200 MHz (2.4 GHz–2.6 GHz) and 400 MHz (2.3 GHz–2.7 GHz) bands are conducted
as well. The bandwidth is optimized by maximizing the port matching efficiencies
given in (2.2.6).

4.4 The results of the loose array
The loose array is simulated to verify Andersen’s method, which requires that

feeding ports are matched to antenna self impedances at the resonant frequency and
that non-diagonal Z-parameters are approximately purely imaginary. Because of
the symmetry, the following Z-parameters in table 3 describe the whole antenna
array of four elements at the design frequency of 2.442 GHz. The antenna array is
symmetric such that the Z-parameters of port 1 describe port 4 as well and port 2
impedance parameters correspond to port 3 respectively. Table 3 shows that antenna
self impedances are almost purely real and close to the feeding port impedances.
Furthermore, the table shows that the imaginary part of Z12 and Z23 is considerably
larger than real part, whereas Z13 and especially Z14 have real parts comparable to
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imaginary parts. These parameters should be purely imaginary so that Andersen’s
method would isolate all the ports. However, the results show that the parameter
values are close enough to this condition.

Re{Zij} Im{Zij}
Z11 +69.31 -0.1837
Z22 +70.06 +0.7468
Z12 -6.789 -33.87
Z23 -6.998 -34.44
Z13 -6.266 +20.83
Z14 +11.21 -12.33

Table 3: The Z-parameters of the loose antenna array at the design frequency of
2.442 GHz

Figure 12 shows the matching efficiencies of the feeding ports with this method. It
is evident that, the DMN is symmetric with respect to ports 1 and 4 and ports 2 and
3. The figure shows the results for full non-optimized and full optimized and reduced
optimized network, and the efficiencies without the DMN. The difference between the
full and the reduced DMN is small varying from 1.3 to 1.7 percentage points. Thus,
the reduced DMN is a more potential choice for practical implementation, since the
network lacks problematic cross connections. For the reduced DMN, the matching
improvement varies between 3.3 and 5.1 points for ports 1 and 4 and between 8.4
and 11.1 points for ports 2 and 3. It is also worth noting that the efficiencies are
close to each other with the DMN.
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(a) The matching efficiencies of ports 1 and
4

2.1 2.2 2.3 2.4 2.5 2.6 2.7
Frequency (GHz)

0.5

0.6

0.7

0.8

0.9

1

M
at

ch
in

g
 e

ff
ic

ie
n

ci
es

 o
f 

p
o

rt
s 

2 
&

 3

wo
w
w&op
w&op&re
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Figure 12: The matching efficiencies of ports without the DMN (wo), with the
non-optimized DMN (w), with the optimized DMN (w&op) and with the optimized
reduced DMN (w&op&re). The gray area represents the WLAN band.
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(a) The S-parameters without the DMN.
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(b) The S-parameters with the DMN.

Figure 13: The S-parameters with and without the DMN. The solid lines describe
reflections at the ports and the dashed lines indicate coupling between the ports.
The gray area represents the WLAN band.

Figure 13 shows the scattering parameters with and without the DMN. The
network is in its reduced form. The figure reveals the origin of the increase in the
efficiency. The reflection parameters remain practically unchanged at the band edges
at around -18 dB and improve at the center frequency. However, the change on a
linear scale is rather small. The figure shows that S13 and S14 are worsened a little,
but remain at reasonably low levels of -18 dB and -20 dB. On the contrary, S12 and
S23 change drastically from -13 dB level. The highest values for these parameters
with the DMN are -20 dB and -28 dB, which signifies improvement of 4 and 5
percentage points on a linear scale. Thus, a significant portion of the improvement in
the efficiencies are due to the improvement in the reduced coupling between adjacent
ports.

Besides 2.4 GHz WLAN bandwidth, wider bandwidths of 200 MHz and 400 MHz
are investigated. The optimal 200 MHz bandwidth is found between 2.4 GHz–2.6
GHz and for 400 MHz between 2.4 GHz–2.8 GHz. For 200 MHz bandwidth, the
increase in matching efficiency for ports 1 and 4 varied from 0.2 to 2.9 percentage
points and for ports 2 and 3 variance 4.2–8.2 points. With 400 MHz bandwidth, the
increase is practically zero and the network reduces to four independent non-coupled
Π-matching networks.

In conclusion, the efficiency increase induced by the the DMN is very low compared
to the number of the elements in the DMN. Thus, the losses due to the elements
would probably decrease the efficiencies to levels without the network. The method
provides a narrow band solution, which makes it less feasible in practical realizations.
The advantage of the method is that the coupling is decreased from -13 dB to -18
dB, which may be useful in beam steerable antenna arrays. Because a loosely spaced
array does not significantly benefit from a DMN, the methods are tested with a
tighter array.
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4.5 The methods at the point frequency for the tight array
DMNs for tight arrays are designed at 2.442 GHz point frequency. Figure 14

shows the results with different methods. The solutions can be divided into two
categories: symmetrical and asymmetrical. The asymmetrical solutions are inferior
to the symmetrical ones in terms of bandwidth. However, all the methods improve
the matching efficiencies to unity at 2.442 GHz.
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(a) Weber’s method with Z-parameters
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(b) Weber’s method with Y-parameters
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(c) Bouezzeddine’s method
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(d) Nie’s method 1
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(e) Nie’s method 3

Figure 14: The matching efficiencies of the DMNs designed with different methods
at 2.442 GHz
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Asymmetrical DMNs include those networks obtained with Weber’s Y-parameter
method as well as Bouezzedine’s and Nie’s first method. However, Weber’s method
shows some symmetry in terms of efficiencies and is similar in response to Nie’s
symmetrical method 3. However, the networks are very different from each other. As
introduced in section 3.2, Weber’s methods have a freely selectable unitary matrix H.
Different matrices of H can be tried to seek an almost symmetrical response. Many of
these matrices produce a response similar to that of Bouezzedine’s and Nie’s method
1 in a sense that at least one port matching is very narrow. For example, with Nie’s
method 1, port 1 has a bandwidth of 120 kHz with 50 % efficiency. The narrow band
is due to the reflection parameter, which is practically matched at a single frequency.
Although Bouezzedine’s method applies a matrix Ψ, which can be modified in terms
of four phase factors, the best result shown by Figure 14c has still one port with very
narrow 120 kHz bandwidth. The phase factors are investigated as in Bouezzedine’s
paper with the exception that the goal is to maximize the bandwidth of the worst
port instead of maximizing the bandwidth in terms of the average of all the ports.

The remaining methods, namely Weber’s Z-parameter method and Nie’s method
3, yield a symmetrical solution with respect to ports 1 and 4 and ports 2 and 3.
This is also the case in Andersen’s method for the loose array. In Weber’s method,
the symmetrical solution is achieved by defining the freely selectable unitary matrix
H as H = UT, where U contains the eigenvectors of the real part of the antenna
impedance matrix. Nie’s method on the other hand yields a symmetric solution
purely because there exists a symmetry plane in the antenna array. Figures 14e and
14a show that both methods show potential for improving the bandwidth from a
mere point frequency.

Based on these results, Nie’s method 3 is chosen for a bandwidth study. Weber’s
and Bouezzedine’s methods are discarded because of large number of elements in
the DMNs. These networks would be difficult to implement. Nie’s method 1 shows
poor results when optimizing the bandwidth. However, Nie’s method 3 produces
moderate results, and since the network structure is feasible and has potential of
removing cross connections from the DMN, this method ia found to be the only
practical solution. However, Weber’s method could be a possible candidate, if a
proper unitary matrix H, which reduces the number of elements and maintains a
reasonable bandwidth potential, could be found.

4.6 Generally on the bandwidth study
For the aforementioned reasons, the bandwidth study focuses on inspecting the

effectiveness of Nie’s method 3 at different bands. The bandwidth study has three
goals to study this effectiveness. The primary goal is to find out whether Nie’s method
is superior to other decoupling methods and conventional non-coupled matching
networks. The secondary goal is to study the practicality of Nie’s method. The
tertiary goal is to study the bandwidth potential of Nie’s method.

The network provided by method 3 is optimized in the reduced and full form.
As a reminder, the reduced form denotes that the elements between non-adjacent
ports or antennas are removed, and the full form contains these elements. In the
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study, emphasis is placed on minimum efficiency and the complexity of the network –
i.e. mainly on the number of elements. The actual optimization is performed with
AWR. The element values obtained with the method are used as initial guesses in the
optimization and the goal of the optimization is to maximize all the port matching
efficiencies. Furthermore, Nie’s method performs slightly better, when the element
values are averaged over the bandwidth. In more detail, the admittance matrix is
calculated at steps of 1 MHz over the whole bandwidth. Then the average of these
Y-matrices is calculated and the obtained single matrix is applied in the calculation
of the values of inductors and capacitors in the DMN.

To study the effectiveness of Nie’s method 3, the method is compared against
three other methods: Andersen’s method, brute force -method and conventional
non-coupled matching. Brute force -method denotes that the network is constructed
similarly to the reduced form of method 3. However, the difference is that it is not
predefined whether the elements are capacitors or inductors. The optimization of
this network does not require any initial guesses for the element values. Although
Andersen’s method does not directly produce an optimal DMN, the network resembles
to that of method 3. For that reason, it is seen as a potential DMN to optimize.
Similarly to Nie’s method, the element values obtained with Andersen’s method are
used as initial guesses in the optimization. The non-coupled matching is performed
with a commercial circuit synthesis and optimization software without any initial
guesses.

As in the case of the loose array, the antenna array is symmetric in the same
manner. Thus, there are a total of six scattering parameters, which describe a
four-element antenna array. The relations of S-parameters are as follows:

S11 = S44, (4.6.1)
S22 = S33, (4.6.2)
S12 = S34 (4.6.3)

and
S13 = S24. (4.6.4)

Because of this symmetry, also networks produced by Andersen’s and Nie’s methods
are symmetrical, which can be seen from Figures 10a and 11b. Some elements are
identical to each other. Furthermore, brute force method is forced symmetric by
applying the same symmetry in the network as in Nie’s method.

4.7 The results of WLAN band
In general, different methods yield similar results in terms of efficiency. However,

the complexity of the decoupling and matching networks differs greatly. Table 4
displays the results for the methods.

Andersen’s and Nie’s DMNs in the reduced form produce almost identical results.
Both networks have 7 elements, and Andersen’s method provides slightly higher
efficiency. As expected, the full networks provide higher efficiencies than the reduced
ones. Especially, Nie’s full network, increases the minimum efficiency by 3 percentage
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Method Min. eff. Max. eff. Elem.
Andersen, full 0.500 0.525 13
Andersen, reduced 0.495 0.500 7
Nie, me. 3, full 0.520 0.565 16
Nie, me. 3, reduced 0.490 0.495 7
Brute force 0.53 0.57 18
Non-coupled matching 0.465 0.495 10

Table 4: Comparison of different methods at the WLAN band. The methods are
compared in terms of minimum (min eff.) and maximum (max eff.) efficiency and
number of elements (elem.). Full denotes the full form of the network and reduced
denotes the reduced form of the network.

points compared to the reduced DMN. However, the number of elements is increased
to 16. Brute force method increases the minimum efficiency by an additional point,
but adds 2 more components as well. Non-coupled matching generates the lowest
minimum efficiency being 3 percentage points lower than Andersen’s reduced form.
Additionally, the amount of elements increases to 10.

In overall, Andersen’s and Nie’s reduced networks seem to be the best solutions,
since the minimum efficiency is close to that of produced by brute force method
and since the amount of elements is less than half when compared with brute force
method. The higher efficiency of brute force method would probably not compensate
for the losses in the network elements compared to Andersen and Nie.
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Figure 15: The results obtained with Andersen’s optimized and reduced method.
The solid lines describe the matching efficiencies with the DMN and the dashed lines
represent the efficiencies without the network. The gray area represents the band.
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The matching efficiencies of ports with Andersen’s reduced DMN are shown in
Figure 15. The matching efficiencies of all the ports are the same, which is due to the
short connections between ports 1 and 2 and ports 3 and 4. As the figure reveals, the
matching efficiencies of ports 1 and 4 are worsened between 3.7 and 4.7 percentage
points. However, the efficiencies of ports 2 and 3 increase significantly. The variation
is from 19.6 to 24.2 points. This increase is due to improvement in coupling except
for S12, which remains at -6 dB. Also reflection parameter S22 remains at -6 dB level.
However, S11 increases from less than -10 dB to -6 dB, which explains the reduction
in efficiency for ports 1 and 4. The coupling parameters, excluding S12, decrease
from -8 dB – -15 dB to less than -25 dB, which is a significant decrease.

4.8 The results of 400 MHz band
Similarly to the WLAN band, the complexity of networks varies widely and results

are close to each other except for in the case of non-coupled matching. The minimum
efficiency is significantly lower compared to the next worst method. From the table 5,
it can be seen that the difference is 7 percentage points. Again Andersen’s and Nie’s
reduced methods produce similar results both in amount of elements and in terms of
efficiencies. Overall, Nie’s method is marginally better since minimum efficiency is
1.5 points better and DMN has only one additional element compared to Andersen.
Andersen’s and Nie’s full DMNs and brute force method produce the best efficiencies.
However, as in the case of WLAN band, these networks are more complex and will
induce more losses.

Method Min. eff. Max. eff. Elem.
Andersen, full 0.460 0.480 13
Andersen, reduced 0.440 0.465 9
Nie, me. 3, full 0.485 0.62 18
Nie, me. 3, reduced 0.455 0.465 10
Brute force 0.480 0.495 18
Non-coupled matching 0.370 0.460 12

Table 5: The comparison of different methods at 400 MHz bandwidth. The methods
are compared in terms of minimum (min eff.) and maximum (max eff.) efficiency
and the number of elements (elem.). Full denotes the full form of the network and
reduced denotes the reduced form of the network.

In overall, Nie’s reduced method is the best performing network by a narrow
margin over Andersen’s reduced method. Figure 16 shows the efficiencies over the
400 MHz bandwidth. The efficiency of all ports is the same because of the exactly
same reasons as in the case of WLAN band. The average increase of all ports varies
from 3 to 12.7 percentage points. The decrease in efficiencies for ports 1 and 4 vary
between 1.5 and 8.6 points. The efficiencies of ports 2 and 3 respectively increase
significantly. At the lowest, the increase is 14.3 points, and at the highest, it is 27.0
points.
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Figure 16: The matching efficiencies obtained with Nie’s reduced and averaged
method 3. The solid lines describe the matching efficiencies with the DMN and the
dashed lines represent the efficiencies without the network. The gray area represents
the band.

4.9 The results of 800 MHz band
Compared to the narrower bandwidths, the non-coupled matching is still the

worst case in terms of minimum efficiency and brute force method produces most
elements. However, in this case, brute force method yields worse minimum efficiency
compared to Nie’s reduced method. Furthermore, Nie’s full DMN produces the least
amount of elements together with both reduced DMNs of Nie and Andersen and has
the best minimum efficiency. However, this full network is inferior to the reduced one
in terms of complexity since it contains two cross connections. Since the difference
in minimum efficiencies between full and reduced network is low, in overall, Nie’s
reduced DMN is again the best choice.

Figure 17 shows the results for this network, and as with narrower bands, all
the ports have the same efficiencies for the same reason. The average increase of
port efficiencies is -1.6–19.0 percentage points. For ports 2 and 3 efficiency increases
between 9.5 and 31.1 points when for ports 1 and 4 the change in efficiency varies
from -13.2 to 15.8 points.
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Method Min. eff. Max. eff. Elem.
Andersen, full 0.390 0.425 14
Andersen, reduced 0.385 0.400 9
Nie, me. 3, full 0.42 0.430 9
Nie, me. 3, reduced 0.405 0.480 9
Brute force 0.400 0.440 16
Non-coupled matching 0.340 0.440 12

Table 6: The comparison of different methods at 800 MHz bandwidth. The methods
are compared in terms of minimum (min eff.) and maximum (max eff.) efficiency
and the number of elements (elem.). Full denotes the full form of the network and
reduced denotes the reduced form of the network.
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Figure 17: The matching efficiencies obtained with Nie’s optimized, reduced and
averaged method 3. The solid lines describe the matching efficiencies with the DMN
and the dashed lines represent the efficiencies without the network. The gray area
represents the band.
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4.10 Concluding remarks on the bandwidth study
The preceding studies on the three different bands clearly indicate, that non-

coupled matching networks are inferior to decoupling and matching networks when
antennas are strongly coupled to each other. At WLAN band, the difference between
NMCNs and DMNs is rather minimal in terms of minimum efficiency. When compared
to the worst DMN, the difference is merely 2.5 percentage points. However at 400
MHz and 800 MHz bands, the difference is more significant. NCMN yields 7 and 6
points lower efficiencies than the worst DMN. Furthermore, the non-coupled matching
networks have 3 more components than the compared decoupling and matching
networks, which potentially increases the differences in minimum efficiencies.

The bandwidth study also reveals, that an initial theory is not necessarily required
in obtaining an effective DMN. However, as the results show, brute force -method is
not the most optimal one. The method yields a larger amount of components and
does not produce the best efficiencies at 400 MHz and 800 MHz bands. Furthermore,
the method is not as robust when compared to Andersen’s and Nie’s methods. Both
Andersen’s and Nie’s methods yield a matching network consistently, whereas the
efficiency of brute force method is reliable on an initial guess for the element values
of the DMN.

Based on this, Andersen’s and Nie’s methods are efficient in achieving an initial
guess for the values and type of the elements in a DMN. It is worth noting that
the test array favors Andersen’s methods since the port impedances are matched to
the antenna self-impedances, and the array consists of simple wire antennas. For
that reason, Andersen’s methods are equal to Nie’s methods. However, Nie’s method
is more general than Andersen’s method since it can be applied to an array with
arbitrary load impedances. Thus, Nie’s method is superior to Andersen’s method.

When Nie’s full and reduced method are compared, the results evidently indicate
the superiority of the reduced method. Although the full method yields better
minimum efficiency, the reduced method is preferred due to significantly reduced
complexity.
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5 Implementation in mobile phone environment
Since the bandwidth study shows promising results, a 4 × 4 MIMO handset

antenna prototype applying Nie’s reduced method 3 is manufactured to further study
the potential of DMN networks. Since Nie’s method is more applicable with strong
coupling, the antenna array is designed accordingly. The largest coupling is -2.9 dB.
The goal of the prototype is to prove that Nie’s method is applicable in practical cases
as well. Hence, only a single antenna array is designed, and naturally this antenna
array does not cover all the frequency bands required for mobile communications.
However, the antenna array is restricted on a single side to have volume for other
antennas at remaining edges.

5.1 Structure and the optimization of the structure
It was known that the feeding ports should be close to each other so that the

network could be implemented. If the feeding ports would not be close, the elements
of DMN would occupy a large physical area and would be connected with long
transmission lines the effect of which could not be taken into account. As it emerges
from the results, even when the elements occupy a small area, the transmission lines
have a considerable effect on the scattering parameters. Furthermore, it is decided
that the antennas are designed for 2.1 GHz–2.7 GHz band, since it covers wide
range of cellular frequencies. Other reason is that this band is within the previously
studied 800 MHz bandwidth. After some initial studies with the structure, the band
is designed to be 100 MHz wide from 2.6 GHz to 2.7 GHz.

4 mm 49.5 mm19 mm

4 mm

4 mm
17.1 mm 17 mm

loutlmid

Symmetry plane

doutdmid

DMN

Ground 
patch

Attachment 
patch

Feeding 
ports

Figure 18: The final antenna structure from the top. The antenna thicknesses are
exaggerated for clarity.
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Ant 5Ant 8 Ant 6Ant 7

4 mm

Bottom of antenna array

Front side of antenna array

Figure 19: The final antenna structure from the bottom and front. In the bottom
figure, antenna thicknesses and gap are exaggerated for clarity.

The final structure is shown in Figures 18 and 19. Figure 18 shows the antenna
structure from the top and Figure 19 depicts the structure from the bottom and
front side.The front side is defined as the side, at which the antennas are located.
As the figures show, there exists a symmetry plane in the middle of the longer side.
The symmetry plane is chosen on purpose, so that the network structure is identical
to the one presented in Figure 11b in section 4.2. Thus, there are fewer parameters
to optimize in the network, and hence, the optimization is not as difficult as with an
asymmetrical array.

Only a few parameters are optimized when finding an optimal antenna structure,
while other parameters remain fixed. Figure 19 shows four parameters, lmid, lout, dmid
and dmid, which modify the length of antennas and the location of points, where the
antenna elements are fed. The final lengths of the antennas are 19 mm and 49.5 mm
and the feeding locations are 17 mm and 17.1 mm.

Naturally, other dimensions were not chosen arbitrarily. The substrate, which is
Rogers 4003C, has a width of 73 mm and a length of 148 mm. The size is typical
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to most modern cell phones. The ground plane, which is the phone screen as well,
dimensions are determined such, that clearance on the longer side is 2 mm and on the
shorter side 2 mm. The thickness of the substrate is 1.524 mm because of availability
and manufacturability. The antennas, the height of which is 4 mm, are simpler to
attach to the substrate because of the reasonable thickness. Figure 18 shows that
the outer antenna elements are determined to have a distance of 4 mm to the end of
substrate sides, so that possibly other antennas would have more space to occupy
the shorter side. The thicknesses of the antennas are 0.1 mm. The gaps between
antennas have a width of 1 mm to ensure a strong coupling between the elements.

The microstrip lines connecting middle and outer antennas have a distance of
4 mm between them at the direction of the shorter side of the substrate and at
minimum the distance is 2 mm at the direction of the longer side. The microstrip
lines have a width of 1 mm, which is a compromise between reasonable width and
proper line impedance. The elements are shown as brown rectangles, and the feeding
ports are denoted as red arrows. The network is shown nearer in the next section
and the dimensions are discussed there. The rectangular patch with twelve copper
plated vias is a ground patch on which the feeding cables are attached. The vias
have a diameter of 1 mm. The rectangular plate on the other side is purely for the
attachment of the feeding cables to have a more sturdy prototype in measurements.

5.2 The optimization of network elements
It becomes clear in this section, why a small spacing between network elements

is crucial. So that Nie’s method can be applied, the scattering parameters of the
antennas have to be simulated or measured without the physical network. This
is a routine procedure in non-coupled matching as well. However in non-coupled
matching networks (NCMN), feeding ports can be separated by long distances, since
no coupling elements between ports exist. Thus, the network elements effectively
occupy a smaller area and the effect is typically modest. When the element values
are derived from Nie’s method, the network without the physical structure has
to be optimized first. However, the element values have to be re-optimized when
the physical structure is included. In non-coupled matching, this may not be even
necessary.

Optimization without the physical network

Figure 20 shows a nearby view of the physical network. The elements are
represented as gray rectangles and are labeled according to the network structure
presented in Figure 11b. The red arrows indicate the feeding points of the network.
The red dashed lines display the locations, where the antennas are fed without the
physical network. In simulations, feeding without the physical network is implemented
by creating discrete face ports between ground and the transmission lines. The
network after these feeding points is naturally deleted from this simulation. The
reason for selecting these feeding points is that when tested with several other feeding
locations, these selected locations yielded results most close to the results with the
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network structure included. As earlier, the simulated S-parameters are applied in
Nie’s method, and network element values are calculated with Matlab with averaged
Y-parameters from the whole band. Figure 20 shows that the cross connecting
elements, namely Z13, Z14, Z57 and Z58, have missing from the structure. The reason
for this is, that these elements, excluding Z13, have small capacitances of 0.02 pF, 0.07
pF and 0.11 pF. The capacitance value of Z13 is rather small and is omitted as well for
reduced complexity. This simplified structure can be realized on a single-layer PCB
instead of a two-layer PCB, which is more difficult and expensive to manufacture.
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Figure 20: The PCB layout of the DMN. The red arrows indicate the actual feeding
points and the red dotted lines indicate feeding points from which the S-parameters
are measured for the method.
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The remaining element values are presented in table 7 along with the optimized
values. The optimization is performed with few constraints. Capacitances are limited
between 0.5 pF and 12 pF, except for Z12 and Z23, which are limited to an interval
of 0.1 pF–12 pF. Inductors are allowed to vary from 2.2 nH to 75 nH. The choice
for these constraints is because of practical reasons. For example, less than 2.2 nH
inductors have too large variations. For the chosen series, capacitors have a ±0.05
pF tolerance. The minimum value of the capacitance is confined to 0.5 pF to have
less than ±10% variation. An exception was made with coupling capacitors, since
the network performed significantly better with lower values. Furthermore, 0.05 pF
variations in these elements do not affect the performance drastically.

Elements Initial values Optimized values
Z11 1.7 pF 0.5 pF
Z22 0.6 pF 1.0 pF
Z55 2.0 pF 1.4 pF
Z66 2.3 pF 2.2 pF
Z12 0.9 pF 0.1 pF
Z23 0.2 pF 0.1 pF
Z56 2.6 nH 3.2 nH
Z67 13.7 nH 16.1 nH
Z51 3.5 nH 4.6 nH
Z62 3.5 nH 3.5 nH

Table 7: Element values of the derived DMN without the physical network structure.
Initial values denote the values obtained directly with the method, and optimized
values signify the most optimal ideal values.
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Figure 21: The matching efficiencies of ports with and without the DMN. Wo DMN
denotes the efficiency without the DMN, whereas w DMN depicts efficiency with
the non-optimized DMN and w&op DMN describes the efficiency of the optimized
network. The gray area signifies the design band of 2.6 GHz–2.7 GHz.
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Figure 21 displays the matching efficiencies with and without the DMN. The figure
shows that with the initial element values the matching efficiencies are increased
within the selected band of 2.6 GHz–2.7 GHz. With the optimized DMN, the
efficiencies improve significantly for all the ports. The efficiencies of ports 1 and 4
increase between 19.0 and 38.0 percentage points, and respectively, for ports 2 and
3 increase varies from 17.1 to 34.2 points. However, subsequent section shows that
these efficiencies are not achieved with the same values for network elements when
the physical network is included. Only after re-optimization, the efficiencies resemble
the ones achieved in this section.

Optimization with the physical network

Figure 22 displays the matching efficiencies of the ports with the DMN when the
physical network is included. It is evident that the DMN with the element values
achieved without the physical network do not produce the same response. At the
band, the port efficiencies reside below 15%, and the peaks in efficiency are found
near 2.3 GHz and 3.0 GHz. The main reason is the microstrip line segments that are
required to connect the capacitors and inductors. The physical size of the network
is 9 mm by 10 mm. In the middle of the band at 2.65 GHz, 10 mm denotes an
electrical length of 50o, which is a significant length. The network cannot be shrunk
further due to practical reasons. To guarantee that the components could be soldered
effortlessly, the feeding lines are left 2 mm apart. Furthermore, the components,
apart from the ones connected to the ground, are left at least 1 mm apart. The
components connected to the ground are connected via ground patches of size 1.2
mm by 1 mm. These patches are connected to the ground plane with plated vias,
which have diameters of 0.5 mm. The components themselves have dimensions of 0.5
mm by 1 mm, which is believed to be the smallest practical size for a solderer with
minimal experience. The components are chosen from company Murata Electronics,
the capacitors are of series GJM155C and inductors of series LQW15AN80 both
of which have supposedly low losses and accurate component values at the desired
range.

However, when the component values are re-optimized, similar efficiency band
is found compared to the case without the physical network. The same constraints
for the capacitor and inductor values are applied as in the optimization without the
physical network. However, this re-optimization requires three steps. Initially, it
is beneficial to restrict the element values between ±75% of the values optimized
without the network. This guarantees that optimization does not finish into a local
solution. After this, the element values are restricted to the constraints described
earlier. The final optimization is executed to find the element values that can be
achieved with real elements.
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Figure 22: The matching efficiencies of the ports with the physical network included.
w&init denotes the DMN with the optimized values from the network without the
physical network. w&opt& denotes the DMN with ideal elements obtained through
optimization. Respectively, w&opt&real denotes the DMN with real capacitor and
inductor models. Gray signifies the design band of 2.6 GHz–2.7 GHz.
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(a) An optimization element for
a capacitor. A real capacitor is
in parallel with an ideal one.
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(b) An optimization element for an inductor. A
real inductor is in series with an ideal one.

Figure 23: Optimization models for inductors and capacitors.

When the ideal elements are replaced with real element models, another re-
optimization is required. This second re-optimization is achieved with the help
of ideal elements. Figure shows 23 how they are applied. A real capacitor is in
parallel with an ideal one, and respectively, a real inductor is in series with an ideal
one. The capacitance and inductance values can be directly modified by tuning the
values of these ideal capacitors and inductors. These values indicate how the real
element values should be modified. This way, all the elements can be optimized at
the same time. However, four iterative steps are required in this design. An another
approach would be to replace the real elements one by one, which would require
several iterations as well.

Table 8 shows the values of the ideal and real network elements. The changes
are not dramatic. The capacitors have differences of ±0.1 pF, and the inductors,
excluding Z67, have differences of ±0.1 nH. Although the inductor value of Z67
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changes from 64 nH to 75 nH, the impact is not large since the impedance is large
with both the inductance values. Even though elements Z12, Z23 and Z67 have large
impedances, they are still required in the network to have an optimal efficiency
response.

Besides the results with the ideal elements, Figure 22 shows the port efficiencies
with real inductors and capacitors as well. The figure shows that the ideal and
real elements yield similar efficiencies. The efficiencies of port 1 and 4 are actually
increased, which is probably due to losses in the real elements. Comparing these
obtained efficiencies to conventional non-coupled matching is rather difficult, since
conventional matching does not require the long microstrip lines, which bring the
feedings of the antennas closer together. If the microstrip lines are removed, the
operational frequency of the antenna array changes, and thus, new antenna lengths
and feeding locations should be designed. Hence, the structure would not be the
same anymore. This is the reason why efficiencies with real components in the DMN
are compared to the efficiencies obtained without the physical and immaterial DMN.
This result is first presented in the Figure 21 with solid black lines. For ports 1 and
4 the efficiency increases between 23.3 and 35.2 percentage points, whereas ports 2
and 3 show an increase of 16.9–36.8 points.

Elements Ideal values Real values
Z11 0.8 pF 0.9 pF
Z22 0.6 pF 0.6 pF
Z55 0.9 pF 0.9 pF
Z66 0.8 pF 0.8 pF
Z12 0.2 pF 0.1 pF
Z23 0.1 pF 0.2 pF
Z56 2.2 nH 2.3 nH
Z67 64 nH 75 nH
Z51 2.4 nH 2.3 nH
Z62 2.2 nH 2.2 nH

Table 8: The network values both with ideal and real elements when the physical
network is included. Element denotes the label of the component, Ideal values denote
the values of ideal elements, and respectively, the real values signify the values of
real components.

5.3 Measurements
This section mainly discusses the measurement results of the prototype. However,

the measurement setup and the manufacturing of the antenna prototype are briefly
discussed as well. The S-parameters and the total efficiencies of the prototype are
measured, and these results show a similar response to those of the simulated ones.
However, the difference is that the measured total efficiencies and some S-parameters
are off from the 2.6 GHz–2.7 GHz target band. The possible reasons are discussed
further in the section.
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Measurement setup and the manufacturing of the antenna prototype

The manufactured prototype is shown in Figure 24 from the top. The antennas
are glued to the substrate with epoxy, and the accurate gaps between antennas
are achieved with a gauge feeler. The components are initially soldered with tin
paste after which more solder is added with soldering iron and tin wire. The figure
shows that the coaxial cables, that feed the antennas, are soldered to the ground and
attachment patch. The inner conductors are bent and soldered to the transmission
lines.

Two sets of measurements are performed for the prototype. To confirm the
operation, the absolute values of S-parameters are measured with a 2-port network
analyzer, denoting that six individual measurements have to be performed in order
to obtain all the scattering parameters. The measurements are performed such that
two prototype cables are connected to the analyzer while two other are terminated
with 50 Ω resistor caps. The total efficiency, which includes both the matching and
radiation efficiency, is measured with Starlab system. Figure 25 shows the prototype
at the test setup in Starlab. The orange tape is applied around the prototype to
attach it to the white styrofoam supporting structure. The black cylinder around the
feeding cable is an RF-choke, which prevents near-field coupling. The figure shows
that a single port is excited at a time while others are terminated with 50 Ω caps.
Thus, four different measurements are required to measure all the port efficiencies.

DMN

GROUND 
PATCH

ANT 5 ANT 8ANT 6 ANT 7

GAPS

Figure 24: The manufactured antenna prototype.
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Figure 25: The prototype at the far-field measurement setup in Starlab.

Results

Figure 26 shows the measured and simulated scattering parameters of the proto-
type, and the measured and simulated parameters differ from each other. The most
significant differences occur with reflection parameters and the coupling parameters
S12 and S34. In the simulations, the coupling is much stronger than in the mea-
surements. Furthermore, there is a large difference between the measured S12 and
S34, although they should be equal due to symmetry. Respectively, the measured
reflection parameters are shifted with respect to the simulated ones. However overall,
the measured and simulated frequency responses, especially S22, S33 and S23, are
in good agreement. Furthermore, the measurements yield a better result than the
simulations. This is probably due to the excessive amount of solder, which increases
the parasitic capacitances, and thus also the losses of the real DMN. The difference
between S12 and S34 is also presumably due to solder, which introduces additional
parasitic inductive and capacitive coupling. Furthermore, the grounding of the
coaxial cables is not ideal. Although the cables are connected to each other, not all
the cables have a proper connection to the ground.

The shifts in reflection parameters and the difference between S12 and S34 are
clearly visible in the total efficiencies as well. The total efficiencies are shown in
Figure 27. In the figure, the blue and cyan solid lines represent the measured results
with the DMN. Respectively, the dashed blue line denotes the simulated efficiency
with the DMN, and the black dashed line shows the result without the DMN. The
figure shows that the efficiencies of port 1 and 4 differ from each other, which is due
to difference between S12 and S34. The shifts in the total efficiencies are caused by
the shifts in the reflection parameters.
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(b) The frequency response of S22 and S33.
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(c) The frequency response of S12 and S34.
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(d) The frequency response of S13 and S24.
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(e) The frequency response of S23.
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(f) The frequency response of S14.

Figure 26: The scattering parameters with and without the DMN. Meas.&w denotes
the results of the measured DMN, sim.&w respectively signifies the results of the
simulated DMN. Wo denotes the simulated parameters without the DMN.
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Figure 27 also shows that in simulations, the DMN increases the total efficiency
of ports 1 and 4 by 13.3–17.5 percentage points, and the increase of ports 2 and 3
vary between 9.2 and 22.8 points. However, the total efficiencies do not improve that
much in reality. For the measured total efficiencies, the actual changes are:

• Port 1: -2.1–14.6 percentage points

• Port 2: -1.9–21.4 percentage points

• Port 3: -1.3–19.1 percentage points

• Port 4: 2.4–12.0 percentage points

The results show that the DMN actually decreases the minimum efficiency for ports
1,2 and 3, which is due to the shifts in the total efficiencies. However, the best 100
MHz bands in terms of minimum efficiency are defined from the measurement results
for all the ports to better study the effectiveness of the DMN. These bands are
aligned with the simulated 2.6 GHz–2.7GHz bands without the DMN to compare
them against each other. This way the improvements due to the DMN are

• Port 1: 9.8–14.2 percentage points

• Port 2: 2.6–25.2 percentage points

• Port 3: 2.0–22.8 percentage points

• Port 4: 6.5–11.9 percentage points

These results still show that the measured minimum efficiencies are lower than
expected from the simulation results. The increases in measured minimum efficiencies
are 3.5–7.2 percentage points lower than for the simulation results. The additional
losses in the real case probably originate from poor soldering and the differences
between the real elements and their simulation models.
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(a) The efficiencies of ports 1 and 4.
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Figure 27: The total efficiencies with and without the DMN. Meas.&w denotes
the results of the measured DMN, sim.&w respectively signifies the results of the
simulated DMN. Wo denotes the simulated efficiencies without the DMN.
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5.4 Conclusions
The measurements of the prototype show that a practical design of a DMN is

possible. However in order to obtain results comparable to the simulations, the DMNs
must be manufactured accurately, which either requires expertise in manual soldering
or robot-aided manufacturing techniques. It is questionable whether decoupling and
matching networks are preferable over non-coupled matching networks (NCMN),
since manufacturing of NCMNs is not as delicate as with DMNs, and NCMNs do not
require the transmission lines, that bring the feedings of the antennas closer together.
These transmission lines possibly cause additional losses and disturb the operation
of the antennas.

To answer whether DMNs are preferable over NCMNs in the presence of strong
mutual coupling, both of the networks are compared against each other in Figure 28,
which shows the total efficiencies of the ports for both cases. The DMN is applied
to the case in which the physical network is included. Respectively, the NCMN is
applied to the case, where the physical network is omitted, and only the antennas
and the transmission lines are present. Although the long transmission lines are not
required for the NCMN, they are still included since removing those lines would
change the operation frequency. As described earlier, the length of antennas and their
feeding points should be redesigned and the structure would not be comparable to
the DMN case. In any case, the figure shows that the DMN is superior to the NCMN
in terms of efficiency. The DMN yields a better efficiency of 7.7–9.6 percentage points
for ports 1 and 4, whereas for ports 2 and 3, the DMN is 5.7–16.5 points better than
the NCMN.
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Figure 28: The simulated total efficiencies with the decoupling and matching network
(DMN) and the non-coupled matching network (NCMN).
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Based on these results, decoupling and matching networks are potential candidates
when strong mutual coupling exists in an antenna array. However, DMNs are difficult
to optimize and manufacture, and the bandwidth is relatively narrow. Possibly,
better results could be obtained with proper antenna design, which takes the mutual
coupling into account. In conclusion, decoupling and matching networks should not
be the first choice. However, DMNs provide an alternate means to compensate for
strong coupling, and if the coupling cannot be reduced with antenna design, then
DMNs should be applied.



63

6 Summary
This thesis studied previously developed methods to derive lumped element

decoupling and matching networks for N element antenna arrays, with the focus
being on linear and MIMO arrays. Altogether, five methods were studied more
thoroughly, and the study revealed that Nie’s method 3 and Andersen’s method are
the most practical ones. The reason is that both methods can potentially be reduced
to a network that can be implemented on a single-layer PCB.

Further studies with these two methods showed that when strong coupling is
present in an antenna array, they are superior to non-coupled matching networks
in terms of efficiency and the amount of elements. The investigations at 2.4 GHz
WLAN, 400 MHz and 800 MHz bands explicitly demonstrated that NCMN produces
lower minimum efficiency varying from 2.5 to 7 percentage points. Furthermore, the
bandwidth studies consistently showed that both Andersen’s and Nie’s methods can
be reduced, and the derived initial network element values serve as a starting point
for the optimization. Furthermore, the reduced network is not significantly inferior
to the full network.

Based on the bandwidth studies, Nie’s method 3 was applied in a mobile phone
environment and a MIMO handset antenna prototype was manufactured. It was
the first time when DMN was applied in mobile phone environment for more than
two-element arrays. The prototype was designed at 2.6 GHz–2.7 GHz band and
required several optimization steps. The first optimization step necessitated the
simulation of the antenna S-parameters without the physical network structure. The
second steps involved optimization of the network first without the physical network
and eventually with the physical structure. This step was performed with ideal
elements. The final step entailed the optimization with real and ideal lumped element
models, and this step required several iterations until the optimization was complete.

The measurements of the prototype were not in accordance with the simulation
results. At the band, the simulated total efficiencies varied from 49.9% to 62.7%
and respectively the measured results varied between 32.6% and 62.5%. The main
reason for difference is the shifted reflection parameters, which most likely is due
to excessive amount of solder. At the best 100 MHz bands, measured efficiencies
vary between 44.7%–62.5%, which is close to the simulated results. In any case,
the simulated results demonstrated that DMNs are superior to NCMNs in terms of
efficiency if the DMNs can properly be manufactured. In the simulations, DMNs
have 6.3–16.5 pergentage points better efficiencies than NCMNs.

However, since DMNs are more difficult to manufacture, it is questionable whether
DMNs should be applied over NCMNs. A more suitable approach is to design the
antennas such that they have low mutual coupling. Then NCMNs can be applied
to match the antennas to the port impedances. However, if strong mutual coupling
cannot be avoided by antenna design, then DMNs are a potential solution to solve
this issue. In conclusion, this thesis has shown that DMNs can alleviate the design
constraints of antennas in terms of mutual coupling.
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