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Abstract
Narrow ground clearance four–element MIMO mobile antenna at the low band (824–
960 MHz) is designed in this thesis to answer the increasing demand for higher data
transfer rates and the current narrow bezel screen trend in mobile devices. Imple-
menting a four–element MIMO mobile antenna with small clearance is challenging
since the number of characteristic modes is limited at lower frequencies and they
are difficult to excite individually. On top of that, the high coupling due to small
clearance complicates the antenna design.

The antenna design process of this thesis is done by using both characteristic
mode analysis (CMA) and a more traditional impedance matching related techniques.
The CMA is used to design the metal rim and to find optimum locations for the
exciter elements. Correspondingly, the impedance matching techniques are utilized
on the exciter element design process and designing the three components matching
circuits for each exciter.

In simulations, the antenna achieved 22–45 % total efficiency at desired frequency
band 824–960 MHz. The antenna prototype is made to verify simulation results.
Due to manufacturing defects in the support plastic, some exciters of the fabricated
antenna prototype were over coupled but by changing the matching components it
was possible to get all antennas to operate at the same frequency band. As compared
to simulations, the tuned antenna prototype operates on slightly higher frequencies
and a narrower band (900–1010 MHz) and it reached 15–50 % total efficiency. The
achieved ergodic capacity is larger than the theoretical maximum value of currently
used two-element MIMO antennas at low–band.

The results obtained in this thesis show that ergodic capacity can be increased,
and adequate total efficiency can be achieved by using a narrow ground clearance
four–element MIMO antenna compared to a more frequently used two–element MIMO
antenna.
Keywords characteristic mode, CMA, low band, MIMO, mobile antenna
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Tiivistelmä
Tässä työssä on suunniteltu nelielementtinen alakaistan (824–960 MHz) antenni ka-
peareunuksiseen matkapuhelimeen vastaamaan kasvaneeseen mobiilidatan kulutuk-
seen ja nykyiseen kapeareunnusteisten näyttöjen trendiin. Suunnittelua hankaloittaa
se, että alakaistalla on vain vähän karakteristisia moodeja ja niiden herättäminen on
vaikeaa. Tämän lisäksi käytössä oleva pieni tila lisää antennien välistä kytkentää,
mikä puolestaan hankaloittaa suunnittelua.

Työssä hyödynnetään sekä karakteristista moodianalyysia (CMA) että tavan-
omaisempia impedanssin sovitukseen perustuvia tekniikoita. CMA:ta hyödynnetään
kännykän metallireunuksen ja heräte–elementtien sijainnin suunnittelussa. Perintei-
semmän impedanssisovituksen avulla puolestaan suunnitellaan sekä heräte–elementit
että niille kolmen sovituskomponentin sovituspiirit.

Simulaatioissa antennille saatiin 22–45 % kokonaishyötysuhde halutulla 824–
960 MHz taajuusalueella. Suunnitellusta antennista valmistettiin prototyyppi si-
mulaatiotulosten varmistamiseksi. Prototyypin tukimuovin valmistustoleransseista
johtuen jotkin antenneista olivat ylivirittyneitä, mutta kaikki antennit saatiin lo-
pulta toimimaan samalla taajuudella sovituskomponentteja vaihtamalla. Uudelleen
viritetty antenniprototyyppi toimii kuitenkin suunniteltua kapeammalla kaistalla
ja korkeammalla taajuudella (900–1010 MHz). Kokonaishyötysuhteeksi mitattiin
15–50 % tällä korkeammalla taajuusalueella. Saavutettu ergodinen kapasiteetti on
suurempi kuin nykyään yleisesti käytätettyjen kaksielementtisten alakaistan MIMO
antennien teoreettinen maksimiarvo.

Työn tulosten perusteella prototyypin ylivirityksestä huolimatta nelielementtisen
MIMO:n avulla on mahdollista kasvattaa alakaistalla kapasiteettia yleisesti käy-
tettyihin kaksielementtisiin MIMO antenneihin verrattuna ja samalla saavutettu
kokonaishyötysuhde on hyvä.
Avainsanat alakaista, CMA, karakteristinen moodi, matkapuhelin antenni, MIMO
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Symbols and abbreviations

Abbreviations
CCE Capacitive Coupling Element
CMA Characteristic Mode Analysis
ECC Envelope Correlation Coefficient
ILA Inverted L–antenna
LB Low Band
MIMO Multiple–Input Multiple–Output
MS Modal Significance
PCB Printed Circuit Board
PEC Perfect Electric Conductor
PIFA Planar Inverted F–Antenna
PILA Planar Inverted L–Antenna
RX Receiver antenna
SISO Single–Input Single–Output
SNR Signal–to–Noise Ratio
TCM Theory of Characteristic Modes
TX Transmitter antenna
VNA Vector Network Analyzer
WF Water–Filling algorithm

Operators
(·)∗ complex conjugate
(·)† conjugate transpose
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Symbols
C instantaneous channel capacity
cn modal expansion coefficient
En electric field produced by corresponding eigencurrent Jn

erad embedded radiation efficiency
F(θ, ϕ) field radiation pattern
H channel matrix
Hw Rayleigh fading channel matrix
Jn eigencurrent of nth mode
IM identity matrix
R resistance matrix
Rc receive correlation matrix
R̄c normalized receive correlation matrix
S scattering matrix
tan(δ) loss tangent
X reactance matrix
Z impedance matrix
αn characteristic angle
εr relative permittivity or dielectric constant
ηrad radiation efficiency
ηtot total efficiency
λ wavelength
Λ antenna efficiency matrix
λn eigenvalue of nth mode
ρij complex correlation coefficient
ρT signal–to–noise ratio



1 Introduction
Since introducing the first smartphones in the mid–2000s, mobile data traffic has
rapidly increased with the proliferation and availability of multimedia services. Cur-
rently, the smartphone is not limited to the functions of texting and calling but has
expanded to become a pocket–sized multi–functional entertainment device. This
has developed along with the increase and availability of music and video streaming
services, which in turn has increased the need for a higher internet connection speed
and an improved streaming quality. Indeed, it is estimated that in just five years the
global average mobile network connection speed will increase by 27 % from the 2018
average speed [1].

Therefore, the need for increased data transfer rates demands that the antennas
of a mobile device are further developed to manage these higher required speeds.
One way to achieve a higher data transfer rate is to increase the frequency bands.
Another way is to increase the amount of transferred data per hertz; this spectrum
efficiency can be improved with a multiple–input multiple–output (MIMO) system.
In the MIMO system, there are two or more antennas in both the transmitter and
receiver, operating simultaneously in the same frequency band. The data transfer
rate can be increased by adding more antennas to the MIMO system. The problem,
especially at low frequencies, is that antennas couple together which reduces the
radiation efficiency. As a trade–off between the radiation efficiency and the data
rate, two MIMO antennas are currently used at lower frequencies [2], [3].

The good antenna efficiency does not affect much purchase decision when a
customer chooses a new phone. The average customer is not interested in how the
device works but e.g., a good camera or large screen are features that the average
customer seeks in a new mobile device. The appearance has a surprisingly large
impact on the purchase decision and therefore the physical attractiveness of the
mobile phone must be considered in the engineering progress. One way to improve
the appearance of the phone is to increase the surface area of the screen compared
to the whole frontal surface area. In other words, this means that the area, usually
either black or white-colored, between the screen and edges of the phone is minimized.
This area is called the side bezel.

Since the first internal mobile antenna in the late 1990s [4], mobile phone antenna
engineers have struggled with limited space for the antennas and the current slim
bezel trend does not make the situation any easier, especially as the number of
antennas and frequency bands keeps growing. In addition, the modern smartphone
includes multiple cameras and a large battery which further reduces available space
for antennas. The narrowest side bezel that has previously been studied in the
academic antenna community is 4–5 mm in width [2], [3], which is too wide for a
modern–looking narrow bezel mobile device.

Another mobile device design trend that influences mobile antenna development
is a metal rim around the phone. The metal rim forms the sides of the phone in which
the volume button and charging port are placed. Phone manufacturers favor metal
rim phones since it increases the torsional stiffness of the device. Mechanical durability
is important for a modern large screen phone since a larger and thinner device bends
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easier than older and bulkier models. Additionally, the metal rim increases the
attractiveness of the phone in the eyes of a customer. However, the metal rim
impedes the mobile antenna design since it has a huge impact on the radiation
characteristics of the antenna [5]. Those so–called rim antennas are challenging to
get to operate effectively when the space is limited.

This thesis designs a narrow bezel (2 mm) high data transfer capability MIMO
mobile phone antenna in the low band (824–890 MHz). The data transfer rate is
increased by using a four–element MIMO antenna instead of the currently used two–
element MIMO antenna. The antenna design process uses two different techniques:
characteristic mode analysis (CMA) and the more traditional impedance matching
technique. The CMA is a technique to divide electromagnetic fields into modes
whereby the optimum placement of each antenna can be found.

This thesis includes five chapters which are structured as follows. The essential
theory of this thesis is discussed in Chapter 2 as well as previous studies about this
topic. In Chapter 3, the antenna design process and simulation results are explained.
Chapter 4 shows the measurement results of the manufactured prototype. Finally,
Chapter 5 summarizes the thesis.
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2 Mobile antenna design

2.1 Challenges of mobile antenna design
The mobile antenna design goals are balancing with three antenna parameters: size,
efficiency, and bandwidth [6]. Ideally, the mobile antenna design is always aimed for
small size, high efficiency, and wideband. However, in practice, it is almost impossible
to achieve all those parameters at the same time so the designers have to find the
balance between those three parameters. When one of those three design parameters
is improved, two of them decline. Figure 1 visualizes this design problem.

Size Bandwidth

Efficiency

Figure 1: Antenna engineer’s choices in a mobile phone design progress [6]

Maximal efficiency is always desired, but 100 % efficiency is never realized in
practice due to electrical losses in the components and materials. Antenna efficiency
affects also battery life, as an efficient antenna requires less input power to radiate as
much as a less efficient antenna. If the efficiency of the phone is high the battery can
be smaller which reduces costs and makes phones slimmer. However, processor and
screen drain more battery than antennas in regular use. In addition to maximizing
the total efficiency of the antenna, the radiation efficiency is used to describe how
well the antenna radiate. Radiation efficiency ηrad is a ratio between radiated power
and the accepted power by the antenna [7].

The available space for antennas in mobile phones has become smaller and smaller
since the introduction of the first internal antenna in the late 1990s [4]. The situation
will not be alleviated in the current mobile design trend: a larger screen and narrower
side bezels. In addition to that, another current mobile design trend, the metal
rim around the phone, does not make the design task any easier. The metal rim is
preferred in mobile phones since it makes the device more durable mechanically and
the metal rim is generally considered attractive.

The metal rim complicates the antenna design since it has a large impact on the
radiation characteristics of the antenna. One of the biggest problems with metal
rim devices is that the conductive rim and the antennas will couple together which
reduces their radiation capabilities. In addition to that, the metal rim complicates the
impedance matching. That in turn decreases radiation efficiency and bandwidth. [5]

The screen of the mobile phone is usually modeled as a metal ground plane since
in a radiation perspective the screen acts as a ground plane. Figure 2 shows the
simplified model of the phone of this thesis and its dimensions. Clearance is the gap
between the metal rim and the ground. In practice, the clearance means the same as
the thickness of the screen bezels. One effective way to use this simplified model in
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160 m
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Figure 2: The overall dimensions of the mobile phone of this thesis. The clearance is
2 mm.

an antenna design is using the characteristic mode analysis (CMA). By using the
CMA, it is possible to model electromagnetic fields as modes. With the help of those
modes, it is possible to design the rim and antennas so that the device radiates well.
Chapters 2.4 and 2.5 discuss more about the CMA.

The amount of mobile data has increased drastically since the early–2000s and the
growth will continue in the future [1]. This data transfer capability can be increased
by using a multiple–input multiple–out (MIMO) system. The MIMO system uses
multiple antennas both in the transmitter and the receiver to transfer data along
multiple different propagation paths simultaneously. Chapter 2.3 discusses MIMO in
more detail.

Up to the present, the two–element MIMO antenna has been the most popular
MIMO type at low band [2],[3],[8]. By adding extra antennas it is possible to increase
the data transfer rate and therefore in this thesis is designed a four–element MIMO
at the low band (824–960 MHz). However, implementing the 4–element MIMO in
the low band has its problems which are studied in this thesis. First, the coupling
will be higher than in the 2–element MIMO and especially in such cases where the
ground clearance is very narrow. Respectively, large coupling decreases efficiency
which reduces the overall performance of the antenna. The second problem is also
coupling related, how to excite each antenna without exciting other ones.

The CMA is commonly used for the rim and exciters’ location design [2], [3], [8].
In that case, the eigencurrent distribution tells the optimum position for exciters
and how to modify them to get the optimum current distribution. To excite all four
modes individually at lower frequencies is very changing since at lower frequencies
there are naturally only a few modes [3]. This thesis studies how to increase the
number of useful radiative modes so that they can be used in the four–element MIMO
antenna. More about this is discussed in Chapters 2.5 and 3.1.

2.2 Mobile phone antenna types
Probably, the simplest antenna is a dipole and therefore it has been used in mobile
devices in the early years. The benefits of dipoles are good efficiency and omnidirec-
tional pattern [9]. The omnidirectional radiation pattern is a desired feature in mobile
antennas since base stations could locate anywhere around the phone. However, the
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downsides of the dipole antenna are its large size and narrow bandwidth [9]. On
top of that, metal objects around the dipole antenna affect harmfully its radiations
therefore dipole antenna is difficult to implement in modern narrow bezel metal rim
phone. Reference [10] shows dipole antenna design in the modern mobile phone.

Another simple mobile antenna structure that is used in mobile phones is a
monopole antenna. Since monopole uses a ground plane in its structure it is easier to
implement in a mobile phone than a dipole. Besides that, the size of the monopole
is smaller than the dipole. The impedance of the monopole antenna is half of the
impedance of the dipole and therefore it radiates with a half–power of dipoles [9].
Monopole antenna radiates only to the upper hemisphere. Metal rim monopole
antenna design is shown in [11].

Sometimes loop antennas are used in mobile phones but they have low radiation
resistance. The radiation resistance can be gained by increasing the number of
loops, which increases needed surface area and losses [9]. Reference [12] illustrates
loop antenna design for a 5G mobile antenna. Slots antennas are also researched
in mobile phones. The most common place where slots are implemented is on the
ground plane [13]. However, slot antennas are not very practical since slots in the
ground plane mean holes in the screen which reduces the usability of the phone. A
four–element MIMO slot antenna in the low band is shown in [14].

The available space for antennas in mobile devices is small and the current mobile
design trend reduces it even more. Therefore dipoles and monopoles are too big to
fit such a small space. The monopole can be fit in a smaller space by bending it [9].
If the wire is bent to L–shape the antenna is called an inverted L antenna (ILA) and
if the wire is substituted with a planar strip it is called a planar inverted L antenna
(PILA). The downside of PILAs is that they are rather sensitive to small changes in
the structure [9].

The matching of the PILA can be improved by adding an extra grounding strip
close to the feed. This antenna is called a planar inverted F antenna (PIFA). The
PIFA and PILA are widely used in current mobile phones since they fit in a small
space and they have good bandwidth [9]. However, PIFA and PILA antennas can be
quite big in lower frequencies. References [15] and [16] show PIFA and PILA antenna
designs for a mobile device.

All earlier presented antenna types are self–resonance antennas and resonance
structure has its problems. The resonance structure takes always some space around
the antenna and that space is often too big for a modern mobile phone especially
at lower frequencies. To maximize space utilization and to reduce the need for
resonance structure capacitive coupling element (CCE) antenna is developed [17].
The operation principle of the CCE does not base on only the resonance structure of
the antenna but the combination of the antenna structure and matching circuit [18].
The CCE combines wave modes of the antenna and its structure (e.g. rim and ground
plane). In the CCE the coupling element is not the main radiator but the ground
plane and the rim are.
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2.3 Multiple–input multiple–output antennas
The multiple–input multiple–output (MIMO) is a wireless telecommunication system
that includes at least two independent antennas in both the transmitter (TX) and the
receiver (RX). The benefit of the MIMO system relies on its multipath propagation
[19]. Adjacent independent spatial channels are established at the same frequency,
which results into increased throughput. The other benefit of multipath propagation
is its capability to reduce the effects of signal reflections and scattering since the
receive antenna combines all incoming signals [13]. Figure 3 shows the operation
principle of the MIMO system where every transmit antenna is connected to all
receive antennas.

TX1

TX2

TX3

RX1

RX2

RX3

Figure 3: Multipath propagation of MIMO antenna

Next, we go through the key equations and theories of MIMO systems. The
following theory and equations follow the theory that is presented in [20]. The
multipath propagation between transmitter and receiver can be described with an
N × M channel matrix H, where N is the number of transmitter antennas and M
is correspondingly the number of receiver antennas. The performance of different
MIMO antennas can be compared with the instantaneous channel capacity. For
simplicity, we focus only on M × M MIMOs. The instantaneous channel capacity
without channel information at the transmitter can be calculated as follow

C = log2[det(IM + ρT

M
HH†)], (1)

where IM is the identity matrix, ρT is the signal–to–noise ratio (SNR), M is the
number of the receiving antennas and H is the channel matrix.

The channel matrix H in this work is determined with a Rayleigh fading channel
matrix Hw. The Rayleigh fading matrix Hw includes zero–mean circularly symmetric
complex Gaussian random variables. Then, the lossless channel matrix H can be
calculated from

H = R
1
2
c Hw, (2)

where Rc is the receive correlation matrix and Hw is the Rayleigh fading channel
matrix. The receive correlation matrix Rc describes the effects (e.g. efficiency and
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correlation) of the receiving antenna and it can be determined in the following way:

Rc = Λ
1
2 R̄cΛ

1
2 , (3)

where Λ is the antenna efficiency matrix and R̄c is the normalized receive correlation
matrix. The antenna efficiency matrix Λ determines the total efficiency of each port
of the antenna:

Λ = diag(ηtot 1, ηtot 2, . . . , ηtot M), (4)
where ηtot i is the total efficiency of the ith port of the antenna. The normalized
receive correlation is

R̄c =

⎡⎢⎢⎢⎢⎣
1 ρ12 · · · ρ1M

ρ21 1 · · · ρ2M
... ... . . . ...

ρM1 ρM2 · · · 1

⎤⎥⎥⎥⎥⎦ , (5)

where ρij is the complex correlation coefficient between ith and jth ports of the
antenna. The complex correlation coefficient ρij describes the isolation between
antenna ports. The square of the ρij is called the enveloped correlation coefficient
(ECC or ρe) and it can be calculated from [21]

ρe, ij =
|
‚
4π

[Fi(θ, ϕ) · F∗
j(θ, ϕ)] dΩ|2

‚
4π

|Fi(θ, ϕ)|2 dΩ
‚
4π

|Fj(θ, ϕ)|2 dΩ , (6)

where Fi(θ, ϕ) is the field radiation pattern of the ith port and correspondingly
Fj(θ, ϕ) is the field radiation pattern of the jth port. The ECC describes how
independently each antenna works in the MIMO antenna. The smaller the ECC the
better the MIMO antenna operates and generally the MIMO antenna is considered
to be good if its ECC is below 0.5 [22]. If the antenna is lossless or the efficiency is
very high, the ECC can be approximated with S–parameters [21]

ρe, ij =

⃓⃓⃓⃓
⃓ M∑︁
n=1

S∗
i,nSn,j

⃓⃓⃓⃓
⃓
2

∏︁
k=i,j

[︄
1 −

M∑︁
n=1

S∗
k,nSn,k

]︄ , (7)

where S is the scattering matrix and M is the number of antennas in the MIMO.
If radiation efficiency is low the calculation of the ECC from S–parameters give an
inaccurate (too small) result.

The data transfer rate of the MIMO is usually expressed in ergodic capacity
wherein the channel matrix H is calculated from several channel realization [20] and
it can be calculated by using the water–filling (WF) algorithm [23]. Figure 4 shows
the theoretical ergodic capacity as a function of SNR with different sized MIMOs.
Results are calculated by using the water–filling algorithm.
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Figure 4 illustrates very well the benefits of the MIMO system. The overall trend
is that ergodic capacity increases when the number of antennas in the MIMO system
increases and signal–to–noise ratio is improved. The single–input single–output
(SISO) case is plotted as a reference case. When different MIMO antennas are
compared 20 dB SNR level is commonly used [2]. Currently, the 2–element MIMO
configuration is the most popular MIMO type for a small clearance low band mobile
device. By increasing the number of antennas by two in both transmitter and receiver,
it is in theory possible to double the ergodic capacity when SNR is 20 dB. That is
one reason why 4–element MIMO antenna is studied in this thesis.

Figure 4: The theoretical ergodic capacity as a function of SNR with different sized
MIMOs.

The radiation performance of MIMOs and other multi–port antennas can be
studied easily with the embedded radiation efficiency since it takes into account
the matching and coupling. The embedded radiation efficiency for each port of the
multi–port antenna can be calculated as [24]

erad,i = 1 − |Sii|2 −
N∑︂

j=1, j ̸=i

|Sij|2, (8)

where S is the scattering matrix of the multi–port antenna, i is the index of calculated
port and N is the total number of ports. Equation (8) is valid only for lossless
antennas [25].

2.4 Characteristic mode analysis
The origin of the characteristic mode analysis (CMA), also known as the theory
of characteristic modes (TCM), dates back to the 1970s. Garbacz introduced the
CMA in 1971 [26] and in the same year, Harrington and Mautz enhanced it [27], [28].
Even the CMA is rather old, it gained popularity in the mid–2000s due to increased
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computing power and since then the CMA has been one of the main research topics
in antenna design [29].

The characteristic modes can be defined as current modes on a coincidental
conductive surface. The characteristic modes are independent of the excitation
and only the size and shape of the conductive object affects the modes [30]. The
benefit of the CMA in the antenna design is that the electromagnetic fields can be
represented as a superposition of modes that are orthogonal in the far–field. With
the help of the characteristic modes, the electromagnetic properties of the antenna
can be understood easier without knowing how the antenna is excited. The CMA is
traditionally defined only for the perfect electrical conductor (PEC) but its results
can be applied for lossy metals [27].

In this chapter, only the most essential equations of the CMA in the lossless
environment are introduced, because the main focus of this master thesis is not on
the mathematical theory of the CMA. A more detailed description of CMA can be
found in [27] and [28].

One of the key equations of the CMA is the weighted eigenvalue equation [27]

X(Jn) = λnR(Jn), (9)

where Jn is eigencurrent of nth mode, λn is the corresponding eigenvalue, X is the
imaginary part of the impedance matrix Z and R is the real part of the same matrix.
Eigencurrent Jn is a current on the conductive surface that is independent of the
excitation or source and it depends only on the shape and size of the conductive
surface [30].

The magnitude of the eigenvalue of the nth mode λn describes how well the mode
radiates. The excited mode radiates more efficiently when the magnitude of the
eigenvalue is small. The mode is at resonance if the absolute value of eigenvalue is
zero (λn = 0) and then the excited mode radiates most. The nature of the energy
storage of the mode can be detected from the sign of the eigenvalue: the mode is
storing electric energy if λn < 0 and magnetic energy if λn > 0 in the reactive near
field [30].

There are several ways to illustrate the resonance and the radiating properties
of the modes. The simplest manner to illustrate the behavior of the characteristic
modes is to draw the eigenvalue λn as a function of frequency. The problem with
this format is that the resonance frequencies are quite difficult to spot because small
changes in the eigenvalues are difficult to detect.

The second more often used mode illustration method is the modal significance
(MS) [31]

MS =
⃓⃓⃓⃓
⃓ 1
1 + jλn

⃓⃓⃓⃓
⃓ (10)

The maximum value of modal significance is one and that is achieved when the
mode is at resonance. The shape of the modal significance curve near the maximum
value describes the bandwidth of the mode. Therefore modal significance figure is
more informative than just the eigenvalue curve.
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Characteristic angle αn is also used to describe the behavior of the characteristic
modes. The characteristic angle describes the phase difference between a characteristic
electrical field, En, and a characteristic current, Jn [30]. The characteristic angle can
be calculated as follows [32]

αn = 180◦ − arctan(λn) (11)

The resonance of the mode is achieved when αn = 180◦. On the other hand, if
the characteristic angle is 90◦ or 270◦ the mode is a bad radiator because the mode
mainly stores energy. [32] The slope of the characteristic angle around the resonance
angle (90◦) describes the bandwidth. The flatter the slope is the wider the bandwidth
is [30].

Despite characteristic modes are independent of the excitations of the antenna,
the CMA can be used to study which modes will be excited in each port. The modal
expansion coefficient (cn) describes how well each mode is excited by each exciter
and it can be calculated as follows [27], [33]

cn = ⟨Jn, En⟩
1 − jλn

, (12)

where Jn is the eigencurrent of nth mode, λn is the corresponding eigenvalue, and
En is the electric field produced by corresponding eigencurrent Jn.

The greater the modal expansion coefficient, the more the corresponding mode
is excited by the feed of the antenna. Each exciter of the MIMO antenna aims at
exciting only one characteristic mode and this can be monitored with the modal
expansion coefficient. In the ideal and perfect MIMO antenna, the modal expansion
coefficient of the one mode is infinity and the modal expansion coefficient of the
other modes is zero. However, practical antenna design generally aims to maximize
the modal expansion coefficient of one mode and minimize the modal expansion
coefficient of other modes in each exciter of the MIMO antenna.

The next chapter discusses more the CMA of the mobile phone. That chapter is
gone through the previously expressed the CMA theory and designing problems in
the CMA via a simplified mobile phone model.

2.5 Characteristic mode analysis of the mobile phone
The utilization of the CMA in mobile device designing and its challenges at lower
frequencies can be understood with a simple example. A simple way to model the
effect of the mobile phone structure on its antenna is to replace the phone with a
rectangular ground plane and metal rim as shown in Figure 2 on page 12. Due to
the definition of the CMA all conductive materials are made out of PEC. By using
this example it is possible to understand the basic principles of the CMA in a mobile
phone design and its challenges.

All CMAs in this thesis are done by using code that is created with matrix
calculation Matlab software [34]. The simulated structure is divided into a simulation
and calculation mesh where the equations are discretized with Galerkin’s method
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using Rao–Wilton–Glisson (RWG) basis and test functions [33]. The eig function in
Matlab is used to solve the required eigenvalue equations.

Figure 5: The modal significance of the ground plane and the rim. Higher–order
modes are plotted in dashed grey.

Figure 5 illustrates the modal significance of the example structure. There are
three resonance modes: two rim modes: first at 630 MHz and second at 640 MHz
and the ground plane mode 3 at 840 MHz. Figure 5 shows that the bandwidth of
mode 3 is wider while the bandwidth of other radiate modes is very narrow. The
mode does not radiate well if its modal significance is below 0.7.

It is important to remember that numbering characteristic modes is not unique
and therefore comparing modes by their numbers with different structures is not
possible since they might be different modes even they have the same mode number.
Usually, the characteristic modes are numbered according to modal significance at a
certain frequency.

Figure 5 exemplifies very well the problem with characteristic modes at lower
frequencies (below 1 GHz). At lower frequencies, there is a limited number of modes
and it is challenging to introduce more modes at lower frequencies [3]. It is challenging
to find modes that are efficient across a wide band [35].

The eigencurrent distributions of each mode at resonance frequency are shown in
Figure 6. It can be seen that modes 1 and 2 are rim modes since all current maxima
locate in the rim. Correspondingly, mode 3 is a ground plane mode because its
current maxima locate on the ground plane. Since there are both two nodes and two
antinodes (current minimum and maximum) at modes 1 and 2, are those modes full
wavelength modes. On the other hand, mode 3 is a half wavelength since it has only
one antinode and two nodes. Some of the higher–order modes might be multiple of
those modes or they can be different.

One of the biggest advantages of the CMA is that it does not need knowledge of
the excitations [27]. By using the CMA it is possible to find the optimum position
of the excitations of the antenna. The location of eigencurrent maxima gives us
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(a) Mode 1 at 630 MHz (b) Mode 2 at 640 MHz

(c) Mode 3 at 840 MHz

Figure 6: Eigencurrents of the ground plane and rim at the resonance frequency.
Dimensions are in millimeters. Surface currents are normalized to 1 W.

information about the possible placement of exciters on the mobile device. Previous
study [3] says that to excite the desired eigencurrent more efficiently, there are two
possible positions for exciters: current maximum and minimum. The capacitive
exciter should locate in the current minimum (voltage maximum) to maximize the
coupling. On the other hand, the inductive exciter should be at the current maximum
to achieve the best performance [3].

As earlier mentioned, the 4–element MIMO antenna, which is designed in this
thesis, needs four different characteristic modes with adequate bandwidth to work
properly. To excite those four modes individually, the eigencurrent distributions of
each of those four modes should be different. In the other words, the current maxima
of each rim mode should locate on a different side so that those modes are possible
to excite one by one. If the eigencurrent distributions of two modes are too similar,
it might be challenging to excite them selectively. In an ideal case, each port should
excite different modes, and then they do not couple which leads to optimal MIMO
capacity. Chapter 3.1 discusses more how the rim can be modified to get different
eigencurrent distributions for each mode with sufficient bandwidth.

2.6 Previous studies
Mobile phones with narrow ground clearance have been studied much [2], [3], [36]–[38]
in recent years since slim bezels are currently trendy in mobile phones. The majority
of those previous studies are developed into the same frequency band as in this thesis,
824–960 MHz. The antenna in [3] is designed on a little wider band (742–1000 MHz)
than other previous studies. On the other hand, the antenna in [38] is optimized on
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little higher frequencies and a narrower band, (860–1000 MHz).
All narrow ground clearance MIMO rim antennas that have been studied in the

low band uses 2–element MIMO antennas as far as the author knows. By increasing
the number of antennas in the MIMO system, it is possible to improve the ergodic
capacity but it will come with some costs.

The biggest issue of increasing the number of antennas in the MIMO system is
that coupling between antennas will also increase at the same time. To avoid higher
coupling, the current low band rim MIMO mobile antennas prefer a 2–element MIMO
configuration even it has a lower capacity than the 4–element MIMO antenna. The
ergodic capacity of those 2–element MIMO mobile antennas is about 7–10 bit/s/Hz
[2], [36].

Despite all design difficulties in the 4–element MIMO antennas at the low band,
one paper on this topic has been published [14]. However, the paper presents a slot
antenna that cannot be integrated on a modern slim bezel mobile phone. Two of
those slots are 2 × 58 mm2 sized and they are 8 mm away from the edges of the
phone. In the other words, this means that ground clearance is 10 mm, which is too
much for the modern–looking device. Due to the rather large ground clearance, the
antenna provides relatively high ergodic capacity (16–16.9 bit/s/Hz) that is much
better than in the 2–element MIMOs (7.3–9.8 bit/s/Hz).

Many recent studied on narrow bezel devices in low frequencies have used different
ground clearance in the long and short edges of the device [2], [3], [36]–[38]. The
difference between short edge and long edge ground clearance can be even 8 mm
(2 mm and 10 mm) [37] and the narrowest ground clearance is 3–4 mm [3]. Since high
screen–to–body ratio (ratio between the surface area of the screen and the whole
front surface of the phone) is desirable, the ground clearance should be as small as
possible.

Table 1 shows the results from previously studied low band MIMO mobile antennas.
Typical total efficiency for a narrow ground clearance rim MIMO antenna at the
low band is around 15–56 % [2], [36]–[38]. The ECC of all those MIMO antennas is
under the 0.5 level, which is commonly considered a good level for a MIMO antenna.
However, it is not mentioned in [2] and [3] whether the ECC is calculated with
Equation (6) or (7). Lossless antenna is assumed in Equation (7) and the ECC is
underestimated in case there are losses.
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Table 1: Comparison of previously studied low band MIMO mobile antennas. ♡ is a
slot antenna. ♣: radiation efficiency since total efficiency is not available. ♠: type of
efficiency is not defined properly.

Ref. MIMO Clearance Frequency ηtot Capacity ECCtype min/max[mm] band [MHz] [%] [bit/s/Hz]
[2] 2 × 2 3/5 824–960 15–46 7.3–9.8 < 0.2
[3] 2 × 2 3/4 742–1000 15–78♣ — < 0.2
[36] 2 × 2 2/8 824–960 40–48 8.5–9.0 < 0.05
[37] 2 × 2 2/10 824–960 31–38 — < 0.09
[38] 2 × 2 2/4 860–1000 26–56 — < 0.15
[14] 4 × 4 —♡ 824–960 30–46♠ 16–16.9 < 0.2
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3 Antenna design process
This chapter presents the design steps of a 4–element MIMO mobile antenna. First,
it is studied how the metal rim can be modified to create four characteristic modes
with isolated eigencurrent distributions and with an adequate bandwidth. The rim
is modified with the help of CMA.

Next in Chapter 3.2, exciter element types, their sizes, and positions are studied to
find the best possible way to excite the wanted modes separately. At the same time,
three–component matching circuits are designed so that the bandwidth, efficiency,
and coupling between the ports can be optimized. At the end of this chapter, the
simulation results are shown.

3.1 Metal rim design
As mentioned in previous Chapter 2.5, the CMA facilitates the design of the exciters
since the eigencurrent distribution tells the optimum locations for exciters. To
achieve the best possible performance, the exciters should locate either on a current
minimum or maximum depending on their reactive type [3]. Ideally, a 4–element
MIMO antenna should ideally excite four distinct characteristic modes. However,
at lower frequencies (below 1 GHz), it is difficult to find a sufficient amount of
characteristic modes with unique current distribution and adequate bandwidth [3].

By modifying the metal rim, it is possible to introduce more rim modes and
change their eigencurrent distributions. Traditionally, the modification of eigencurrent
distribution is done by cutting the rim into several parts: e.g. [39]–[42]. However,
cutting the rim of the mobile device into pieces causes some problems. Mobile phones
with non–continuous metal rim bend much easier than solid metal rim phones and
they are more difficult to manufacture [2]. The risk of signal attenuation is also much
higher in non–uniform rims than in uniforms if the user touches the gap between
rims [8]. An unbroken metal rim is also often considered more attractive than a
non–continuous rim.

To avoid the disadvantages of the non–uniform metal rim the interest of antenna
design has moved more on uniform rim: e.g. [2], [3], [8], [43]. The unbroken metal
rim is more robust, easier to manufacture, better looking and it has a smaller risk
for accidentally causing attenuation by handling the phone incorrectly. The biggest
disadvantage of a uniform metal rim is the high coupling between antennas. Other
issues with uniform rim are wide ground clearance and weak performance at lower
frequencies (0.7–3.5 GHz) [2]. Probably the biggest disadvantage of a uniform metal
rim is that modification of characteristic modes is very challenging since unbroken
metal does not make it possible to change the current distribution.

Since the simple metal–rimmed phone model shown in Figure 2 (p. 12) does
not exhibit four low–band modes for 4–element MIMO, the rim is cut into pieces to
change the eigencurrent distributions and introduce more modes in the structure. In
addition to that, the noncontinuous metal rim reduces the coupling between antennas
and this feature is important since the coupling is a problem in the narrow ground
clearance 4–element MIMO antenna. The operation frequency (824–960 MHz) favour
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also the non–continuous metal rim. The next chapters 3.1.1–3.1.5 discuss more the
modifying the non–uniform metal rim.

3.1.1 Non–uniform metal rim design

Chapter 2.5 shows a CMA for the phone structure that has only a ground plane
and a rim. The modal significance in Figure 5 illustrates that there are only three
significant modes at lower frequencies. For the 4–element MIMO antenna, we need four
different fundamental characteristic modes, one for each antenna, to get the MIMO
antenna to perform in its best manner. Typically, the MIMO application includes
the fundamental ground plane mode and additional fundamental rim modes [3].
Consequently, the 4–element MIMO antenna needs one ground plane mode and three
rim modes.

In addition to the correct number of the modes, the corresponding eigencurrent
distributions of each mode should be different in order to excite them selectively. If
eigencurrent distributions are too similar, cognate modes will be excited together
when the mode is tried to excite one by one. In practice, this means that the current
maxima of each mode ought to locate in different positions or current distributions
are partly non–overlapping.

The shortage of characteristic modes and similarity of eigencurrent distributions
is not the only mode related problem at lower frequencies. The bandwidth of modes,
especially rim modes, is too narrow as can be seen in Figure 5. The bandwidth
should be increased so that the full potential of the frequency band can be utilized.
Luckily, by cutting the metal rim it is also possible to increase the bandwidth.

The key parameters that are studied during the rim modification are modal
significance and eigencurrent distribution. By using those parameters, it is possible
to design the rim optimally and to find the most effective locations for rim cuts. As
described earlier in Chapter 2.4, the modal significance tells how well responsive
characteristic mode resonates. The resonance is achieved when the modal significance
is one and the slope of the modal significance curve describes the bandwidth. The
rim should be cut so that there would be four characteristic modes at the target
frequency range, 824–960 MHz. Achieving adequate bandwidth is often challenging
and therefore should the slope of modal significance curve be as flat as possible.

When characteristic modes are analyzed, the modal significance (or its derivative
parameters e.g. characteristic angle, αn) does not tell by itself enough information
about the differences between modes. Even if there are a sufficient amount of modes
at the target frequency range, the eigencurrent distributions of responsive modes
might be too similar thus the modes are impossible to excite individually. Therefore
the eigencurrent distribution has to be monitored at the same time with modal
significance when the rim of mobile devices is designed.

The CMA, which is used to design the rim for the mobile phone, is mainly done
by using previously mentioned Matlab code. The other software that is used in the
CMA is the electromagnetic simulation CST Studio Suite [44]. In the initial designs,
all conductive materials (metal parts) are simulated as PEC due to the definitions of
the CMA.
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3.1.2 Dividing the rim into three pieces

A simple way to obtain four modes is to divide the rim into three pieces. This way
each rim section introduces one mode together the fourth mode in the ground plane.
If different eigencurrent distributions and adequate bandwidth cannot be achieved
with three rim cuts, the rim is cut once more. The lower number of rim cuts increases
also the torsional stiffness of the device and keeps its appearance cleaner. For the
same mechanical and visual reasons, the initial width of rim cuts is set to be 1 mm.
However, the effect of the width is studied later. In addition to the width of the rim
cuts, the effect of the position of rim cuts and their mutual distance is studied.

The rim cut design is started by studying how the mutual distance between those
three rim cuts affects the characteristic modes. By doing this study first, it is possible
to find the optimal mutual distance between rim cuts. After the best mutual rim
division rate has been found, the effect of the rim cut locations can be studied. The
last rim cut related parameter that will be studied is the impact of the width of rim
cuts. For mechanical and aesthetic reasons, the rim cuts should be small.

3.1.3 Distance between rim cuts

The effect of the mutual distances between rim cuts is done by changing the dis-
tance between each three rim cuts and then monitoring the modal significance and
eigencurrents. The width of the rim cut in this test is 1 mm. Figure 7 shows the
simulation setup for finding the optimal distance between rim cuts. The position of
the rim cut on the left–hand side is fixed in place (35 mm). Only the position of
the other two rim cuts will change. In the other words, the length of red, green, and
blue lines will alter and the position of the ends of the red, and green lines on the
left is unchangeable. The symmetrical structure of the phone reduces the possible
locations for rim cuts. From now on the sides of the phone are numbered as shown
in Figure 7.

When the distance between the rim cuts approach length where the rim is divided
into three equal lengths, (159 mm which is about λ/2) pieces there are four resonance
modes. On the other hand, if the distance between rim cuts is shorter or longer the
resonance spikes of the modal significance will separate from each other and there
are not anymore four resonance modes.

Figure 8 illustrates the modal significance when the rim is divided into three
equal–length sections. Albeit, there are a right number of modes (four modes), modes
2 and 3 have a too narrow band, whereas that of modes 1 and 4 is sufficient.

The eigencurrent distributions of the equally divided rim are not suitable for the
4–element MIMO antenna since the eigencurrents are too similar to each other as
can be seen in Figure 9. Mode 1 is clearly ground plane mode and modes 2, 3, and 4
are rim modes. The eigencurrent maxima of mode 2 locate on both long sides and
the bottom U–part. In proportion, the current maxima of mode 3 locate only on
the bottom U–part, and the current maxima of mode 4 on both long sides. Since
the current maxima of those rim modes locate in the same positions, those modes
are challenging to excite selectively with one exciter element for each mode. The
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Figure 7: The red, green, and blue lines illustrate the rim division into three pieces.
The location of the rim cut on the left side is kept constant (35 mm) while the
positions of the other rim cuts are changed. The thickness of the rim is enlarged in
the figure for better visual illustration. The side numbering is shown in the figure.

Figure 8: The modal significance when the rim is divided into three equal–length
pieces. Higher–order modes are plotted in dashed grey.

maxima of each rim mode’s eigencurrents should locate only on one side of the rim
so that those modes are possible to excite individually.

3.1.4 Position of rim cuts

Next, it is tested how the position of rim cuts affects the characteristic modes.
Figure 10 shows the rim cut mutual distance setup. The symmetrical structure of
the mobile phone reduces the possible rim cut locations and Figure 10 shows the
extreme positions of rim cuts. In this test, the mutual distance between rim cuts is
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(a) Mode 1 at 850 MHz (b) Mode 2 at 835 MHz

(c) Mode 3 at 930 MHz (d) Mode 4 at 930 MHz

Figure 9: Eigencurrents at resonance frequency when the rim is divided into three
equal–length pieces. The rim cuts are in the same place as in Figure 10b. Dimensions
are in millimeters. Surface currents are normalized to 1 W.

kept constant (length of the red, green, and blue lines are the same, 159 mm) and
only their location around the rim will change.

The location of the rim cut when the mutual distance between rim cuts is kept
constant, does not affect the modal significance. The reason for this is that the
mutual distance between rim cuts affects the eigencurrents and how they can form
on the rim. This rim cut modification only moves the position of the current maxima
and minima on the rim since the mutual distance between rim cuts is unchanged.
This can be seen in Figures 9 and 11, where the location of the rim cuts is different.
The possibility of moving current maxima and minima is a useful feature because then
it is possible to modify eigencurrent distribution without changing modal significance.
However, the location (not mutual) of the rim cuts does not affect the shape of
current distributions just on the location of current maxima and minima.

The effect of the width of rim cuts is also studied. The width of rim cuts does
not have any significant impact on characteristic modes. Since the width does not
have any meaningful effect on the modes the width of the rim cut is selected to be
1 mm. Narrower rim cut increases the mechanical durability of the phone compared
with wider rim cuts. The appearance of the mobile device with narrower rim cuts is
also more attractive.

By dividing the rim into three pieces, it is possible to introduce four characteristic
modes but the introduced modes are very narrow bands. On top of that, the
eigencurrent distributions of those modes are too similar to be excited individually.
Since it is not possible to produce four characteristic modes with unique eigencurrent
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Figure 10: The rim cuts mutual distance setup. The rim is divided into three equal–
length pieces (159 mm) and the positions of the rim cuts are changed. Symmetry
reduces the number of rim cut positions and the extreme positions of rim cuts are
shown in Figures (a) and (b).

distributions and adequate bandwidth by dividing the rim into three sections, the
influence of the extra fourth rim cut is next studied.

3.1.5 Adding an extra rim cut

The extra fourth rim cut is added on the same short side (side 3) where the other
rim cut locates. In Figure 9 it can be seen that the eigencurrent distributions are too
similar so that modes are not possible to excite individually. By adding the extra
rim cut on the shorter side, the current distributions are tried to change so that each
mode can be excited one by one. Additionally, the extra rim cut is also aimed to
increase bandwidth. The possibility of the extra rim cut on the other sides is also
briefly tested but that does not give any benefit to the performance.

The effect of the fourth rim cut on the characteristic modes is tested similarly
as in the previous three rim cuts case. First, it is tested how the mutual distance
between the extra rim cut and the rim cut on side 3 affects the modes. When the
distance between those two rim cuts becomes longer compared with the case without
extra rim cut, will the lowest resonate rim mode move to higher frequencies. At the
same time will the bandwidth of this same rim mode increase. However, when the
distance between those two rim cuts is larger than about one–third of the shorter side,
the highest resonance mode at the target frequency will move in higher frequency.
The best distance between those rim cut on side 3 appears to be 30 mm.

When the distance between rim cuts on side 3 is kept constant and only the
mutual distances between those two rim cuts and other rim cuts are changed, the
effect is similar as in the three rim cut incidence. As the distance between rim cuts
increases or decreases (compared to the case where the rim is divided into three
equal–length pieces) will the resonance spikes of the modal significance of the two
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(a) Mode 1 at 850 MHz (b) Mode 2 at 835 MHz

(c) Mode 3 at 930 MHz (d) Mode 4 at 930 MHz

Figure 11: Eigencurrents at resonance frequency when the rim is divided into three
equal–length pieces. The rim cuts are in the same place as in Figure 10a. Dimensions
are in millimeters. Surface currents are normalized to 1 W.

lowest rim modes move out of the target frequency area. On the other hand, the
position of the resonance peak of the ground plane mode is unchanged since only
the size of the ground plane determines it. The rim cuts on side 3 affect mainly the
highest rim mode of the three lowest rim modes and the locations of the rim cuts on
the long sides do not have a big impact on its modal significance. Either the width
of the extra rim cut does not have any effect on the characteristic mode so the width
is kept the same as in the other rim cuts (1 mm).

Figure 12 illustrates the final rim design and the modal significance of that same
structure is shown in Figure 13. Mode 1 is the ground plane mode and the modes 2–4
are the rim modes. It is good to remember that the numbering of the modes is not
unique so a direct comparison between modes with different structures is not possible.
Even the number of the characteristic mode might be the same the eigencurrent
distribution can differ. The modes in the modal significance Figures 8 and 13 might
be different even if the modes have the same number and therefore only the shapes
of the modal significance curves should be compared.

The extra rim cut increases the bandwidth of the characteristic modes as can been
seen in Figures 8 and 13. The bandwidth of the ground plane mode and the highest
rim mode is good, but the bandwidth of the other rim modes is very poor when
the rim is divided into three pieces. The increment of the extra rim cut increases
drastically the bandwidth of the lowest two rim modes.

The downside of the extra rim cut is that it moves the resonance frequencies of the
modal significance curves to higher frequencies. However, the resonance frequencies
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Figure 12: The final rim cut design. The overall dimensions of the mobile phone are
8 × 80 × 160 mm3. The clearance is 2 mm and the width of the rim cuts is 1 mm.
The thickness of the rim is enlarged in the figure for better visual illustration.

Figure 13: The modal significance of the final rim cut design. Higher–order modes
are plotted in dashed grey.

can be re–tuned with the help of matching networks, as will be explained in the
following chapter. Overall, the modal significance looks good for a 4–element MIMO
mobile phone because there four sufficiently wide bandwidth modes at the target
frequency range.

Figure 14 shows the eigencurrent distributions of the final rim cut design at
resonance frequencies. The benefit of the extra rim cuts can be seen by comparing
the eigencurrent Figures 9 and 14. One of the biggest issues of dividing the rim into
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three pieces is that eigencurrents are too similar to each other so that each mode
could be excited individually. Respectively, the eigencurrent distributions in the case
where the rim is divided into four pieces, the eigencurrents differ much more from
each other. Since the eigencurrent distribution of each rim modes are now more
different than previously when the rim was divided into three pieces, rim modes
are easier to excite selectively. However, the eigencurrents of the rim mode are not
completely unique. There are still some minor currents on the other side but still,
there are clear current maxima in each rim mode and those current maxima locate
on different sides as can be seen in Figure 14.

(a) Mode 1 at 845 MHz (b) Mode 2 at 890 MHz

(c) Mode 3 at 970 MHz (d) Mode 4 at 1020 MHz

Figure 14: Eigencurrents at resonance frequency with the final rim cut design.
Dimensions are in millimeters. Surface currents are normalized to 1 W.

This chapter studied how the characteristic modes can be modified by cutting the
rim. The resonance frequency of the mode can be tuned by changing the distance
between rim cuts. On the other hand, the positions of the rim cuts affect eigencurrent
distributions, which is important when the exciting modes are considered. To excite
modes individually, the current distributions of each mode should differ enough. One
way to decrease the similarity of eigencurrent distributions is to add an extra cut to
the rim. In addition to that, the extra rim cut increases the bandwidth.

Now, the rim of the mobile phone is designed so that there are four modes with
adequate bandwidth: one ground plane mode and three rim modes with unique
eigencurrent distribution. Since all rim modes have current maxima at different
locations, all three rim modes and the ground plane mode can be excited individually.
The next chapter discusses more about the exciter design.
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3.2 Design of exciters
After the rim has been designed so that there are four characteristic modes with
sufficient bandwidth and with unique eigencurrent distributions, the exciters are
designed. The CMA is used in designing exciting elements. The characteristic modes
can be excited in two different ways either inductively or capacitively [3]. With the
help of eigencurrent distribution, the optimal location of the exciters can be found.

Besides the location of the exciters, the used type of exciters determines how well
the modes will be excited. Since the clearance of the designed mobile phone is very
narrow (2 mm), the exciters are more complicated to design than if there is more
space available. The exciter elements have previously been shaped on the T– and the
L–shape [3]. The problem with that configuration is that T– or L–shaped exciters
are located on the same plane as the ground plane and therefore the clearance has
to be rather large, 8 mm (from the edge of the rim to the ground plane).

Space can be saved if the T– or L–shaped exciter elements are bent parallel to
the rim. The bent T– and L–shaped excitation elements are studied in this thesis.
The third used excitation method is to connect the ground plane and the rim with
a metal strip and the excitation locates in the middle of the strip [8]. This kind of
strip–excitation is suitable for narrow clearance mobile devices and therefore this
excitation method is also studied in this thesis. All examined exciter element types
are illustrated in Figure 15.

(a) L–shape exciter (b) T–shape exciter (c) Strip exciter

Figure 15: Studied exciter shapes. The red cone in the figure is the feed of the
antenna.

The excitation simulations in this thesis are done by using the electromagnetic
simulation CST Studio Suite, which calculates the far–field pattern and S–parameters
of the simulated antenna. Additionally, the matrix calculation software Matlab is
used to calculate e.g. embedded radiation efficiency from the simulation results
of the CST. The required CMA is executed by using the same Matlab code as in
Chapter 3.1. The conductive materials (rim, ground plane, and excitation elements)
are modeled as PEC in the simulations since it simplifies simulations and makes it
possible to use the CMA. The used rim design is shown in Figure 12 (p. 30).

The required impedance matching of the designed antenna is done by using
matching circuits. The number of components in matching circuits is constrained
to three in this work. The chosen maximum element number is a trade-off between
bandwidth and component losses and circuit complexity. The matching circuits in
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this thesis designed using the Optenni Lab software [45]. Ideal components are used
in the early state of the matching design since it simplifies the model.

The exciter design starts by finding the optimal location for each exciter so that
every mode can be excited individually. As earlier mentioned, to achieve maximum
coupling the exciter should locate either on the current maximum or minimum. From
the eigencurrent distribution Figure 14 can be seen, where the current maxima and
minima of each mode locate. The exciter of rim mode ought to locate on that side
where the responsive current maximum of that mode locates. Figure 14 shows that
the exciter of mode 2 should be on the left–hand side of the rim and in proportion,
the exciters of modes 3 and 4 should locate on the bottom and right sides of the
rim. Hence the only place where the ground plane mode can be excited is on the top
of the rim. From now on the rim sides are named as illustrated in Figure 12. All
side related parameters (e.g. S–parameters) are named so that side number can be
seen from the name of the parameters. For example, port 1 locates at side 1 and its
reflection coefficient is S11.

The exciter location study is started by adding the T–shape excitation element on
each side of the rim. The best exciter position for each mode is examined by moving
the exciter around the current maximum and minimum on each side. After a couple
of simulations, stronger coupling can be observed between some ports. Changing
the location of the exciter or its shape on side 1 affects only the performance of
the exciters on sides 1 and 2 and vice versa. The same phenomenon can be seen
with sides 3 and 4. This discovery simplifies and accelerates the simulations since
simulations and modifications can be done as pairs: sides 1 and 2 are a pair and
sides 3 and 4 are another pair.

The reason for this phenomenon might be that excited mode has another minor
current maximum on the other side where the other exciter is. This can be seen in
Figure 14. Mode 4 has a minor current maximum at the same place where mode
3 has its maximum and vice versa. The reason why the ground plane mode 1 and
rim mode 2 behave as a pair might be that the current maxima on the ground
plane locate next to the current maxima of the rim mode 2. However, this does not
explain everything since all rim modes have also minor current maxima on other
sides. Exciters are tested in pairs so that only one exciter pair is fed at a time and
the other is not. However, the excitation element of the unfed exciter pair is kept in
the simulation model since it has a small impact on the characteristic modes.

In the exciter simulations, the dimensions of exciters are tuned in order to
increase the embedded radiation efficiency. The embedded radiation efficiency is a
good parameter to monitor the matching of the antenna since it takes into account
the reflections (Sii) and coupling (Sij). Embedded radiation efficiency is discussed
in more detail in Chapter 2.3. The objective of the exciter design is to maximize
the embedded radiation efficiency of each element while achieving better than –6 dB
matching and coupling across the band.
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3.2.1 Design of first exciter pair

First, the optimum exciter design for sides 1 and 2 is studied. The tested exciter
types are shown in Figure 15. The benefit of designing exciters as a pair is that it
reduces the possible combinations and so it accelerates simulations and therefore it
is possible to study more exciter designs. For each exciter is designed three ideal
component matching circuit with Optenni Lab.

The second optimization parameter is the height (h) of the exciter element. The
distance (d) between the exciter and the rim is also studied. However, the exciter
cannot be too close to the rim since then the exciter is very difficult to manufacture.
This is the drawback of using an exciter that is parallel to the rim because then
the exciter needs some kind of support structure. The last studied parameter is the
length (L) of the exciter element. Figure 16 shows the studied parameters of exciters.

L
h

d

Figure 16: Studied dimensions of exciters. The same dimensions are also studied for
L–shaped exciter. The feed is marked with a red cone in the figure.

Figure 17 shows the final exciter design on sides 1 and 2. The T–shaped exciter
elements perform best on both sides. The performance of L–shaped and strip exciter
is much worse than T–shape exciter due to their higher coupling and reflections. All
studied and final dimensions of exciters 1 and 2 are shown in Table 2. The height
of the exciter does not have a big role in S–parameter. The embedded radiation
efficiency is the highest when both exciters are very close to the rim (0.2 mm) and
that distance is still possible to manufacture. Both exciters on sides 1 and 2 perform
much better when they are located in the eigencurrent maximum.

Table 2: Studied and final dimensions of exciters 1 and 2. L is the length, h is the
height of the exciter and d is the distance between the rim and exciter.

Studied Final
h [mm] L [mm] d [mm] h [mm] L [mm] d [mm]

Exciter 1 3–7 15–40 0.15–1.8 3.5 20 0.2
Exciter 2 4 30 0.2
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38.5 mm

40 mm

Exciter 2

Exciter 1

Figure 17: The design of exciters on sides 1 and 2. The dimensions of exciters are
illustrated in Table 2. The feeds of exciters are marked with red in the figure.

The coupling between exciter 1 and 2 is rather high regardless of the exciter
design and location. However, the coupling can be reduced by tuning the length
and the height of the exciter and the distance between the rim and the exciter.
Unfortunately, the coupling can be decreased only a little and any specific parameter
does not decrease the coupling level but it is a combined effect of all those parameters.
The distance between the rim and the exciter affects the bandwidth and by reducing
the distance between them, it is possible to increase bandwidth. Figure 18 shows
the S–parameters and the embedded radiation efficiency which is calculated from (8)
of the final design of exciters 1 and 2. The minimum embedded radiation efficiency
is about 45 % and the maximum value is approximately 69 %.

Figure 18: S–parameters and embedded radiation efficiency of final exciter 1 and 2
design

3.2.2 Design of second exciter pair

After the design for exciters on sides 1 and 2 is found, the same study is performed
on sides 3 and 4. The exciters on sides 1 and 2 are kept in place while the second
pair is optimized because the exciter affects the current distribution. However, only
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the optimized exciters 3 and 4 are fed. The exciter design is studied similarly to the
first pair. The same exciter types, that is shown in Figure 15, are tested on sides
3 and 4. Also, the same exciter parameters that are studied in Chapter 3.2.1 are
researched for the second pair. The impedance matching is also done similarly as
previously: three ideal component matching circuit is designed with Optenni Lab.

The design of the exciter on side 4 is similar to previously optimized exciters on
sides 1 and 2. Firstly, the highest embedded radiation efficiency is achieved when
T–shaped exciter 4 locates at the current maximum. In addition to that, the distance
between exciter 4 and the rim is the same 0.2 mm as the corresponding distance in
exciters 1 and 2. The length (20 mm) and the height (3 mm) of exciter 4 are also
aligned with exciters 1 and 2. Figure 19 shows the final design of exciter 4 and its
dimensions are shown in Table 3.

Table 3: Studied and final dimensions of exciters 3 and 4. L is the length, h is the
height of the exciter and d is the distance between the rim and exciter.

Studied Final
h [mm] L [mm] d [mm] h [mm] L [mm] d [mm]

Exciter 3 3–7 15–40 0.15–1.8 3 20 0.6
Exciter 4 3 20 0.2

Exciter 3

57.5 m
m

Exc
ite

r 4

Figure 19: The design of exciters on sides 3 and 4. The dimensions of exciters are
illustrated in Table 3. The feeds of exciters are marked with red in the figure. The
part of the rim is removed for illustrative purposes.

The similarity with exciter design on sides 1, 2, and 4 can be explained with the
CMA. Figure 14 shows that modes 2–4 are rim modes and all of them have a clear
current maximum only at one side. The exciter 1 locates in the same place where
the eigencurrent maximum of mode 3 is and respectively the exciter 2 is placed in
the eigencurrent maximum of mode 4 and the exciter 4 is located in the same place
where the eigencurrent maximum of mode 2. Since all exciters on sides 1, 2, and 4
will excite the rim mode, the exciter design is similar in exciters 1, 2, and 4. Later in
this chapter in Figure 25 shows the modal expansion coefficient of the final matched
antenna design with all four exciters. The modal expansion coefficient tells actually
which modes are excited by each exciter.
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The similar exciter design that works for exciting the rim modes does not work
exciting the ground plane mode. The ground plane mode is excited from side 3 since
other sides excite rim modes. The biggest problem of the exciter 3 design is high
coupling with surrounding exciters and the high coupling leads to lower radiation
efficiency. The other problem with exciting the ground plane mode is achieving
wide bandwidth. Many tested exciter designs achieve very low reflection and high
efficiency but the bandwidth is extremely narrow.

A second rim cut was added to side 3 in an attempt to reduce coupling. However,
the additional cut turned out to introduce many drawbacks. The biggest issue of the
extra rim cut is that it changes the eigencurrent distribution of the whole mobile
phone and there will not be anymore three unique rim modes on each side. Therefore
previously designed exciters do not work anymore. On top of everything, the extra
rim cut reduces coupling only a little and the bandwidth is still very narrow and
therefore is this design abandoned.

The capability to excite the ground plane mode is tried to improve by adding
an extra grounding strip or matching component between the rim and the ground
plane. The idea of this extra grounding or component is to create a current loop
that would change the current distribution so that the ground plane mode will be
excited. The extra grounding strip and the extra matching component are added to
the exciter design that is shown in Figure 15.

The extra grounding in the T– and L–shaped exciters means the same as using a
shorter exciter element since the end after the grounding does not have any function.
In general, a matching component (capacitor or inductor) between the T– or L–
shaped exciter and the ground plane does not perform very well. However, when the
exciter locates between the two rim cuts on side 3 and there is an inductor on one
side of the L–shaped exciter and the feed on the other side, does the antenna work
rather well. The embedded radiation efficiency is quite good but the matching is
(–3 dB).

Previous study has used a strip exciter and grounding strip to excite modes [8].
The same paper has also studied a case where the grounding strip is replaced with an
inductor. The strip exciter and a matching component perform better than earlier
tested T– and L–structures. On the other hand, the grounding strip and strip exciter
do not give any improvement to the previous exciter design but still, it is not a total
failure. The high coupling is still a problem with the matching component and strip
exciter design.

The final design for ground plane mode excitation on side 3 is found by simply
moving the feed of the L–shaped exciter. Figure 19 illustrates the final exciter designs
of exciters on sides 3 and 4 and their S–parameters and embedded radiation efficiency
are shown in Figure 20. The minimum embedded radiation efficiency of sides 3 and
4 is approximately 59 % and the maximum value is respectively about 77 %.

The feed of exciter 3 locates on the right upper corner of the ground plane and
the arm of the L–shaped exciter is on the left–hand side. The distance between the
rim and the exciter 3 is 0.4 mm, which is larger than in other exciters. All other
exciters, except exciter 4, are located on the current maximum and therefore they
have a similar inductive type exciter design. The exciter 4 locates on the current
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Figure 20: S–parameters and embedded radiation efficiency of final exciter 3 and 4
design

minimum and therefore its type is capacitive.

3.3 Simulation results for lossless model
This chapter shows the simulation results of the lossless 4–element MIMO mobile
antenna. After the lossless 4–element MIMO antenna is designed the manufactured
antenna prototype is designed. More about this is discussed in the next chapter.
After the final exciter design for all exciters is found, all exciters are added to the
same structure, and the lossless three components matching circuit for each exciter is
designed simultaneously by Optenni Lab. Figure 21 shows the matching circuits for
the lossless 4–element MIMO mobile antenna and the exciter designs are illustrated
in Figures 17 and 19.

Figure 22 illustrates the S–parameters and the embedded radiation efficiency of
the simulated lossless 4–element MIMO mobile antenna. The minimum efficiency
is about 33% and the maximum peak value of the efficiency is about 87%. Overall,
the radiation efficiency of exciters 1, 2, and 3 is 36% on average across the band.
The radiation efficiency of exciter 4 is not flat as other exciters but still its radiation
efficiency over 33% at all frequencies.

The coupling is rather good since it is below –6 dB in almost the whole frequency
band. The coupling between exciters 2 and 3 is highest and especially at lower
frequencies. On the other hand, the coupling between exciters larger at end of the
frequency band but still it is always below –5 dB.

The reflection coefficients are quite good since the commonly used –6 dB target
level is achieved in almost the whole frequency band. The S44 consists of double
resonance and the resonance spikes of S44 are deep but rather narrow band and
therefore at the middle of the frequency band S44 is quite high (–3 dB). The port 1
is a little overtuned and therefore it is higher at the beginning of the frequency band.
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Figure 21: The matching circuit of the lossless 4–element MIMO mobile antenna

Figure 22: S–parameters and embedded radiation efficiency of the lossless 4–element
MIMO mobile antenna with lossless matching circuits

The envelope correlation coefficient of the 4–element MIMO mobile antenna is
shown in Figure 23. As discussed in Chapter 2.3, the ECC under o.5 is considered
good. The ECC between exciters 1 and 3 is a little bit too large since its highest
value 0.58 at 900 MHz. Also, the ECC between exciters 2 and 3 is rather large at the
low end of the band but it shoots down below 0.5 quite fast. Otherwise, the ECC
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is good and the ECC is mostly under 0.4. By comparing Figures 22 and 23 can be
seen the correlation between high coupling and high ECC. The formula to calculate
the ECC (6) explains this correlation.

Figure 23: The envelope correlation coefficient with lossless matching circuits. The
ECC is calculated from the far–field pattern.

Figure 24: Modal significance of the final design. Each exciter includes three ideal
component matching circuit.

Figure 24 illustrates the modal significance of the final lossless antenna structure.
The CMA model includes all exciters and their matching circuit and of course the
rim and ground plane. Figure 24 shows the typical problem in the CMA calculations.
Sometimes the CMA code mixes to characteristic modes with each other. This causes
some strange behavior in the simulation results which is why simulation results must
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be analyzed carefully. At about 750 MHz modes 1 and 2 are mixed and at about
830 MHz modes 3 and 4 are mixed. Actually, all modes 1–4 are mixed and there
should be two resonance modes instead of four at lower frequencies. One at about
750 MHz and the second one at about 800 MHz.

The mode mixing can be confirmed by looking at eigencurrent distribution figures.
The shape of the eigencurrent distribution of each mode is the same over the whole
frequency range. Only the strength of currents varies through the frequency. If the
shape of the eigencurrent distribution changes, modes are mixed.

Figure 24 shows that there are four resonance modes around the target frequency
range (824–960 MHz): mode 3 (mode 4 is actually mode 3), mode 5, mode 6, and
mode 7. Mode 6 is only a little off–tuned but mode 7 is 55 MHz over tuned. The
bandwidth of those four modes are quite good, 50–75 MHz.

Figure 25 shows the modal expansion coefficient of each exciter and it illustrates
well what are the problems with the 4–element MIMO antenna at the low band.
Figure 14 (p. 31) illustrates the eigencurrent distributions of the first four modes at
the resonance frequency. The figure shows that each rim mode has a clear current
maximum on its sides. However, every mode has a smaller side current maximum on
some other side. This side current maximum locates always at the same position
as the main current maximum of the other mode. Even the minor current maxima
are much smaller than the main current maxima, will those modes be excited at the
same time. This can be seen in Figure 25 where there are not clear dominant modes
in each exciter. Mode 4 seems to be excited best at lower frequencies but otherwise,
all modes will be excited equally well.

(a) Exciter 1 (b) Exciter 2

(c) Exciter 3 (d) Exciter 4

Figure 25: Modal expansion coefficient of each exciter. Each exciter includes three
ideal component matching circuit.
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3.4 Prototype design
For the manufactured antenna prototype, all ideal materials and components must
be replaced with real–life materials. In addition to that, the exciter elements need
also a support structure to keep them in the right orientation. The ground plane, the
component pads, and the feed lines of each exciter are made on a low loss 1.524 mm
thin Rogers RO4350B [46] substrate (εr = 3.66 and tan(δ) = 0.0037). The PEC
on all conductive surfaces has been replaced by copper. The ground plane copper
thickness is 35 µm and the thickness of the rim and exciter elements is 0.1 mm.

Figure 26 shows the final manufactured antenna structure. The support structure
is made out of Preperm RS260 [47] plastic (εr = 2.58 and tan(δ) = 0.0009 at 2.4 GHz).
Preperm RS260 is chosen due to its low losses and its hardness, which makes it
possible to manufacture thin support structures. The plastic support structure is
milled so that the printed circuit board (PCB) is placed in its slot. There is about
a 1 mm layer of the support plastic under the PCB. On each side of the support
structure is also milled support walls for the rim and the exciter elements. The rim
and the exciter elements are laser cut and glued on the support plastic.
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(a) Exciters 2 and 3

67.9 mm

40 mm

1

4

8 mm

16 mm
30 mm

32 mm

109 mm

50 mm

(b) Exciters 1 and 4

Figure 26: The final structure. Figures (a) and (b) show the same structure from
different angles. Blue is support plastic, yellow is copper, brown is a substrate, and
the red cones are feeds. The width of the rim cuts is 1 mm and the clearance (from
the ground plane to the rim) is 2 mm.

The antenna structure is fine-tuned after introducing material losses to the
simulation model. The optimization is done similarly as in pairs as in the earlier
lossless case. The rim cut design is kept the same as in the lossless case and only
the height and the length of the exciters and the distance between the rim and the
exciters are optimized again. Also, the position of the exciters is fine–tuned.

The matching circuits are made by using size 0402 Murata GJM15 [48] capacitors
and the same size Coilcraft 0402DC [49] inductors. Those component series are
chosen due to their small size and high Q–value. At first, all four matching circuits are
designed at the same time as the Optenni Lab. After the optimum three components
topology is found, the corresponding component pads for each exciter are made and
this final matching circuit configuration is optimized once again.

The tolerances in the support plastic milling process turned out to be bigger than
expected and therefore the simulations were repeated with measured dimensions
from the fabricated support plastic. The thickness (distance between the rim and
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the exciter) of the manufactured support plastic is thicker than the optimized and
ordered one. To take into account fabrication defects, the support plastic thickness
is measured with a micrometer around each exciter element. The average value of
the measured plastic thickness is calculated and the measured average thickness of
support plastic on each side is applied to the simulation model and the matching
circuits are re–optimized. The simulated total efficiency of the antenna does not
worsen much from the ordered ones. Table 4 and Figure 26 illustrate the final
dimensions of the antenna structure and Figure 27 shows the final matching circuits
of each exciter where the fabrication defects are taken into account.

Table 4: The dimensions of the final exciter design. Rim–exciter gap is the distance
between the rim and the exciter.

Exciter 1 Exciter 2 Exciter 3 Exciter 4
Height [mm] 4 3 3 4
Length [mm] 20 35 25 25
Rim–exciter gap [mm] 0.47 0.62 0.62 0.5

0.8 pF

0.8 nH

2.5 nH

(a) Exciter 1

2.4 nH

3.2 nH

0.9 pF

(b) Exciter 2

1.2 pF

47 nH 24 nH

(c) Exciter 3

0.1 pF

6.4 pF

4 nH

(d) Exciter 4

Figure 27: Final matching circuits with realistic components of each exciter. The
feed is marked with a triangle.

Figure 28 shows the simulated S–parameters of the final structure. The matching
of each port is rather good and the –6 dB level is achieved well although the S44 is a
little off–tuned and narrowband (78 MHz). S33 has a double resonance and therefore
the –6 dB bandwidth is very wide (227 MHz). Correspondingly, the –6 dB band of
S11 is about 107 MHz and S22 is about 127 MHz. The coupling between antennas is
rather small (below –10 dB) in the whole frequency band except for S23 and S14.

The total efficiency of the realistic simulation model is illustrated in Figure 29.
The minimum and maximum total efficiencies at the target frequency range are
approximately 22 % and 42 %. The simulated total efficiencies are at the same level
as those of the previously studied 2–element MIMO mobile antennas with larger
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Figure 28: S–parameters of the realistic simulation model

clearance as can be seen in Table 1 (p. 22). Higher total efficiency (even 56 % [38])
has been previously achieved but with much larger ground clearance (4 mm).

Figure 29: Total efficiency of the realistic simulation model

Figure 30 shows the simulated ergodic capacity. SNR is 20 dB and Rayleigh fading
channel realizations is 104 which are commonly used values. The ergodic capacity
is very flat in the target frequency range and its value about 13.5 bit/s/Hz in the
whole frequency band. The theoretical maximum ergodic capacity for a 4–element
MIMO antenna when SNR is 20 dB is 22.3 bit/s/Hz as can be seen from Figure 4
(p. 16). However, even the ergodic capacity lags rather much from its theoretical
maximum value, it is still higher than the theoretical ergodic capacity of a 2–element
MIMO antenna (11.3 bit/s/Hz) which is widely used in previously designed narrow
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ground clearance MIMO antennas.

Figure 30: The ergodic capacity of the realistic simulation model when SNR is 20 dB
and Rayleigh fading channel realizations is 104. The maximum theoretical ergodic
capacity of the 2–element MIMO antenna is plotted with a dashed grey line.

The envelope correlation coefficient of the final simulation version is shown in
Figure 31. It shows that ECC is under 0.3 except the ECC between both antennas
1 and 4 and antennas 2 and 3 is over 0.5. The coupling is also highest with those
antennas which exhibit the high ECC. Generally, ECC < 0.5 is considered good [22].
However, higher ECC does not mean that MIMO does not work at all but it just
performs less than optimally. Higher ECC results into lower ergodic capacity.

Figure 31: Envelope correlation coefficient of the realistic simulation model
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4 Prototype and measurements
This chapter presents the measurement results of the fabricated antenna prototype.

4.1 First version of the prototype
S–parameters are measured with a two–channel Rohde & Schwarz ZND [50] vector
network analyzer (VNA). Since the antenna prototype includes four ports, all two–
port combinations (total 12 combinations) are measured one at a time terminating
the unused ports with matched loads. The unconnected ports are terminated with
50 Ω loads as can be seen in Figure 32 which shows the fabricated antenna prototype.
Figure 33 shows the measured S–parameters.
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(b) Exciters 1 and 4

Figure 32: Fabricated antenna prototype from different angles

Figure 33: Measured S–parameters with original matching circuits

All radiation measurements are done with Microwave Vision Group StarLab
antenna measurement system [51]. Actually, StarLab is a spherical multi–probe near-
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field measurement system, which obtains the far–field properties through near–field
to far–field transformation. Since StarLab measures one port at a time and unused
ports are terminated with matched 50 Ω loads during the measurements. Figure 34
shows the measured total efficiencies which are calculated from measured near–field
data.

Figure 34: Measured total efficiency with original matching circuits

By comparing the simulated S–parameters in Figure 28 and measured ones in
Figure 33, it can be seen that some of the antennas are overtuned. The same
phenomenon can be seen in efficiency Figures 29 and 34. However, the shape of
simulated and measured curves are very similar which indicates manufacturing defects.
The simulated and measured S33 correspond to each other but the double resonance
on the measurements is not so strong as in the simulations. Correspondingly, other
antennas are overtuned.

The S22 has overtuned about 60 MHz but it is not so big issue since its –6 dB
bandwidth is rather wide (147 MHz) and the bandwidth in the target frequency
range is almost sufficient (74 MHz). However, the other overtuned ports 1 and 4
has tuned too much (port 1: 150 MHz and port 4: 69 MHz) and they are totally
off–tuned out of the target frequency range.

The total efficiency Figures 29 and 34 shows that despite each port provides
adequate efficiency and bandwidth they do not operate at the same frequency range.
The resonances of each MIMO’s port should locate at the same frequency range so
that the antenna can be considered as a MIMO antenna. As earlier shown in Table 1
on page 22, previously studied 2–element MIMO mobile antennas have achieved total
efficiency 15 − 56 % and therefore about 20 % total efficiency would be sufficient for a
small clearance 4–element MIMO mobile antenna. However, this 20 % total efficiency
is basically achieved only at 1 GHz which is not acceptable.

There are a couple of reasons which has might be caused the over–tuning. The
simulation model of the designed antenna is designed carefully and all simulations use
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very dense calculation mesh which leads to accurate results and therefore inaccurate
simulations do not explain the difference between simulation and measured results.
By increasing the simulation mesh even more does not have any effect on simulation
results and that indicates that used simulation accuracy is adequate.

The most probable reason for the difference between designed and manufactured
antenna is factory defects since the shape of simulated and measured S–parameters
are similar and only the over–tuning has happened. First, the thickness of the support
plastic varies relatively much and the thickness can vary almost 50 % on some sides.
However, the variation of the support plastic thickness is quite small compared with
the wavelength so it does not totally explain by itself the over–tuning.

Second, soldering the exciter element to the feed line turned out to be challenging.
Since copper also conducts well heat, the support plastic softens during the soldering
process and therefore the support plastic bends or the exciter sinks into melted
plastic. This plastic bending and melting caused that the manufactured thicknesses
of the support plastic do not any more correspond to simulated ones.

Other fabrication defects are not assumed to affect much effect on results. The
thickness of the glue is not taken into account in the simulation so the distance
between the rim and the exciter elements is slightly larger in the prototype than in
the simulation model. However, the adhesive increases the distance between the rim
and the exciter element so little compared with the wavelength. The positions of
rim cuts and exciters with reasonable tolerances (maximum error couple millimeters)
have not a significant impact on simulation results. The tolerance analysis is made
also for the matching circuit and it turns out to be that the matching circuits are
not especially sensitive.

The difference between simulated and measured results comes from the fabrication
defects and especially from the thickness variations in the support plastic. The
thickness variation of the support plastic is mainly caused by the low milling quality
and difficulties in the exciter element soldering which caused the plastic melting. To
compensate for the manufacturing defects, the overtuned exciters can be tuned by
changing their matching circuits. More about this is discussed in the next chapter.

4.2 Modified version of the prototype
In the previous chapter it is noticed that ports 1, 2, and 4 are overtuned and the
double resonance of the port 3 is no more noticeable. The modeling and simulating
of the fabricated antenna by taking into account the manufacturing defects is rather
challenging since measuring those errors with a micrometer is very difficult and
therefore errors in those measurements would be significant.

Perhaps, more important than modeling the existing prototype is finding cor-
rect matching network components. The small size of the matching components
complicates the component swapping process. The used heat during the component
removing and soldering process must be kept as low as possible to prevent support
plastic from melting.

To make avoid the problems, only as few as possible matching components are
changed to tune the resonance at lower frequencies. Since all ports are overtuned,
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the target frequency range is moved on higher (middle frequency about 950 MHz)
thus it is tried to maximize the total efficiency for all ports at the same frequency
range. Therefore the matching circuit of the exciter 2 is kept the same and the rest
of the matching circuits are re–tuned.

The matching circuit tuning is done by changing the matching components
in Optenni Lab and studying how it affects S–parameters. The tuning is done
so that matching circuits on exciters 1 and 4 are designed about 100 MHz lower
than the wanted frequency (950 MHz) to compensate for the effect of fabrication
defects. The measured impedance of exciter 3 corresponds well with the simulated
one the main difference being that the realized resonance occurs higher in frequency
than the simulated one. Figure 35 shows the tuned matching circuits. The tuned
matching component values on both exciter 1 and 4 are larger than the original ones.
Respectively, the tuned inductor is smaller and the tuned capacitor is bigger than
the initial components on the exciter 3.

0.8 pF

3 nH

3.4 nH

(a) Exciter 1

2.4 nH

3.2 nH

0.9 pF

(b) Exciter 2

1.6 pF

43 nH 24 nH

(c) Exciter 3

0.1 pF

12 pF

4 nH

(d) Exciter 4

Figure 35: Tuned matching circuits. Exciter 2 does not need any tuning. Tuned
components are marked in red and feeds are marked with a triangle.

Figure 36 illustrates the measured S–parameters of the tuned antenna prototype.
Now, the resonance of each antenna locates about at the same frequency and their
bandwidth is adequate. The –6 dB bandwidth of ports 1–4 is 75 MHz, 120 MHz, 80
MHz, and 50 MHz. The bandwidth of the exciter 2 is very good but in proportion
the bandwidth of the rest of the exciters is moderate.

The trend of measured couplings is very similar to simulated ones. According to
simulations, the coupling is highest between exciters 1 and 4 and between exciters 2
and 3 and that same phenomenon is happening in the measurements. The highest
value of measured S14 and S23 is below –6 dB and coupling between other ports is
always below –10 dB.

Figure 37 shows the measured total efficiency of the tuned prototype. From the
total efficiency in Figure 37, it can be also seen that resonance of each antenna is
now around 950 MHz. The total efficiency of exciter 2 is very good. Its maximum
value is about 50 % and its 20 % bandwidth is about 220 MHz. Also, the exciter
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Figure 36: Measured S–parameters of the tuned prototype. With the blue color is
marked the original target frequency range and with red color is marked the range
where the total efficiency of all ports is over 15 %.

4 is rather wide band since its 20 % total efficiency bandwidth is approximately
170 MHz. Correspondingly, the 20 % total efficiency bandwidth of the exciter 2 is
around 115 MHz which is also good. However, the 20 % total efficiency bandwidth of
the exciter 3 is rather narrow only 75 MHz.

Figure 37: Measured total efficiency of the tuned prototype. With the blue color is
marked the original target frequency range and with red color is marked the range
where the total efficiency of all ports is over 15 %.

If the total efficiency lower limit is lowered to 15 % is the bandwidth of the
measured 4–element MIMO antenna about 110 MHz which is rather good. As earlier
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presented in Table 1 (p. 22) the total efficiency of previously studied 2–element
MIMO mobile antennas have been 15–56 % so lowering total efficiency lower limit to
15 % is valid for a narrow ground clearance 4–element MIMO mobile antenna. So,
for the 900–1010 MHz band, the measured total efficiency is about 15–50 %.

Figure 38 illustrates the measured ergodic capacity with tuned component values.
SNR is 20 dB and Rayleigh fading channel realizations is 104 which are commonly
used values. The measured antenna performs better than any 2–element MIMO
antenna since its ergodic capacity is higher than the theoretical ergodic capacity of
2–element MIMO antenna (11.3 bit/s/Hz). The highest value of ergodic capacity is
16.2 bit/s/Hz and the ergodic capacity in the tuned frequency range (0.9–1.01 GHz) is
14–16.2 bit/s/Hz. Figure 4 (p. 16) shows the theoretical ergodic capacity and it can
be seen that the theoretical capacity for a 4–element MIMO antenna is 22.3 bit/s/Hz.
However, even the measured ergodic capacity is smaller than the theoretical one, it
is still about at the same level as previously (16–16.9 bit/s/Hz) studied 4–element
MIMO slot antenna [14]. Overall, the measured ergodic capacity is good for a narrow
ground clearance 4–element MIMO mobile antenna since its capacity is much higher
than the theoretical one of commonly used 2–element MIMO antennas and about
the same level as in a 4–element slot antenna which for its structure is not suitable
for a narrow clearance mobile phone.

Figure 38: Measured ergodic capacity of the tuned prototype when SNR is 20 dB
and Rayleigh fading channel realizations is 104. With the blue color is marked the
original target frequency range and with red color is marked the range where the
total efficiency of all ports is over 15 %. The maximum theoretical ergodic capacity
of the 2–element MIMO antenna is plotted with a dashed grey line.

The measured ECC of the tuned prototype is shown in Figure 39. The ECC is
good since the commonly used 0.5 target level is achieved from 0.79 GHz to 1 GHz.
However, at 1.01 GHz ECC between ports 2 and 3 is 0.55 which is still acceptable.
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Figure 39: Measured envelope correlation coefficient of the tuned prototype. With
the blue color is marked the original target frequency range and with red color is
marked the range where the total efficiency of all ports is over 15 %.
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5 Summary and conclusions
In this thesis, a narrow ground clearance (2 mm) four–element MIMO mobile phone
antenna in the low band (824–960 MHz) is designed. The antenna is designed
using both characteristic mode analysis and a more traditional impedance matching
technique. Developing a narrow ground clearance 4–element MIMO antenna at lower
frequencies is challenging since at lower frequencies there are only a few characteristic
modes that could be excited and coupling between antennas is high. Another
characteristic mode related problem is that their eigencurrent distributions are too
similar so that each mode cannot be excited selectively. Ideally, four–element MIMO
antennas utilize four different characteristic modes that exhibit different current
distributions.

By dividing the metal rim into four pieces, it is possible to change the eigencurrent
distributions so that the current maxima of each rim mode locates on its own side
thus each rim and ground plane mode is possible to excite individually. However,
each rim mode has a smaller side maximum at some other edge, and therefore the
modes are not possible to excite so that only one mode would be excited at a time.
But still, the main current maxima are clear, strong, and unique enough so that
exciter elements can be designed based on the eigencurrent distributions.

By using the eigencurrent distribution, it is easier to find the optimum position
for the exciter elements. The CMA simplifies exciter element design since each mode
can be excited either on current maximum or minimum [3]. The rim modes of the
designed mobile antenna can be excited on current maximum by T–shaped exciter
elements and the ground plane mode on current minimum by L–shaped exciter
element. The impedance matching is done by using three components matching
circuits.

To verify simulation results, a prototype of the designed 4–element MIMO antenna
was made. The exciter and metal rim are glued on a special support structure that
is milled from plastic. A PCB to which the matching components are soldered on, is
mounted and glued on top of the support plastic. On the simulations, the designed
4–element MIMO mobile antenna achieved 22–42 % total efficiency at 824–960 MHz
frequency band.

Due to manufacturing defects (especially low support plastic milling quality and its
melting during the soldering) the fabricated antenna prototype was a little overtuned.
However, by changing a few components of overtuned ports, it was possible to get
each four exciters to operate at the same frequency range (900–1010 MHz). Then,
the achieved total efficiency at 900–1010 MHz is about 15–50 % and ergodic capacity
at the same frequency range is approximately 14–16.2 bit/s/Hz (when SNR is 20 dB
and Rayleigh fading channel realizations is 104 which are commonly used values).
The achieved efficiency is good since previously studied 2–element MIMO antennas
with larger ground clearance have attained 15–56 % total efficiency. The achieved
ergodic capacity (14–16.2 bit/s/Hz) is higher than the theoretical ones of 2–element
MIMOs (11.3 bit/s/Hz) which the majority of most current low ground clearance
MIMO antennas are at the low band. Higher ergodic capacity (16–16.9 bit/s/Hz) is
attained at the low band by using a 4–element MIMO slot antenna [14]. However,
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this kind of slot antenna cannot be integrated on a modern narrow bezel mobile
device due to holes in the ground plane (i.e. a hole in the screen of a mobile device).

Overall, designing a narrow clearance four–element MIMO mobile antenna at
the low band is rather challenging. Especially, finding four characteristic modes
with unique eigencurrent distributions and adequate bandwidth turned out to be
demanding. Small ground clearance caused also that coupling was an issue during
the design process. Despite the frequency shift, the fabricated antenna prototype
performed well albeit its bandwidth is narrower than designed. By using a 4–element
MIMO antenna, it is possible to increase the ergodic capacity and achieve sufficient
total efficiency at the low band with a narrow ground (2 mm) clearance compared to
traditionally used 2–element MIMO antennas.
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