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Abstract
The rapid development of smartphones during the past decade has increased the
number of antennas in mobile handsets. In conjunction with large touch screens
that occupy large portions of the devices, designing and fitting multiple antennas
to a mobile phone has become a challenging task. This master’s thesis studies
different methods for mobile handset design. In addition, this work introduces a
novel method: Combinatory feeding, which can be used to implement high-efficiency
antennas for mobile applications. The method relies on simultaneous excitation of
a multiport antenna and does not require external matching circuitry consisting of
lumped elements.

To test the proposed method, an antenna prototype is designed for 0.7–6.5 GHz
frequency range. The design consists of eight individual antennas and it is designed
to support 2 x 2 MIMO in a low 0.7–0.9 GHz band and 8 x 8 MIMO at high bands.
The designed antennas feature high efficiency at wide frequency band. According
to simulations, the total efficiency of the antennas is above 50 % in 1.55–6.5 GHz
frequency band.

The antenna design is manufactured and experimentally verified with S-parameters
and far-field patterns measurements. The obtained results match the simulated results
well. However, computational results that further describe the handsets performance
differ from the simulated values due to effects of measurement cables. Despite the
discrepancies, the obtained results indicate that combinatory feeding method can be
utilized for designing wideband mobile antennas by using simple radiating bodies.
Keywords Combinatory feeding, MIMO, mobile antenna, multiport antenna,
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Tiivistelmä
Tässä diplomityössä tutkitaan erilaisia vaihtoehtoja mobiililaitteissa käytettävien an-
tennien suunnitteluun, sekä kombinatorisen antennisyöttömenetelmän soveltuvuutta
kyseiseen tehtävään. Kombinatorinen syöttömenetelmä on tässä työssä kehitetty täy-
sin uusi menetelmä, jossa moniporttiantennin aktiivisten syöttöjen määrää muutetaan
taajuuden funktiona, mikä parantaa antennin kokonaishyötysuhdetta.

Menetelmän testaamiseksi suunnitellaan ja valmistetaan antenniprototyyppi 0,7–
6,5 Ghz taajuuskaistalle. Valmistettu prototyyppi koostuu kahdeksasta erillisestä
antennista, jotka toimivat yhdessä hyödyntäen 8 x 8 MIMO-tekniikkaa yläkaistoil-
la sekä vastaavasti 2 x 2 MIMO-tekniikkaa 0,7–0,9 GHz alakaistalla. Antennien
keskeinen ominaisuus on korkea hyötysuhde laajalla taajuuskaistalla. Simulointitu-
losten perusteella kaikkien antennien kokonaishyötysuhde on yli 50 % 1,55–6,5 GHz
taajuuskaistalla.

Valmistetusta antenniprototyypistä mitatut suureet, kuten S-parametrit sekä sä-
teilykuviot, vastaavat simuloituja tuloksia hyvin. Mittaustuloksista lasketut antennin
suorituskykyä kuvaavat tulokset kuten kokonaishyötysuhteet kuitenkin poikkeavat
laskennallisista tuloksista johtuen prototyypissä käytetyistä kaapeleista. Poikkeavuuk-
sista huolimatta mittaustulokset osoittavat, että kombinatorinen syöttömenetelmä
mahdollistaa jopa melko yksinkertaisella antennirakenteella suhteellisen korkean
hyötysuhteen laajalla kaistalla.
Avainsanat Kombinatorinen syöttömenetelmä, MIMO, mobiiliantenni,

moniporttiantenni
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Symbols and abbreviations

Symbols
a largest dimension of an antenna
a incident wave vector
b reflected wave vector
C instantaneous channel capacity
C̄ ergodic channel capacity
D antenna directivity
D radiation matrix
E source voltage
Eθ electric field θ component
Eφ electric field φ component
E electric field
f frequency
F farfield-pattern
G antenna gain
H magnetic field
Hc channel matrix
Hw Rayleigh fading channel
I current
I current matrix
Īm m × m identity matrix
j imaginary unit
J surface current
k wavenumber
K linear far-field basis
l length
Lfs free-space path loss
Pacc accepted power
Pavs available power from the source
Prad radiated power
Preact reactive power
Q quality factor
r distance
r location vector
R resistance
Rg generator resistance matrix
Rr reception matrix
R̄r normalized reception matrix
Rt transmission matrix
S scattering matrix
V voltage
V ′ volume
U radiation intensity
Z impedance
Z0 reference impedance
Z impedance parameter matrix
Zg source impedance matrix
X reactance
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β phase constant
γ propagation constant
Γ reflection coefficient
ε0 permittivity of free space
ηmatch matching efficiency
ηrad radiation efficiency
η0 impedance of free space
θ polar angle in spherical coordinates
κij power coupling parameter
λ electrical wavelength
λn nth eigenvalue
Λ antenna efficiency matrix
ρ complex correlation coefficient
ρT average signal-to-noise ratio
φ azimuthal angle in spherical coordinates
ω angular frequency
Ω solid angle

Operators
(.)H conjugate transpose
(.)H transpose
(.)∗ complex conjugate
∇ × A curl of A
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Abbreviations
3G Third Generation network
4G Fourth Generation network
5G Fifth Generation network
BW Bandwidth
CCE Capacitive Coupling Element
CFA Coupled Feed Antenna
ESA Electrically Small Antenna
GPS Global Positioning System
GSM Global System for Mobile communications
HB High Band
HMB High Middle-Band
ICE Inductive Coupling Element
LB Low-Band
LMB Low Middle-Band
LTE Long-Term Evolution
MEMS Micro-Electro-Mechanical Systems
MIMO Multiple-Input-Multiple-Output
PCB Printed Circuit Board
PIFA Planar Inverted-F Antenna
RBW Relative Bandwidth
RX Receiver
SNR Signal-to-Noise–Ratio
TARC Total Active Reflection Coefficient
TX Transmitter



1 Introduction
The global mobile data traffic has increased at an incredibly high rate during the
last decade. During the years 2011 to 2017, the traffic grew 18-fold of which 63 %
occurred in year 2016 only. Yet, the traffic is expected to continue increasing sevenfold
by 2021, reaching consumption of 48.3 EB (exabytes) per month [1]. The rapidly
growing demand for mobile services places enormous challenges to mobile operators
who are required to provide thousandfold increase in capacity to meet the future
requirements [2]. As a result, fifth generation (5G) network technologies are expected
to improve upon currently used long-term-evolution (LTE) and fourth generation (4G)
networks in 2020’s. 5G is expected to bring ubiquitous coverage, better reliability,
increased capacity, improved energy efficiency, and faster data transmission rates.
Meeting the ambitious goals, however, requires intensive research and investments.

The capacity of a mobile network can be improved in three different ways: by
increasing the number of mobile base station sites, by increasing the number of
frequency bands, or by improving the spectral efficiency of the data transmission.
The spectral efficiency refers to the rate at which information can be transmitted
over a given frequency bandwidth. To achieve the required thousandfold increase in
capacity, all of the mentioned methods are needed.

For increasing the spectral efficiency, mobile operators have already deployed
systems that utilize multiple-input multiple-output (MIMO) techniques. The funda-
mental idea of MIMO is to take advantage of the reflections of radio waves in densely
built urban environment by using multiple antennas to receive and transmit data
simultaneously through different propagation paths. Compared to a single antenna
system, MIMO can significantly increase the spectral efficiency. However, to increase
the efficiency even further, the number of receiving and transmitting antennas on
both the mobile phones and base stations have to be increased even further. From
mobile phone point of view, this will significantly increase the number of antennas
to be fitted to the mobile devices.

Another method to improve the spectral efficiency is to use a technique known
as beamforming where the transmission is spatially directed towards the user. This
would allow the base station to communicate with multiple clients at the same
frequency simultaneously. Finally, the theoretical limit for the spectral efficiency is
governed by the received power. Therefore, improving the energy efficiency of mobile
antennas can bring significant improvement.

The second approach to improve the capacity is to increase the number of frequency
bands reserved for mobile communications. As a result, the industry is planning
to adopt multiple new frequency bands for future 5G and subsequent generation
networks. Combined with the other proposed improvements such as the high order
MIMO and beamforming, the future requirements constitute enormous challenges
for antenna engineers. Moreover, the current trends in mobile phone design, such as
large touch screens and all metallic covers, complicate the antenna design even more
by leaving little usable volume for the antennas. Especially, a planned addition of
low frequency 0.7 GHz bands in 5G networks introduces major challenges as the size
of required antenna structures become comparable to the overall dimensions of the
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device.
This thesis focuses on finding solutions to the some of the great challenges set by

the future communications at sub-6 GHz frequencies by describing the design and
implementation process of a 8 × 8 MIMO mobile handset. The proposed antenna
design is based on a novel combinatory feeding method that extends the work done by
Hannula et al. in [3–5]. The goals for the design are based on assumed requirements
for future mobile handsets. Dimensions for the prototype are taken from a typical
modern handset such as illustrated in Figure 1 with a large 4–5" touch screen and a
metallic chassis. Finally, the proposed design is manufactured and the performance
characteristics of the prototype are analyzed.

This work is structured such that, first, Chapters 2 and 3 introduce the fun-
damental and application specific antenna theory, respectively. Second, Chapter 4
addresses the antenna design problem and the design process of the proposed design.
Finally, Chapters 5 and 6 address the manufacturing of the handset and the results
obtained from measurements. Chapter 7 summarizes the thesis.

Figure 1: A typical modern handset with a large touch screen and metallic cover.
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2 General theory on antennas
An antenna is a device that radiates or receives radio waves in a controlled manner.
Most common antenna types include wire, aperture, and array antennas. The wire
antennas, however, are the most relevant type in this work. Depending on the antenna
type and application, numerous different quantities can be used to characterize an
antenna. To understand the designs and results presented in this thesis, this chapter
provides a brief overview of the general antenna theory and relevant quantities.
Moreover, in later parts of this work, the theories are used to point out and explain
the causes for typical challenges in mobile antenna design.

The mathematical notation throughout this work uses the following convention:
italic denotes a scalar, hat is used to denote a unit vector, and both matrices and
vector valued functions such as electric fields are denoted with boldface. In addition,
the IEEE standard spherical coordinate system, where a vector r is represented with
its r-, θ-, and φ-components [6], is used for all coordinate presentations. Figure 2
illustrates the angles and unit vectors used in the coordinate system. The content of
this chapter is organized such that, first, Sections 2.1–2.5 address the fundamentals
of antennas and, second, Sections 2.6–2.7 discuss the typical characteristics of mobile
antennas.

x

y

z

r

φ

θ

θ̂

φ̂
r̂

Figure 2: The IEEE spherical coordinate system [6].

2.1 Radio waves
Radio waves are a type of electromagnetic radiation whose frequency is below
3 THz [7]. This work, however, focuses on frequencies below 10 GHz. First predicted
by James Clerk Maxwell [8], the radio waves propagate in free space as spherical
waves obeying the electromagnetic wave equation; that is, a differential equation
describing the wave nature of electric and magnetic fields. The waves are created
by accelerated charges and consist of an electric and magnetic field components
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whose ratio is denoted with the impedance of free space η0 ≈ 120π Ω. Because of
the spherical nature of the waves, the power density of the propagating wavefront
decreases inversely to the distance squared. Thus, the apparent loss of power with
distance r known as the free-space path loss can be written as [8]

Lfs =
(4πr

λ

)2
, (2.1)

where λ is the wavelength. Equation 2.1 assumes line-of-sight propagation in free
space. However, in a practical environment, determining the path loss is more
complicated, as the radio waves reflect and scatter from the environment.

Despite the current trend in mobile communications to move toward higher
frequencies, the sub-6 GHz spectrum remains appealing to mobile operators due to
better coverage [2]. Equation (2.1) shows that the path loss is inversely proportional
to the wavelength, which is directly proportional to the frequency. As a result, the
free-space path loss increases with frequency. Moreover, low frequencies typically
penetrate better through material such as walls and other objects. For these reason,
mobile carriers plan to utilize the sub-1 GHz bands to improve the coverage of future
mobile services [2]. Especially the 700 MHz band in Europe and 600 MHz in the
United States are seen as attractive options for future communications. For example,
the planned 700 MHz low band can offer good indoor coverage and 10 times larger
cell coverage compared to the 2.6 GHz LTE high band [9]. Table 1 demonstrates the
effect of frequency to the path loss in different environments. The results clearly
demonstrate the benefit of the low band (700–900 MHz) frequencies especially in
urban environments. According to the values presented in table 1, the 700 MHz a
transmitted signal has 18.04 dB smaller path loss compared a signal transmitted
at 2600 MHz. In free space, the difference equals to 8 times longer link distance at
700 MHz. However, due to rich scattering environment in urban areas, the coverage
could be even better at 700 MHz. In comparison, in the rural areas the difference in
the path loss is smaller, because the propagation is mainly of line-of-sight type.

Table 1: Relative path loss in decibels compared to 1800 MHz [9].

Environment 700 MHz 900 MHz 1800 MHz 2100 MHz 2600 MHz
Dense ubran -12.64 -9.79 0 2.26 5.4
Urban -12.64 -9.79 0 2.26 5.4
Suburban -10.01 -7.8 0 1.39 3.23
Rural -8.2 -6.38 0 1.39 3.23

2.2 Antenna radiation
Antenna radiation is caused by time varying currents J(r) on the antenna that give
rise to time varying electric and magnetic fields E(r) and H(r). The time-harmonic
electric field can be solved analytically from Maxwell’s equations if the current
distribution on the antenna is known. The electric field radiated by an arbitrary
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source illustrated in Figure 3 can be written as [10]

E(r) = 1
jωε0

∇ × ∇ ×
ˆ

V ′
J(r′) e−jk|r−r′ |

4π|r − r′ |
dV

′
, (2.2)

where the current J(r′) is integrated over a volume V ′ enclosing it. Vector r is the
position vector of the observed field, r′ is the position vector of the source current, ε0
is the permittivity of free space, and ω is the angular frequency. Since in reality the
analytical surface current distribution of an antenna is often unknown, the radiated
electric field is found out by means of measurement or by electromagnetic simulation.
Nevertheless, Equation (2.2) shows the fundamental role of the current as the primary
source of radiation.

A mode is a natural state that satisfies the Maxwell’s equations. Theory of
characteristic modes is a theory that can be used to analyze the radiation of a
conducting body by decomposing its surface current to different characteristic modes
by solving a group of eigenvalue equations [11]. According to the theory, the total
current density on an antenna is a linear combination of characteristic modes Jn
that completely describe the behavior of the antenna. The actual combination of
different modes depends on the eigenvalues and the applied excitation. Calculating
the modes is out of the scope of this thesis; instead, the modes are calculated with
an EM-simulator. The knowledge of the antenna’s characteristic modes can be used
in the design phase to analyze the capabilities of an antenna such as bandwidth
potential. For example, it is observed, that a characteristic mode is likely to radiate
at a frequency f where the eigenvalue λn of the mode Jn is zero [12]. As a result,
the significance of a mode and its resonating frequency can be analyzed by looking
at its eigenvalues.

J(r′)

r− r′

r′

O

r

E(r)

Figure 3: Antenna radiation is caused by the surface current on the antenna. Symbol
O denotes the point of observation.

Depending on the distance r from antenna, the fields around the antenna can
be divided into three regions: reactive nearfield, radiative nearfield (also known as
the Fresnel region), and the far-field region. The approximate limits for the different
regions are given in Table 2. The limits depend on the antenna’s largest dimension a
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and are different for electrically small and large antennas. In this work the electrically
small antenna is used to refer to an antenna whose largest dimensions is significantly
smaller than the electrical wavelength of its operation frequency. Similarly, electrically
large antenna refers to an antenna whose largest dimensions is comparable or larger
than the wavelength. The limits are not exact but they can be used as references in
antenna design and analysis. The electrically small antennas are discussed in further
detail in Section 2.6.

In the reactive near-field region, the distance from the antenna is significantly
smaller than the wavelength λ, and the dominant terms of electric and magnetic
fields are in time quadrature resulting in zero radial power flow [8]. In addition, the
antenna’s angular field distribution is dependent on the distance r. As a result, most
of the energy is stored in the electric and magnetic fields near the antenna and only a
small portion is radiated. In the radiative near-field region, the reactive field terms

Table 2: Approximate field region limits for antennas [13].

Antenna type Reactive nearfield Radiative nearfield Farfield
Electrically small r < λ

2π
λ
2π

< r < 2λ r ≫ 2λ

Electrically large r < 0.62
√

a3/λ 0.62
√

a3/λ < r < 2a2/λ r > 2a2

decay and stronger radiating fields emerge. However, the antenna’s field distribution
is still dependent of the radial distance r. Finally, in the far-field region, the angular
field distribution is not dependent on the distance r and all power is radiated.

Figure 4 illustrates a typical amplitude normalized radiation pattern F (θ, φ) of
an antenna. Radiation pattern, also referred as the far-field pattern, describes the
angular variation of radiation around the antenna in the farfield [8]. Depending on
the antenna geometry, the radiation pattern can have distinctive main, back, or side
lobes as illustrated in Figure 4. Other important antenna pattern characteristics
are the 3-dB beamwidth and the sidelobe level. The 3-dB beamwidth is the angle
between the angular directions where the antenna’s radiation pattern is -3 dB below
its maximum value. Sidelobe level is the level difference of the main lobe and the
first side lobe.

Antenna polarization as defined in [13] is “the polarization of the wave transmitted
or radiated by the antenna.” The polarization can have angular dependence and,
therefore, is typically given in the main beam direction. The polarization of the wave
refers to the time-dependent path traced out by the tip of an electric field vector.
Different types of polarizations include linear, circular, and elliptical polarization,
the first two being special cases of elliptical polarization. Depending on the time-
dependent rotation direction of the electric field vector, the polarization can be either
right or left-handed. The handedness is determined with the right-hand rule with
respect to the direction of propagation.
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Figure 4: An example of an antenna radiation pattern and its typical characteristics.

Antenna directivity describes the antenna’s ability to concentrate power towards
a certain direction. Directivity is defined as

D = Umax

Uave
, (2.3)

where U is the radiation intensity, which is the power radiated per unit solid angle [8].
Variable Umax denotes the maximum intensity and Uave is the average intensity.
Radiation intensity can be calculated from the antenna’s normalized far-field pattern
F (θ, φ) as

U(θ, φ) = Umax|F (θ, φ)|2, (2.4)

assuming that the maximum intensity is known. In practice, the constant Umax is
given by the manufacturer of an antenna measurement system.

Instead of directivity, gain G is often used to describe the antenna’s directive
properties. Gain is defined as

G = ηradD, (2.5)

where ηrad is radiation efficiency, which accounts for the losses in the antenna [8].
As a result, gain can give more realistic picture of the antenna’s behavior than the
directivity. Both the directivity and gain are unitless and typically the gain is given
with respect to an ideal isotropic antenna in decibel-scale as dBi. Isotropic refers to
an antenna, which radiates equally to all directions.
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2.3 Impedance
The input impedance of an antenna is the ratio of voltage and current in the antenna
feed port. The impedance can be written as

Zin = Ra + jXa, (2.6)

where Ra is the real part and Xa is the reactive part. The real part consists of
radiation resistance Rr, which represents the radiated power in the antenna, and
Ohmic resistance Ro, which represents the material losses in the antenna. The
reactive part represents the energy stored in the antenna’s reactive nearfields. The
type of reactance (capacitive or inductive) is determined by the type of the antenna.

Figure 5 illustrates a circuit model of an antenna connected to a source whose
impedance is Z0. In antenna design, impedance matching is an essential concept to
ensure an optimally performing design. Impedance mismatch between the antenna
and the source reduces the power flow from the source to the antenna, thus reducing
the total efficiency of the system. The optimum power transfer occurs when the input
impedance of an antenna is the complex conjugate of the source’s impedance. In this
case, the antenna is said to be conjugately matched. The impedance mismatch causes
power to reflect back from the antenna and is described with the wave reflection
coefficient Γ, which is calculated as

Γ = ZL − Z∗
0

ZL + Z0
, (2.7)

where ZL is the input impedance of the load such as an antenna, and Z0 is the output
impedance of the source [14]. The source is used to represent a transmitter in a
radio system. However, typically the antenna is connected to the transmitter via a
transmission line. Therefore, the reflection coefficients are calculated with respect to
reference impedance Z0. In this work, the reference impedance is 50 Ω.

Eg

Zg XA

Rr

Ro

Γ

ZLZ0

Source Antenna

Figure 5: A simple equivalent circuit model of an antenna.

The antenna matching can be improved in several ways. A common method
is to place an additional matching circuit between the antenna and the source.
However, the disadvantage of matching circuits is that the real components used
for the implementing circuits are lossy, thus increasing the losses in the system.
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Another alternative method is to modify the antenna structure itself to change the
antenna’s input impedance. This thesis focuses on utilizing a novel method to match
an antenna without conventional matching circuits by using multiple feeds to feed
the antenna.

2.4 Efficiency
Especially in battery-powered devices, such as mobile handsets and tablets, the
efficiency of the antenna is one of the most important characteristics. In antenna
engineering, typically three different efficiencies are used. The first one is known as
the radiation efficiency and it is defined as

ηrad = Prad

Pacc
. (2.8)

The radiation efficiency denotes the ratio of the power radiated to the antenna’s
farfield Prad and the power accepted to the antenna Pacc. Thus, the efficiency excludes
any losses due to impedance mismatch. Therefore, another efficiency called matching
efficiency is used to describes the power loss due to impedance mismatch of the
source and the antenna. The matching efficiency is defined as

ηmatch = Pacc

Pavs
, (2.9)

where Pavs is the power available from the source. To evaluate the performance of
an antenna as a whole, total efficiency accounts for all losses in the antenna, and it
is obtained by combining both of the previously introduced efficiencies. Therefore,
total efficiency is written as

ηtot = ηradηmatch = Prad

Pavs
. (2.10)

The radiated power can be calculated by integrating the radiation intensity U over
the solid angle Ω [13] as

Prad =
"

Ω
UdΩ =

ˆ 2π

0

ˆ π

0
U sin θdθdφ. (2.11)

The radiation intensity can be solved from the electric field radiated by the antenna,
and in the farfield it can be approximated as

U(θ, φ) = r2

2η
|E(r, θ, φ)|2 ≃ 1

2η
[|Eθ(θ, φ)|2 + |Eφ(θ, φ)|2], (2.12)

where Eθ(θ, φ) and Eφ(θ, φ) are the θ and φ components of the antenna’s radiation
pattern, respectively [13].
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2.5 Bandwidth and Q-factor
In practical applications, the usable frequency range of an antenna is defined by the
antenna bandwidth. In contrast to circuit theory, antenna bandwidth can be defined
with respect to several possible variables such as the frequency range where the main
lobe points in certain direction, or the frequency range of sufficient matching level.
The bandwidth can be given as an absolute bandwidth

BW = f2 − f1, (2.13)

where f2 and f1 are the upper and lower limits of the acceptable range, respectively.
For ease of comparison, the bandwidth can also be given as a relative bandwidth
(RBW) expressed as percentage of the center frequency.

A similar measure used to describe an antenna’s bandwidth behavior is the Q-
factor. Originally used to evaluate the quality of inductors [15], in antenna theory,
the Q-factor can be defined as [16]

Q = ωPreact

Prad
, (2.14)

where Preact the energy stored in the antenna’s reactive nearfields and Prad is power
radiated by the antenna. Based on the definition of Q-factor, the higher the value,
the more the antenna stores energy in its nearfield rather than radiating it. As a
result, it can be shown [16] that for Q-factors greater than unity

RBW = 1
Q

, (2.15)

where RBW is the relative bandwidth. The above relation points out that resonant
antennas with high Q-factor exhibit good matching level but have narrow bandwidth.
Therefore, to maximize the antenna’s relative bandwidth, strong resonances should
be avoided. The relation given in (2.15) applies only to simple structures with one
resonance but is not sufficient to describe more complicated cases. Nevertheless,
purpose of the equation is to point out the inherent inverse relation between relative
bandwidth and Q-factor.

2.6 Electrically small antennas
An electrically small antenna (ESA) is an antenna whose dimensions are much smaller
than the electrical wavelength at its operation frequency. The exact definition of an
ESA is rather ambiguous. Although many definitions have been proposed, perhaps
the most used definitions are by Wheeler [17] and King [18]. The definitions are not
exact but can be used as guidelines. The author of [16] proposes a definition that
combines the two definitions. An ESA is an antenna with ka < 0.5, where a is the
radius of a sphere enclosing the antenna and k = 2π/λ is the wave number.

Most prominent features of electrically small antennas are high Q-factor [19] and
an input impedance with large reactive part and a low resistive part [16]. Due to the
inverse relation between Q-factor and bandwidth, the demand for wider bandwidths
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in mobile applications places a substantial challenge for antenna engineers. Because
of the non-optimal input impedance, ESAs are typically used in conjunction with
external matching circuits. However, in practice, a good matching can only be
obtained in a narrow band. Wider band matching will require more matching
components, which introduce losses and add complexity to the system.

2.7 Mobile antennas
In general, antennas used in modern mobile devices should exhibit the following
three features:

1. Small size

2. High efficiency

3. Wide bandwidth.

First, despite the fact that during the last decade the average mobile phone size
has increased, the antennas need to occupy less and less volume due to increasing
demand for other features such as a large touch screen. Second, the antennas should
be made as efficient as possible to maximize operation time of the battery-powered
device. Third, the requirement for multiple frequency bands and wireless standards
(GPS, Bluetooth, etc.) requires increasingly wider bandwidths. The three mentioned
requirements make modern mobile antenna design a challenging task. The difficulty
of design can be described with the “challenge triangle” illustrated in Figure 6. Each
of the three parameters can be improved with the cost of the two other parameters,
typically the efficiency.

Figure 6: The “challenge triangle” illustrates the trade-off nature of mobile antenna
designs [20].

The first antennas used in the analog first generation mobile devices were variations
of simple dipole and monopole antennas with the PCB or the user acting as a ground
plane [8]. The devices themselves were so large, that an external antenna was not
considered problematic. After the introduction of second generation GSM networks
with 900 MHz and 1800 MHz frequency bands in Europe, the external monopole
antennas were replaced with planar inverted-F antennas (PIFA) that allowed the
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antenna to be enclosed inside the phones. Figure 7(a) illustrates a PIFA antenna.
The design is popular in mobile applications as PIFAs have low gain, i.e. they radiate
fairly evenly to all directions, and they can be designed for multi-band operation by
introducing cutouts to the top surface.

(a) (b)

Figure 7: a) A PIFA antenna [16] b) A CCE antenna [21].

After the advent of third generation (3G) networks, the usage of mobile data has
increased almost exponentially. To increase the network capacity and throughput,
a support for MIMO communication between the user and the base stations was
introduced with long-term evolution networks (LTE) in early 2010s. Introduction of
MIMO to handsets has further increased the number of antennas to be fitted into a
mobile handset, thus decreasing the volume available for a single antenna. Numerous
MIMO handset designs, with as high as 16 × 16 MIMO, have been proposed in the
literature [22–25]. The MIMO techniques are discussed further detail in Section 3.1.

As the number of antennas to be fitted in the handset increases, using the
handset’s metallic cover or the rim as the main radiator has become an attractive
option. In the early 2000s, research group led by Professor Pertti Vainikainen at
Aalto University (former Helsinki University of technology) published a paper about
capacitive coupling elements (CCE) that use the ground plane of a mobile handset
as the main radiator element [26]. Since then CCE antennas have become common
in modern mobile handsets, as the volume required by a CCE is typically much
smaller than that of a PIFA or a monopole antenna. In addition, the shape of a CCE
has typically many degrees of freedom compared to traditional antennas. Instead of
relying totally on the antenna geometry, CCEs are used in conjunction with external
matching circuits, thus major part of the antenna design is done in circuit domain.

Figure 7(b) illustrates a simple CCE antenna for a handset application. The device
consists of a large ground plane and two small monopole-like coupling elements that
are non-resonant type elements. Resonant antennas, such as dipoles and monopoles,
are designed to be used at their natural resonance frequency, whereas non-resonant
antennas are designed to be used on a frequency, which is lower than their natural
resonance frequency. Typically, the non-resonant antennas use an external matching
circuit to achieve good matching of the antenna. The fundamental idea of CCEs is to
use a simple element to excite the radiating modes of device’s groundplane. Instead
of tuning the element geometry, the antenna’s frequency response is tuned with an
external matching circuit. The optimal placement for CCEs can be studied with the
theory of characteristic modes from Section 2.1 and is discussed in further detail in
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Section 4.5.
A mobile handset should have the best response to a base station on a plane

parallel to the ground [8]. However, antenna should be able to receive the incoming
fields in any orientation. Therefore, the gain of a mobile antenna should be close to
0 dBi. Similarly, the polarization of the antennas used should be linear; although, to
accept the signals in all orientations polarization purity is not typically required [8].
To achieve this, omni-directional antennas such as monopoles and dipole type of
antennas with low gain have been used widely in mobile devices. Future plans about
moving to higher operation frequencies in telecommunications, such as 28–30 GHz,
include directive antennas to improve the quality and the distance of the achievable
link. Using directional antennas introduces many new challenges and is currently a
popular research interest. However, this thesis focuses on the sub-6 GHz frequencies
where omnidirectional antennas are desired.

Typically, for mobile antennas an input reflection coefficient of −6 dB (25 % of
power is reflected) has been considered sufficient [8]. However, after the introduction
of large touch screen and metal cases in mobile phones, such as the on shown in
Figure 1, the total efficiencies of the antennas have decreased drastically. In practice,
a good mobile antenna can have a total efficiency of 50–60 %. [27]. In addition to the
total efficiency, the user can have a significant effect to the amount of power radiated
to the antenna’s farfield. The user’s hand or head consists of dielectric material that
can remarkably detune the antenna from its operation frequency, which increases the
power reflection from the antenna back to the transmitter, thus reducing the total
efficiency. Moreover, large portion of the radiated power can be absorbed to the user
and, therefore, reducing the power radiated to farfield even further. For example,
according to [28] the user’s hand can reduce the power received from a phone by up
to a factor of 100.

To reduce the reflected and absorbed power due to changing environment, the
antennas can be made adjustable. A reconfigurable antenna is an antenna capable of
changing its performance either electronically or mechanically [29]. Reconfiguration
methods can be used to re-tune an antenna to minimize losses or to tune it to another
frequency band. Typical methods for implementing reconfigurability are switching
between matching circuits [22, 30], use of tunable matching components such as
varactor diodes [31, 32], or to use diode switches to change the antenna’s electrical
structure [33, 34]. Other methods for changing the frequency response are to use
of micro-electro-mechanical systems (MEMS) or reconfigurable metamaterials [35].
However, the downside of the listed methods are increased losses, distortion, and
complicated designs, thus rendering some of them impractical to be used in modern
mobile phones. This work relies on two different methods to implement reconfigura-
bility. The first method is the concept of antenna clusters that was introduced by
Hannula et al. in [3] and further discussed in [4]. The second method: the concept
of combinatory feeding is a novel method developed in this work.
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3 Theory of multiport antennas
An antenna consisting of multiple feed ports is called a multiport or n-port antenna.
Similarly, a handset consisting of multiple individual antennas is a multiport device.
In this work, both of the mentioned above are referred as multiport systems. This
work proposes a mobile handset design consisting of 8 multiport antennas. Therefore,
to understand and to analyze the proposed design, theory of multiport systems
is required. This chapter introduces the detailed antenna and circuit theory that
is needed to analyze the proposed design. First, the concept of MIMO that was
mentioned in the previous chapter is explained in further detail. Second, this chapter
discusses the characterization of multiports with S-parameters and introduces the
concept of antenna cluster which was briefly mentioned in Section 2.7. Finally, a
method that combines the S-parameters and the far-field patterns of a multiport
antenna to calculate MIMO related parameters is introduced.

3.1 MIMO
Multiple-input multiple-output (MIMO) refers to methods that take use of the
complex multi-path propagation of radio signals in a built environment to increase
the data transmission rate in a given bandwidth and to improve the transmission
quality (bit error rate) [36]. MIMO systems utilize at least two independent antennas
in both transmission and reception. The mathematical interpretation of MIMO is
that the signal is transmitted through an n × m channel matrix Hc that describes
the multi-path propagation of the signal between the transmitter (TX) and receiver
(RX) antennas, n and m being the number of independent transmitter and receiver
antennas, respectively. Figure 8 illustrates the principle of MIMO transmission and
reception. The data that is being transmitted is divided between the n transmitting
antennas, transmitted over a propagation channel, received with m reception antennas,
and combined with signal processing.

Figure 8: In MIMO transmission the data is distributed to multiple antenna and
transmitted over a MIMO channel Hc [36].

The performance of a propagation channel is evaluated with its channel capacity
C, which is the upper bound on the reliable data transmission over the channel. In
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this work, all of the analysis will be done for m × m MIMO systems, i.e., the number
of receivers is equal to the transmitters. For an m × m MIMO, the channel capacity
is calculated as

C = log2[det(̄Im + ρT

m
HcHH

c )], b/s/Hz, (3.1)

where Īm is and m × m identity matrix, ρT is the average signal-to-noise ratio (SNR)
at the receiving antennas, m is the number of receiving antennas, and H is the
channel matrix [36].

To be able to compare the capacity of different MIMO antennas, the channel
matrix can be approximated as a Rayleigh fading channel Hw in an infinitely rich
scattering environment, i.e., the entries of Hw are complex zero-mean circularly
symmetric Gaussian random variables [37]. Therefore the MIMO channel Hc can be
written as

Hc = R1/2
r HwR1/2

t , (3.2)
where Rr and Rt are the receiver and transmitter correlation matrices that take into
account the efficiency and correlation of the RX and TX antennas to the channel [37].
When comparing different antennas, the channel information is not known, thus, it
is reasonable to assume equal power transmission for all antennas. Therefore, Rt
can be modeled as an ideal transmitter array as an m × m identity matrix [37]. The
reception matrix Rr is written as

Rr = Λ1/2R̄rΛ1/2, (3.3)

where Λ a diagonal matrix that consists of efficiencies of each receive antenna

Λ = diag
[
η1 η2 · · · ηm

]
. (3.4)

The matrix R̄r is the normalized antenna correlation matrix whose off-diagonal
elements are the complex correlation coefficient between antennas i and j

R̄r =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

1 ρ12 · · · ρ1m

ρ21 1 · · · ρ2m

... ... . . . ...
ρm1 ρm2 · · · 1

⎤⎥⎥⎥⎥⎥⎥⎥⎦ . (3.5)

The correlation coefficients ρij can be calculated from the respective antenna’s
complex field patterns F [38] as

ρij =
!

Ω Fi · F ∗
j dΩ√!

Ω Fi · F ∗
i dΩ

!
Ω Fj · F ∗

j dΩ
. (3.6)

The correlation coefficient describes how independent the two radiation patterns
of the investigated antennas are. To reach high capacity, the correlation between
the antennas should be low so that the data stream in the channel Hc would be
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independent. Zero correlation denotes that the two patterns are independent. In
comparison, antenna’s correlation with itself is always one. A correlation of 0.5 is
typically considered as an acceptable limit for the correlation between antennas in a
mobile handset [38].

When a capacity of a simulated MIMO channel is computed, the entries of the
channel matrix Hc are modeled as identically and independently distributed zero
mean complex Gaussian random numbers. As the entries are created randomly, the
result calculated from a single channel realization is a random variable. For more
reliable comparison between different antennas, channel ergodic capacity C̄ is used
instead [39] and it is obtained by averaging over large number of different channel
realizations.

3.2 S-parameters and TARC
Antennas and other microwave devices that consists of more than one port are
characterized with scattering parameters (S-parameters). The S-parameters give
valuable information about the device’s behavior, such as the reflection coefficients
and the coupling between ports, without the need to know the internal structure
of the device. A scattering matrix S is defined as the ratio of the incident and the
reflected waves at the ports of a microwave system such as an antenna. With matrix
notation the parameters are defined as

b = Sa, (3.7)

where a and b are incident and reflected wave vectors at the device’s ports, respectively.
The incident and reflective waves a and b are vectors with n elements, n being the
number of ports, that are defined as

ai = Vi + ZiIi

2
√

| Re Zi|
, bi = Vi − Z∗

i Ii

2
√

| Re Zi|
, (3.8)

where Vi and Ii are the voltage and current at i th port and Zi is the port’s reference
impedance [14]. The S-parameters are dependent on the reference impedance, which
leaves a possibility for optimization. Unfortunately, in practice, it is unlikely to
change the reference impedance due to compatibility and cost issues. To further
clarify the concept, Figure 9 illustrates an n-port microwave network where each
port is fed with a source that is modeled as an ideal voltage source Ei and a series
impedance Zi. In this thesis, the source impedance is assumed to be 50 Ω.

If a port of an S-parameter network is terminated with a constant load, the
S-matrix can be renormalized to account for the termination. The renormalization
can be done in multiple ways depending on the application. A method that reduces
the dimensions of the S-matrix is given by Otoshi [40]. Another method, which
preserves the matrix dimensions, is to change the S-parameter reference impedance
from the standard 50 Ω. The renormalized S-parameter matrix is given by

S = R−1/2
g (Z − ZH

g )(Z + Zg)−1R1/2
g , (3.9)
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Figure 9: An n-port microwave network.

where Z is the network’s impedance matrix, Zg is a diagonal matrix consisting of
the source impedances and Rg = Re(Zg) [14].

A handset with multiple one port antennas is easily analyzed from it’s S-parameters.
The parameter Sii gives the reflection coefficient Γ of antenna i in the case when other
antennas are terminated with matched (50 Ω) loads. Similarly, the coupling between
antennas i and j in the matched case is given by the parameter Sij. However, if an
antenna is fed from multiple ports (a multiport antenna), the individual reflection
coefficients at the antenna ports are not convenient for analyzing the total reflection
of power from the antenna. As a consequence, a suitable figure for multiport antennas
is the total active reflection coefficient (TARC) [41], which is the square root of
the ratio of total reflected and incident power at the antenna ports. Using the
S-parameter notation, the TARC is calculated as

TARC =
√

bHb
aHa

=

√
(Sa)HSa

aHa
=

√
|b1|2 + · · · + |bn|2√
|a1|2 + · · · + |an|2

, (3.10)

where (·)H denotes a conjugate transpose. Matching efficiency ηmatch that describes
the power loss due to impedance mismatch can be calculated for a multiport system
from the TARC as

ηmatch = 1 − TARC2. (3.11)

In a similar way, the power coupling between multiport antennas can be defined as
the ratio of coupled power to the incident power. In this work, the coupled power is
denoted with a coupling coefficient κ. Similarly to TARC, the coupling is defined as

κij = ||bi||
||aj||

=

√
bH

i bi√
aH

j aj

=

√
|bi,1|2 + · · · + |bi,n|2√
|aj,1|2 + · · · + |aj,m|2

, (3.12)
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where i denotes the antenna where the power is coupled and j is the antenna under
excitation. Vectors aj and bi represent the incident and reflected wave vectors of
the individual antennas. For a system of a n multiport antennas, all coupling factors
can be combined to a n × n power coupling matrix κ⎛⎜⎜⎜⎜⎜⎜⎜⎝

||b1||
||b2||

...
||bn||

⎞⎟⎟⎟⎟⎟⎟⎟⎠ =

⎛⎜⎜⎜⎜⎜⎜⎜⎝

κ11 κ12 · · · κ1n

κ21 κ22 · · · κ2n

... ... . . . ...
κn1 κn2 · · · κnn

⎞⎟⎟⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎜⎜⎝

||a1||
||a2||

...
||an||

⎞⎟⎟⎟⎟⎟⎟⎟⎠ , (3.13)

where κii is the TARC of an antenna and κij , when i ̸= j, is the coupling between two
antennas. The κ-matrix can be used analogously to the S-parameters to analyze the
coupling between antennas. However, the κ-parameters do not contain information
about phase, i.e., they are real valued numbers; therefore, they are only suitable for
representing power.

3.3 Concept of antenna clusters
The concept of antenna clusters utilizes the coupling between antenna elements in a
tightly spaced cluster to create an antenna with optimum performance [3]. An antenna
cluster is an entity consisting of a group of antennas in which the distance between
antennas is electrically small. As opposed to antenna arrays, in a cluster, the elements
do not need to have translational symmetry. The main idea of the method is to feed
a group of antennas with different amplitudes and phases with coefficients solved
from an eigenvalue problem described in [42]. Figure 10(a) illustrates a conventional
antenna configuration used in mobile devices. In comparison, Figure 10(b) illustrates
an antenna cluster. Instead of trying to match individual antennas to the source
impedance, as is done with matching circuits, the cluster approach tries to match the
whole cluster, i.e., to minimize the total power reflected from the antenna. To achieve
this, each antenna element is fed with a specific amplitude and phase such that the
sum of the reflected waves b is minimized resulting in better matching efficiency
ηmatch. In this work, this feeding method will be referred as weighted feeding.

To analyze an antenna cluster, it can be represented by its S-parameters as a
lossy network. For a network to be lossless, the outgoing power must be less than
the power fed in to the network. Using the incident and reflected waves, this can be
written as

aHa > bHb. (3.14)
In the absence of material losses (a lossless antenna), the power loss in the network
must represent the radiated power. Thus for a lossless antenna, we can write

Prad = aHa − bHb
= aHa − aHSHSa
= aH(I − SHS)a
= aHDa,

(3.15)
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Figure 10: (a) Traditional one port antenna with a matching circuit (b) An antenna
cluster consisting of three elements.

where D is a radiation matrix, which describes the power radiated by the different
antenna ports [42]. For a lossy antenna, the matrix D also contains the material
losses and they cannot be differentiated from the radiated power. Nevertheless, in
this work, the proposed design uses low-loss materials, therefore, the effect of material
losses are negligibly small in S-parameter based calculations. To account for the
material losses, the radiation matrix can be calculated from the antenna’s complex
field patterns as

Dij = 1
4π

"
Ω

Fi · F ∗
j dΩ, (3.16)

where Fi is the complex field pattern obtained by exciting the antenna’s ith port
while other ports are terminated with matched loads [43].

The matching efficiency of an antenna cluster can be written with the radiation
matrix as

ηtot = Prad

Pavs
= aHDa

aHa
, (3.17)

which is a Rayleigh quotient. The quotient can be maximized by finding the largest
eigenvector a, which corresponds to the largest eigenvalue (ηmax) of D. As a result,
the total efficiency of a lossless antenna cluster simplifies to [3]

ηmax = max{eig(I − SHS)}. (3.18)



29

3.4 Linear far-field decomposition
Calculation of ergodic capacity of MIMO systems requires knowledge about the
correlation between the receiver antennas that can be calculated from the antennas’
far-field patterns with (3.6). However, in some cases, as will be explained further
in this work, obtaining the required field information can be laborious, if not im-
possible. To overcome this problem, a method for calculating the correlation from
S-parameters [38] or even directly calculate the channel matrix Hc [44] have been
proposed. However, these methods are only applicable to antenna systems consisting
of single port antennas and cannot be used with multiport antennas such as antenna
clusters.

To calculate the correlation, the far-field pattern of a multiport antenna can be
obtained via the principle of superposition, if the far-field patterns of each port and
the S-parameters of the multiport are known. The far-field pattern under multiport
excitation of loading can be composed from the individual port farfields with a linear
far-field decomposition method presented in [45, 46]. In the method, the farfields
of the antenna are used to form an orthogonal basis K that describes each port’s
contribution to the farfield at a reference distance of 1 meter. The decomposition can
be performed with respect to the exciting current (current-basis) or exciting voltage
(voltage-basis) [45]. However, in this work, only the current based decomposition is
used but the same theory can be applied to obtain the voltage related basis.

With a current basis, a far-field pattern of a multiport antenna Etot(θ, φ) can be
written as the linear combination of the basis vectors Ki(θ, φ) and the currents Ii at
the antenna ports [45] as

Etot(θ, φ) = K1(θ, φ)I1 + K2(θ, φ)I2 + · · · + Kn(θ, φ)In. (3.19)

Similarly, the fields created by exciting individual ports can be written as a group of
linear equations as

E1(θ, φ) = K1(θ, φ)I1,1 + K2(θ, φ)I2,1 + · · · + Kn(θ, φ)In,1,

E2(θ, φ) = K1(θ, φ)I1,2 + K2(θ, φ)I2,2 + · · · + Kn(θ, φ)In,2,

...
En(θ, φ) = K1(θ, φ)I1,n + K2(θ, φ)I2,n + · · · + Kn(θ, φ)In,n,

(3.20)

where n denotes the number of port on the multiport. Thus, with matrix notation,
the far-field decomposition can be expressed as

E = IK, (3.21)
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where

E = (E1(θ, φ), E2(θ, φ), · · · , En(θ, φ))T, (3.22a)
K = (K1(θ, φ), K2(θ, φ), · · · , Kn(θ, φ))T, (3.22b)

I =

⎛⎜⎜⎜⎜⎜⎜⎜⎝

I1,1 I2,1 · · · In,1

I1,2 I2,2 · · · I1,2
... ... . . . ...

I1,n I2,1 · · · In,n

⎞⎟⎟⎟⎟⎟⎟⎟⎠ . (3.22c)

The superscript (·)T denotes a matrix transpose. The unit of K(θ, φ) is V
m·A and, for

example, K1(θ, φ) corresponds to the electric field at 1 meter distance from antenna
under excitation I1 = (1, 0, 0, · · · , 0).

In practice, the far-field basis can be solved from (3.21) for both field components
Eθ and Eφ, which can be later summed together to obtain the total field. The currents
under different excitations are calculated from the antenna’s S or Z-parameters.
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4 Antenna design
This chapter describes the goals, design process, and the intermediate results of this
work. The main focus is to describe how to achieve a good low-band response without
deteriorating performance in higher bands in a modern mobile handset. The antenna
models presented in this work are constructed and simulated with CST microwave
studio [47], which is used to calculate the S-parameters and the far-field patterns of
the simulated structures. Other results, such as the total active reflection coefficient
and ergodic capacity are calculated by the author with a numerical calculation
software MATLAB.

In the following chapters, the term antenna is used to refer to an antenna element
or a coupling element that is used in conjunction with a groundplane. In comparison,
the term handset or a handset antenna is used to refer to the entirety consisting of
multiple individual antennas and supporting structures.

To better understand the underlying problems in handset antenna design, this
chapter is written in an order that follows the original workflow. First, Section 4.1
introduces the goals for the work. Second, Section 4.2 presents results from a
preliminary study, which is performed to study the suitability of different antennas
to the design problem. Third, Section 4.3 presents a novel antenna feeding method
that is developed based on the preliminary results and is used in the manufactured
antenna prototype. Finally, in Sections 4.4–4.5 the knowledge from the preliminary
study is applied to design a MIMO capable handset antenna.

4.1 Design goals and specifications
The goal of this work is to design and characterize a handset antenna capable of
8×8 MIMO operation on middle and high bands and 2×2 MIMO operation on the
low band. Instead of creating a design for a commercial product, the purpose of
this work is to investigate new methods for mobile handset antenna implementation.
Especially, achieving a good low-band performance is one of the main issues that
this work tries address.

The targeted frequency bands for the handset design and the respective efficiency
goals are listed in Table 3. The frequency bands are selected as they represent the
most important sub-6 GHz frequency bands in future 5G networks. The handset will
consist of two types of antennas: two main antennas and six data antennas. The
difference between the two antenna types is, that the main antennas operate at the
700–900 MHz low band(LB). Including larger number of low-band antennas would
be unrealistic, as low frequency antennas require large physical volumes.

In future mobile communications and especially in 5G, the low band will mainly
be used for improving the coverage and for slow data rate transmissions [9]. In
general, increasing the operation frequency while keeping the relative bandwidth
constant allows for larger absolute bandwidths, thus increasing the capacity of the
band. Therefore, including higher-order low-band MIMO would not bring significant
improvement over the high order MIMO at higher frequency bands.
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Table 3: Frequency specifications of the antennas on the handset.

Main antennas Data antennas

Low band 700–900 MHz -
Low middle band 1550–2700 MHz 1550–2700
High middle band 3300–4700 MHz 3300–4700 MHz
High band 5850–6425 MHz 5850–6425 MHz
Total efficiency f < 1700 MHz ηtot > 40 %,

f ≥ 1700 MHz ηtot > 50 %
f < 1700 MHz ηtot > 40 %,
f ≥ 1700 MHz ηtot > 50 %

The low middle band (LMB) is important, as parts of the band are used around
the world for 4G services. In contrast, the high middle (HMB) and high bands (HB)
are new frequency bands intended for increasing the capacity and throughput in
future 5G networks. For frequencies above 1.7 GHz the minimum efficiency goal
is selected to be 50 %, which is good for a mobile antenna [27]. The efficiency
requirement is relaxed to 40 % for the sub-1.7 GHz frequencies as designing a small
antenna to the lower frequencies is inherently difficult due to the electrical coupling
between antennas.

Antenna designs utilizing matching circuits have been researched widely, e.g. [26],[30].
In a narrow band, it is possible to achieve a good low-band performance with a fairly
simple CCE and a matching circuit. However, the wide frequency band requirements
placed by modern communication systems make the matching circuits increasingly
complex and time consuming to design. In addition, increasing the number of com-
ponents in a matching circuit increases the total losses in the system. As a result,
antenna designs based purely on a matching circuit and a CCEs are left out of this
work.

Continuous metal rim antennas [48],[49] have gained popularity in mobile phone
antenna research during the latter half of 2010’s. However, this work focuses on
antenna designs for phones without a metal rim. Instead, the handset presented in
Figure 1 is used as a reference for this work and it is modeled with a rectangular
dielectric substrate with overall dimensions of 136 × 68 × 6 mm3. The large touch
screen on modern handsets is modeled with a conducting metal sheet, which will
also perform as a groundplane for the antennas.

An antenna’s performance on a handset is greatly dependent on the clearance
between the groundplane and the antenna. In this work, the clearance is set to
8 mm from the shorter edge of the handset and 5 mm from the longer edges. For
a commercial application, the clearances might be considered large; however, the
dimensions are sufficient for a proof-of-concept design. Figure 11 illustrates the
antenna placement and the ground plane clearances on the handset. Antennas 1–2
are referred as main antennas and antennas 3–8 are referred as data antennas. The
main antennas have the lowest operation frequencies, thus they are located at the
ends of the handset to efficiently use the available volume.
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Figure 11: The antenna layout on the handset. Antennas 1–2 are the main antennas
and 3–8 are data antennas.

4.2 Preliminary study
In a previous study [50] about weighted feed MIMO antennas, the lowest frequency
band of the handset proved to be the most difficult to implement. In contrast, the
criteria for high band operation were met in a relatively straightforward manner.
Therefore, designing the main antennas and focusing on the low-band performance
is set as the starting point for this work. To find a suitable antenna element for
the main antennas, a preliminary study is conducted with emphasis on the three
following features:

1. Good low band efficiency

2. Minimal volume utilization

3. No distributed matching elements

Firstly, a single antenna must cover the low band with noticeably better efficiency
than the specified minimum of 40 %, as introducing more elements to the handset
will lower the total efficiency due to coupling between the antennas. Secondly, the
antenna has to use minimal amount of volume on the substrate to leave sufficient
space for the data antennas. Finally, distributed matching components such as
capacitors and inductors add losses and nonidealities to the design and, therefore,
should be avoided.

Figure 12 illustrates four different antenna designs, which are studied in this
work. Figure 12(a) illustrates the first studied antenna element. Based on previous
experience, the distributed antenna element design from [4] and [50] is used as a
starting point. The studied design features monopole antennas wrapped around a
substrate block in an attempt to create a tightly spaced cluster to be used with
the weighted feeding introduced in Section 3.3. Placing the monopoles on the sides
of a block allows to utilize the given volume more efficiently when compared to a
totally planar structure. However, due to smaller available volume with respect to
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the operating frequency than in [50], the weighted feeding does not significantly
improve the matching as illustrated in Figure 12(b). At multiple frequencies, the
total active reflection coefficient of the antenna is worse than the reflection coefficients
of the individual monopoles. The main problems of the design are the long physical
length of the monopole needed for the low band and the resulting high inter-element
coupling.

To reduce the size of the low-band monopole, the element is modified to function
as a coupled feed antenna (CFA) similar to the design in [51]. Figure 12(c) illustrates
the modified low-band element. A coupled feed antenna consists of a driven strip
(feed) and a narrower grounding strip. The driven strip serves a dual purpose. First,
in the low band the feed acts as a capacitive coupling element that excites the
fundamental mode of the ground plane via the grounded strip. Second, the feed
behaves similar to a monopole antenna around its resonant frequency. Therefore,
a coupled feed element is theoretically able to cover more frequency bands than a
normal self-resonant element such as a monopole.

Properties such as the element shape, location, and the size of the groundplane
affect the response of a CFA. Nevertheless, some general design rules can be applied.
The lowest resonance frequency is determined with the length of the driven strip and
the separation between feed and the ground strip. The closely spaced strips store
energy between them in the electric field as in a capacitor. Similarly, the length of
the strip adds inductive reactance to the element’s impedance, i.e., increasing the
energy stored in the magnetic field. Because of the reactive nature of the antenna, at
the low band, the energy is stored in the structure rather than radiated to the farfield.
For this reason, the antenna type has a high Q-factor resulting in a narrow-band
resonance.

Figure 12(d) illustrates the reflection coefficient of the antenna element (c). The
response has a strong resonance at 950 MHz, however the bandwidth is not enough
to cover the entire low band. Incorporating the element to the design in Figure 12(a)
would require to use two similar CFAs tuned to slightly different frequencies. However,
fitting two large elements to the allocated volume leaves only a little space for the
higher band elements, which is why the design is not considered for the final design.

To combine the best of the first two designs, Figure 12(e) illustrates a dual element
coupled feed antenna similar to designs presented in [23]. Compared to the first
designs, large metal sheets have been added to the end of the handset. In addition,
the sheets are connected to the ground plane with meandered grounding strips.

Similar to the second design, the feed monopole works as a feed for the CFA and
as a monopole. Therefore, the length of the monopole mainly affects the resonances
above the low band. Increasing the shorting strip length, for example, by meandering,
adds inductive reactance between the element and the ground plane. Short circuiting
the metal sheet to the ground makes it appear electrically longer as the current does
not have to be zero at both ends of the piece. The inductive reactance provided
with the meandered line between the sheet and the groundplane alters the current
distribution of the short circuit, thus making the shorting path electrically longer.
The long line could be replaced with a lumped inductor to make the element smaller.
However, one of the goals is to avoid the use of lumped elements.
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Figure 12: Four tested antenna geometries and their S-parameters. The solid black
line denotes TARC and the other colors denote the Sii of the individual ports. The
dashed lines denote the coupling Sij between ports with respective colors.
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The two large elements of the studied design are tuned such that their frequency
responses have a small offset. In conjunction with weighted feeding, the elements
should be able to cover the entire low band. Figure 12(f) illustrates the TARC and the
S-parameters of the two antennas. In the low band, the approach works reasonably
well providing better than -5 dB matching (68 % total efficiency) throughout the
band. However, with all emphasis on the low band, the other bands are not entirely
covered with the two elements. In addition, the two large antenna elements do not
leave space for additional higher band elements.

Another problem of the design presented in Figure 12(e) is the inefficiency of
the feed and shorting line meandering. Tighter meandering increases the capacitive
coupling between the meandered lines, thus counteracting on the inductive reactance
created with the meandering. The side effect of meandering can be easily avoided
with lumped elements. Especially with lossy materials such as FR-4, the long lines
can introduce more losses than a good quality lumped element.

To counter the previously mentioned problems, Figure 12(g) illustrates a design
intended to improve upon the design in Figure 12(e). The large metal sheet elements
are moved further apart to reduce coupling losses. In addition, both elements are
fed directly with feeding strips, which creates space for two additional higher band
monopoles. The four antenna elements are supported by a substrate block, which is
not illustrated in the figure for clarity.

Similar to the first design, each element has a dedicated operation frequency.
Element one covers the low band, element two covers the 1.5–1.8 GHz part of the
LMB, and elements 3 and 4 contribute to frequencies above 2 GHz. The approach
works as the four elements are able to cover the most important frequency bands.
However, the low-band response could be further improved with an external matching
circuit, but it is not considered, as it would have increases losses and complexity
of the design. Despite the fact that even without the matching circuit the antenna
meets the specification given in Section 4.1, the performance is not sufficient for a
MIMO handset. Based on the experience from [50], introducing other antennas to the
handset will decrease the low-band efficiency due to coupling between the antennas.
The frequency response could be further improved by increasing the element size and
the feed line length, but would eventually lead to similar problems as encountered in
the third design.

Based on the studied antenna designs, it is evident that distributed element
antenna clusters proposed in [3] are not ideal for the design problem addressed
in this work. All of the above designs could be further improved and the fourth
design with a matching circuit could be utilized for a handset, however, none of the
preliminary results demonstrate enough potential or novelty to offer improvement
over the currently existing solutions. As a result, a completely new method for
antenna feeding is developed and is discussed in the next chapter.

4.3 Concept of combinatory feeding
Despite the fact that practicality, ease of manufacturing, and suitability for commercial
mobile applications are outside the scope of this work, the designs presented in
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Section 4.2 do not display great potential for handset use. Especially the monopole
type designs would be difficult to implement in a metal covered phone. Therefore,
the idea of using a single antenna element with multiple feeds as in [22], [30] is an
attractive option. The benefit of using such an element is that part of the phone’s
metal cover can be used directly as the antenna.

To test the suitability of single element antenna for multiport excitation, an
L-shaped folded metal sheet is selected as a test antenna. In [30], the optimal
location for feed port is obtained by experimentation. Therefore, optimal locations
for the test antenna feeds are selected by iteration. During the process, it was
discovered that the best low band performance is obtained with only one feed port.
In comparison, the best middle band performance is achieved by feeding the antenna
from multiple locations. Based on these discoveries, the number of antenna ports
should be dynamically varied with frequency to reach optimum performance. In this
work, the described method of altering the number of active ports is referred as the
combinatory feeding method.

From circuit theory point of view, the combinatory feeding method can be
understood as re-normalizing the antenna’s S-parameters. A port can be “removed”
by terminating it with an open circuit. In practice, the open termination can be
implemented with the transceiver to which the antenna is connected to. The output
of an unbiased amplifier appears as a very small capacitance, which is practically an
open circuit. Changing the termination at the antenna’s ports changes the reflection
of current from the ports, thus affecting the overall current distribution on the
antenna. Current being the primary source of radiation, a change in the antenna’s
surface current reflects to its radiation properties, such as the electrical length or
radiation pattern.

The effect of an open termination is calculated by re-normalizing the S-parameters
with (3.9). In principle, the method could be used with arbitrary termination
impedances, which opens possibilities for further optimization. However, this work
concentrates on the open circuit terminations.

To further improve the performance, the combinatory feeding can be combined
with the weighted feeding presented in Section 3.3. The dissipation matrix D from
(3.15) is dependent on the S-parameters, therefore each re-normalization will yield
different eigenvalues and eigenvectors resulting in different TARCs [42] for each
feeding combination.

To demonstrate the concept, Figure 13 illustrates the TARCs of the studied
L-shaped sheet with two ports that are located asymmetrically with respect to the
element in three different cases. In case A, the antenna is fed only from port A and
port B is terminated with an open circuit. In case B, the antenna is fed only form
port B and port A is open. Finally in case AB, the antenna is fed simultaneously and
equally from ports A and B. All of the three cases have different resonant frequencies
due to different surface current distribution obtained by the varying terminations.
The optimum performance in obtained by selecting the best feeding combination at
each frequency. In Figure 13, the best achievable response is illustrated with the
black envelope curve.
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Figure 13: (a) A studied two-port antenna. (b) The TARCs of different feeding
combinations (dashed lines) and the optimal TARC (solid black line).
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As demonstrated by the simple example, by going through all possible feeding
combinations, with an n-port antenna it is possible to create n2−1 different resonances,
which altogether can cover a large frequency band. An important point to notice is
that to maximize the number of different current distributions, the feeds should be
placed asymmetrically with respect to a symmetrical antenna element. Otherwise, the
reconfigurability of the antenna is reduced due to redundant feeding combinations.

4.4 Main antennas
Based on the preliminary study and the discovery of combinatory feeding, the L-
shaped folded sheet is selected as the main antenna element. The selected shape is
ideal for mobile handsets as it resembles the end piece of a modern mobile phone in
Figure 1. In addition, using only a single reconfigurable element allows utilizing all
available volume in the handset efficiently, which benefits the low-band performance.
Figure 14(a) illustrates the selected main antenna geometry. The antenna is fed
from four ports that are unevenly spaced on the element. In addition, the element
features a cutout to improve high frequency response.

The number of feeds on a combinatorially-fed antenna is one of the most important
design parameters. Ideally, the number of ports should be kept low to reduce
complexity. On the other hand, the number of ports has to be high enough to cover all
the desired frequency bands. The location and number of ports for the main antenna
are determined by iteration. As an example, Figure 14(b) illustrates the simulated
total efficiencies with all two-port feed combinations. Similarly, Figure 14(c) illustrates
efficiencies for three and four-port feed combinations. None of the double feed
antennas are sufficient to meet the design goals given in Table 3. However, compared
to the preliminary study, the low-band performance has increased significantly. The
difference between two and three-port antennas is not significant in the low band,
however the three port antennas provide better mid and high-band operation. Two
of the three-port combinations are able to meet all of the defined frequency goals. In
Figure 14(c), the combination ABD (red) has the best low-band operation whereas
the combination ACD (green) high band has better high-band response. As a result,
a fourth port is added to the antenna as the response from the combination ABCD
can be seen as a compromise between the two combinations ABD and ACD.

The fourth port is added despite the cost of increased complexity as it benefits
the antenna’s performance in MIMO operation. Introducing more antennas to the
handset reduces the total efficiency due to mutual coupling of antennas. As a result,
performance drops, such as with antenna ABD at 1.8 GHz, should be avoided to
compensate for the possible coupling losses. Due to the short electrical distance
between antennas in the 0.7–1.5 GHz range, the lower operation frequencies should
be prioritized over high bands in the design. At higher frequencies, the coupling
losses are not as significant due to increased electrical distance.

After determining the necessary number of ports, the resonance frequencies of
different feeding combinations are tuned by adjusting the feeding strip in the x-
direction. Increasing the length of the feeding strips adds inductive reactance to the
antenna input impedance thus lowering the resonant frequency. The long feed line
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Figure 14: a) The simulated main antenna design with the studied port locations
b) Matching efficiencies of all possible two-port antennas c) Matching efficiencies of
three and four-port antennas.



41

on port D is used to set the lowest resonance frequency of the antenna. The same
feed is connected to the end of the element so that it provides the longest possible
current path on the element.
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Figure 15: Comparison of the antenna total efficiency with and without a cut. The
dashed lines represent the individual TARCS that constitute the black envelope
curve.

At frequencies above 5.5 GHz, the total efficiency of the antenna decreases due to
lack of short current paths. As a result, a cutout seen in Figure 14(a) is introduced to
the antenna element. The cut improves the matching in the high band by introducing
alternative shorter current paths on the antenna. The effect of the cut can be observed
from Figure 15, which compares the antenna’s total efficiency with and without the
cut. The low-frequency behavior of the antenna is mainly determined by its overall
dimensions and is not affected if cuts or holes are introduced to the antenna surface.

Based on the simulated total efficiency, the antenna operates in two modes. At
frequencies below 1.8 GHz, the antenna works in non-resonant mode as a CCE and
at higher frequencies, it works in resonant mode similar to a monopole antenna.
For a resonant operation mode, the length of a monopole antenna must be at least
quarter of a wavelength. At the antenna’s lowest operating frequency, a quarter of a
wavelength is 107 mm whereas the width of the element is only 68 mm. Similarly,
at 700 MHz, the length of the ground plane is 120 mm, which is less than λ/2 that
is required for a fundamental ground plane mode. The difference in the operation
mode can be observed from Figures 14(b) and (c) where the matching of the antenna
is clearly improved at frequencies above 1.7 GHz.

The input impedance of a single port antenna can be investigated intuitively
on the Smith chart. In contrast, the concept of input impedance for multiport
antennas is not well defined. In case the multiport is fed without a feeding network,
such as a power divider, the antenna is characterized with active coefficients such
as the TARC (3.10). The active coefficients are real numbers that do not contain
information about the phase, thus making it impossible to analyze the antennas
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input impedance in terms of resistance, inductance, and capacitance. It is possible to
investigate the input impedances of individual ports to analyze the antenna; however,
as the number of ports increases the task becomes extremely difficult.

To study the impedance behavior of the combinatorial antenna, Figure 16 com-
pares the total efficiency of the studied antenna with different port impedances.
Lowering the port impedance to half of the nominal 50 Ω improves the matching
in the low band but simultaneously decreases the high-band performance. In com-
parison, doubling the port impedance improves the efficiency in the high bands but
decreases the efficiency in the low band. In the context of this work, the 25 Ω port
impedance would be the ideal choice as the high-band efficiency is comparatively
easy to improve with respect to the low band. Nevertheless, in the following sections,
the antenna will be analyzed with respect to the 50 Ω to make the results more
comparable with other designs proposed in the literature.
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Figure 16: Comparison of the antenna total efficiency with different reference
impedances.

4.5 Data antennas
The handset has to feature six data antennas located at the sides of the substrate
as illustrated in Figure 11. The lowest operating frequency for the data antennas
is 1.55 GHz and the corresponding quarter wavelength is 48 mm. The length of the
ground plane on the side is only 120 mm, which implies that resonant antenna elements
cannot be used in the low-middle band. Initially, a distributed element antenna
similar to the first design in Section 4.2 was tested for the purpose. However, the
design could not meet the efficiency specifications due to high inter-element coupling.
Based on the promising results from the main antenna design, a down-scaled version
of the main antenna is used as a starting point from which the individual data
antennas are tuned to the right frequency ranges. The final design for a data antenna
is illustrated in Figure 17 where the length of the element is 27 mm.
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Figure 17: The proposed data antenna design. The red rectangles denote the feed
locations.

The data antenna design has three major differences to the main antennas. Firstly,
due to relatively smaller available volume for each antenna, the data antennas use
four straight feed strips in contrast to the main antenna which uses a longer folded
strip in one of the ports to improve the low band response. Secondly, due to smaller
electrical size with respect to the highest operation frequency, the data antennas do
not require the cutout that is used in the main antennas to improve the high band
response. Finally, the antenna element and the feeds are supported by a substrate
block, which acts as a mechanical support. To highlight the shape of the antenna
element, in Figure 17, the substrate block is depicted transparent. In order to avoid
having feed lines in the substrate, the feeding points are changed to the top of the
element as opposed to the main antennas. The change of location did not have any
noticeable effect to the antenna’s performance.

The number of necessary feeds per antenna is determined in the same manner as
the main antennas, and the ideal number proved to be four. Figure 18 illustrates
the total efficiency of a single data antenna with respect to three different reference
impedances. The efficiency of a single antenna is only useful for comparing different
antenna geometries, as the presence of neighboring antennas will affect the overall
performance. Furthermore, the antenna location with respect to the ground plane
also affects the performance significantly. The results in Figure 18 are from an
antenna located in the corner of the ground plane.

The proposed data antenna works similarly to the main antenna. Overall, the
single antenna works well reaching better than 70 % total efficiency in all bands
peaking at 99 % efficiency. The matching is worst in the lowest operation band due
to the limited size of the element. As with the main antennas, the efficiency and
bandwidth could be improved by using a lower reference impedance, which results in
narrower band resonances. Similarly, a higher reference impedance would benefit the
high-band operation.

In addition to the antenna dimensions, the placement of a capacitive coupling
element with respect to the ground plane is a key parameter that affects the antenna’s
matching and bandwidth. The approximate locations of the main antennas are
specified in Section 4.1; however, the data antenna locations are not explicitly
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specified leaving room for optimization. The optimal location of an antenna can be
found out by experimentation, which can be a laborious process. In this work, the
theory of characteristic modes is used to study the antenna placement.
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Figure 18: The total efficiency of a single data antenna with reference impedances.
The individual TARCs for the 50Ω case are illustrated with the dashed line.

4.6 Placement
In their lower operating ranges, both the main and data antennas work as capacitive
coupling elements. Studies [12, 52] suggest that coupling of a CCE to a groundplane
mode is the strongest when the element is placed at the electric field maximum.
Similarly, an inductive coupling element (ICE) should be placed to the magnetic
field maximum. The electric field is in space quadrature with the surface current,
which means that the electric field will be strongest where the surface current is the
weakest. However, ICEs such as in [53] require either a cut in the groundplane or
large loop structures that occupy large surface areas. For these reasons, the inductive
elements are not considered in this work.

To study the characteristic modes of the groundplane, the structure is simulated
using CST Microwave Studio’s integral equation solver. Figure 19 illustrates the
simulated current distributions of the three first characteristic modes of the ground
plane at 1.55 GHz and 3 GHz. At 1.55 GHz, the current minima of the modes J1 and
J3 are located in the corners of the groundplane. For the second mode the minima
are located in the middle of the groundplane’s horizontal edges, which suggests that
an antenna placed in the corner or in the middle would perform well at 1.55 GHz.

A mode is just a solution to Maxwell’s equation that meets a given set of boundary
conditions. For a mode to have any significance in an antenna application, it should
radiate. As was discussed in Section 2.2, a characteristic mode is more likely to
radiate at the frequency where its eigenvalue is close to zero. Figure 20 illustrates the
eigenvalues of the three most significant modes centered at 1.55 and 3 GHz. Based
on the eigenvalues, at 1.55 GHz only the first mode has significant contribution to
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Figure 19: Surface currents of three first characteristic modes of the groundplane at
1.55 GHz and 3 GHz.

the groundplane’s radiation with the second mode having only a small impact on
the total radiation.

The characteristic mode study implies that at 1.55 GHz the best antenna per-
formance is achieved by placing the antennas in the corners of the ground plane.
However, as there are only four corners and six data antennas, two of the antennas
must be placed to the middle of the long edges to avoid excessive coupling between
adjacent antennas. The non-ideal location of the two antennas will reduce the perfor-
mance in the 1.55 GHz ranges; however, in a MIMO operation, the loss of efficiency is
compensated by the corner antennas. In (3.3) the correlation matrix is weighted with
the geometric average of the antenna efficiencies. As a result, the ergodic capacity
of the handset is not reduced significantly if one or two antennas perform slightly
worse.
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Figure 20: Eigenvalues of the first three modes at a) 1.55 GHz b) 3 GHz.

For comparison, at 3 GHz, mode J3 has current minimum in the middle of the
long edges and the current density of mode J2 low. In addition, the eigenvalues in
Figure 20(b) indicate that all of the three modes should contribute to the radiation.
This suggests that an antenna placed in the middle will perform equally with the
antennas placed in the corners at 3 GHz.

According to [21], in the low band, the element size has greater impact than its
location relative to the groundplane. In contrast, at higher frequencies, the location
of the element and its feeds become more important. Based on the findings of [21] and
the characteristic mode study, the middle elements are made 3 mm longer than the
neighboring ones to compensate for the non-optimal location. The final dimensions
of the handset are illustrated in Figure 21.

Because of coupling, the total efficiency of one antenna on the handset is affected,
in addition to its feeding combination, by the feeding combinations of the adjacent
antennas. As a result, the maximum achievable total efficiency of single antenna is
dependent on the use case, i.e., the order of MIMO. For example, in 8 × 8 MIMO the
weights for all antennas must be computed simultaneously. Two identical antennas
might need to be fed with differently weighted signals to reduce coupling to other
antennas. The same feed weighting might result into strong coupling between the
antennas. In comparison, if only one antenna is used for transmission, its total
efficiency can be further improved by selecting appropriate feeding combinations
for the other unused antennas such that the power coupled from the transmitting
antenna is minimized.

To be able to comparable results in the antenna element design phase without
accounting for MIMO, antennas are compared such that all ports on the handset
except the ports of the antenna of interest are terminated with matched loads. The
obtained efficiency does not represent the performance in most of the cases, but the
obtained results can be used for comparison between antenna elements. Consequently,
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Figure 21: The dimensions of the manufactured prototype in millimeters.

Figure 22 displays the simulated matching efficiency of each data antenna while the
other antennas are terminated with matched loads. The case-dependent efficiencies
are studied in Chapter 6.

The frequency response of each data antenna is tuned similarly to the main
antennas by adjusting the feed locations. In addition to the frequency response,
the location of the feeds also affect the coupling losses. Two adjacent antennas
whose group of three feeds are close to each other, for example antennas 1 and 8
(see Figure 11), couple more than antennas that have their feeds away from each
other, such as antennas 7 and 8. As a result, to minimize the coupling loss of the
non-optimally placed middle antennas, the feeds of the other data antennas are
placed towards the main antennas.

According to the simulated results, the antennas 6, 7 and 8 perform worse than the
other data antennas in the 1.5–2 GHz range. In contrast, above 3 GHz the mentioned
elements perform equally with the other elements as predicted by the characteristic
mode analysis. In addition, in the HMB, the electrical distance between the antennas
grows, which results in reduced coupling and higher total efficiency. Interestingly
enough, the antennas with inferior performance are located on the same side of the
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Figure 22: Total efficiency of a single data antenna while other ports are terminated
with matched loads. The dashed line illustrates the efficiency goal.

handset. The difference to the antennas on the other side is explained with stronger
coupling to the main antennas, as most of the main antenna feeds are located on
the same side of the ground plane. Despite the stronger coupling and the fact that
antenna 7 does not meet the design specification at 1.7 and 1.9 GHz, the results are
satisfactory.

To further demonstrate that the loss of total efficiency is caused by coupling instead
of insufficient matching, Figure 23 illustrates the simulated distribution of power in
antenna 4 under 8 × 8 MIMO calculated from the κ-parameters introduced in (3.13).
The figure verifies that at the 1.55 GHz frequency band where the total efficiency of
the antenna is the worst, the matching is reasonably good and most of the power is
lost due to coupling to other antennas. Above 3 GHz the coupling in significantly
reduced due to increasing electrical distance as explained above. To decrease the
coupling, the antenna elements should be made smaller or de-coupling methods
such as proposed in [54, 55] could be used. The problem, however, with currently
existing de-coupling methods is their inherently narrow bandwidth. Although, as the
simulation results points out, de-coupling even at one frequency band could bring
significant improvement to the antenna’s performance.
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Figure 23: Simulated distribution of power in antenna 4 under 8 × 8 MIMO. The
coupled power denotes the total power coupled to the other antennas on the handset.
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5 Prototype and measurement
This chapter describes the manufacturing and measurement of the proposed handset.
The measured S-parameters and efficiencies from single ports are compared with
simulation results to evaluate the reliability of the simulation model and the prototype.
The analysis on the directly obtained measurement results is rather short, as the
results related to the handset’s performance such as ergodic capacity and antenna
efficiencies require further processing of the data and are analyzed in Chapter 6.

5.1 Antenna prototype
The dimensions of the manufactured antenna prototype are illustrated in Figure 21.
Substrate for the handset including the support blocks for the data antennas is
milled from single piece of Preperm L260 [56] high frequency plastic. The material
is selected due to its consistent permittivity and low loss tangent of 0.001. The
conducting metal parts of the antennas and the groundplane are laser cut from
0.1 mm thick tin bronze sheets. To ease the bending of the antenna elements and to
ensure sharp corners, perforations are added to the fold lines.

The data antenna elements are cut from single piece of bronze, however, due to
the antenna geometry, the main antenna feeds have to be manufactured as separate
pieces. To correctly align the feed strips, 0.1 mm deep grooves are milled to the
substrate. In addition, to connect the feed strips to the main antennas, small slots
are added to the elements so that the feeds strips protrude through the elements
allowing them to be soldered together. All of the sheet metal parts are adhered to
the substrate with cyanoacrylate glue.

Figure 24: The manufactured antenna prototype and port numbering.

Each antenna element is fed with Crystek semi-rigid coaxial cables [57] equipped
with 3.5 mm male SMA connectors. The length of each feed cable is 230 mm. To
attach the cables, 2.3 mm holes are drilled through the substrate and are located in
front of the feed strips. The outer conductors of the cables are directly soldered to
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the ground plane and the center conductors are bent and soldered to the feed strips.
Figure 24 displays the manufactured handset prototype without the feed cables.

5.2 Measurement
The S-parameters of the handset are measured with a Keysight N5225A PNA four-
port vector network analyzer. To avoid measurement error due to reflections from the
environment, the handset is measured in an anechoic chamber. For visual comparison,
Figure 25 illustrates selected reflection coefficients of ports 4, 12, 16, and 17 (see
Figure 24 for port numbers). The ports are selected as each of them belongs to
different antenna on the handset. The Figure 25 shows that the measured and
simulated parameters match each other; however, the measured reflection coefficients
are smaller than the simulated at almost all frequencies. The improved matching is
mostly due to losses in the semi-rigid coaxial cables as they are not present in the
simulation.
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Figure 25: The measured reflection coefficients of ports are denoted with a solid line
and the simulated are denoted with a dashed line.

The far-field patterns for single port excitation are measured with StarLab compact
near-field antenna measurement system from Microwave Vision Group. Figure 26
illustrates the handset in the measurement chamber. To mount the handset to the
rotator on the measurement arch, Styrofoam collars are used as a support. The same
collars are also used during the S-parameter measurements to support the handset.
Although the highest specified operation frequency of the handset is 6.5 GHz, the
far-field patterns are measured from 0.5 GHz to only 6 GHz due to limitations of the
measurement system. Figure 27 illustrates measured and simulated total efficiencies
calculated from the far-field patterns for the same ports as in Figure 25. For the
selected ports, the measured efficiencies are in good agreement with the simulations.
The measured data has some ripple, which is caused by the coaxial cable and the
adapter attached to the handset.



52

Figure 26: The handset in the StarLab measurement chamber.
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Figure 27: Comparison of measured (solid) and simulated (dashed) total efficiencies
of four antenna elements.
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6 Data processing and results
This chapter focuses on analyzing the performance of the measured and simulated
handset. Because the combinatorial feeding method is used to feed the handset, the
standard measurement or simulation results do not describe the handset’s performance
in an easily understandable form. The Chapter is organized in two parts. The first
part describes the algorithm that is used for calculating the feeding weights and
determining the optimal excitation for each antenna. The second part discusses an
algorithm that is used to calculate the total ergodic capacity of the handset.

6.1 Weight and total efficiency calculation
Ideally, the feeding combination of a single antenna determines the frequency response
of that particular antenna. However, the combinations of the neighboring antennas
affect the performance as well because of coupling. If two antennas are tuned to
the same frequency, the coupling is stronger than if the antennas are tuned to
different frequencies. If only a single antenna is used for reception or transmission,
the other antennas can be detuned such that the total efficiency of the single antenna
is maximized. However, in 8 × 8 MIMO transmission or reception, all antennas
operate at the same frequency that requires the feeding combinations to be selected
such, that the total efficiency of all antennas is maximized. Optimizing the feeding
coefficients for all antennas is a challenging task. Changing the combination of one
antenna affects the total efficiency of all other antennas. Therefore, the best feeding
configuration has to be determined by optimizing the performance of all antennas
simultaneously.

Each antenna on the handset has four ports. As a result, the number of available
feeding combinations for the handset is 158 ≈ 2.56 × 109 at a single frequency. As a
result, it is impossible to calculate all possible cases on an average PC workstation in
a feasible amount of time. Instead of the “brute-force” approach, a custom algorithm
is developed for the feed optimization.

In short, the weights are calculated from the S-parameters that are either simulated
or measured. The algorithm starts from the first frequency point of the S-parameters.
Initially, all feeds are active and the algorithm calculates the total efficiencies for
all antennas. Next, one feed is turned off, and the worst total efficiencies of the
previous and current states are compared. In case the worst efficiency is improved,
the respective feed remains in off-state and the same switch-off test is performed to
another feed. After multiple tests that do not improve the efficiency of the worst
performing antenna, the algorithm stops. After completion, the process is repeated
for the next frequency point. To save time, the feed combinations of the previous
frequency are used as the starting point for the next frequency.

Figure 28(a) depicts the total efficiencies of the antennas in 8 × 8 MIMO using
feeding weights that are computed with the algorithm described above. In the low
band, the efficiencies are computed only for 2 × 2 MIMO as the band is not specified
for 8 × 8. The algorithm focuses on improving the worst performing antenna. As a
result, all antennas perform fairly equally in terms of total efficiency. The ripple in the
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curves is characteristic to the algorithm as the optimization is done for one frequency
at a time. The response can be made more continuous by removing unnecessary
rapid changes at point frequencies. In practice, one feed combination should be used
in a wider, for example 20 MHz, band so that the antenna would not have to change
state while changing its mode from transmission to reception.
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Figure 28: (a) The simulated and (b) measured total efficiencies of the antennas in
2 × 2 in the low band and 8 × 8 MIMO in other bands.
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In comparison, Figure 28(b) depicts the computed total efficiencies that are
obtained from the measured far-field patterns after applying the feeding weights. On
a large scale, the curves follow the correct trend. However, the obtained efficiencies
exhibit heavy oscillation at all bands, which are caused by the semi-rigid coaxial
cables attached to the antennas. Because the S-parameters of the handset are
measured from the end of the 230 mm long coaxial cables, terminating an antenna
with an open circuit is no longer a straightforward operation. The input impedance
(antenna termination impedance) of a terminated transmission line (the coaxial cable
terminated with open circuit) depends on the frequency and the length of the coaxial
cable as follows:

Zin(l) = Z0
ZL + jZ0 tan(βl)
Z0 + jZL tan(βl) , (6.1)

where β = 2π/λ and l is the length of the transmission line. Therefore, to simulate
an open circuit at the antenna, the measured S-parameters must be terminated with
a dynamic termination impedance ZL that is solved from (6.1) by setting Zin = ∞.
However, Equation (6.1) assumes that the transmission lines are lossless. In reality,
the cables exhibit losses. Thus, the feeding weights that are calculated from the
measured S-parameters with the optimization algorithm do not guarantee the best
total efficiency but the best matching efficiency instead. The importance of the
low-loss conditions for the approximation ηmatch = ηtot to hold can be witnessed by
comparing Figures 28(a) and (b). The problem in the feed weight optimization, which
arises from cable losses, could be avoided by calculating the weights from the far-field
patterns instead of S-parameters. However, that approach requires significantly more
computational effort than the one used in this work.

Another approach known as S-parameter de-embedding is a common procedure
to remove unwanted effects of measurement cables and probes from measured S-
parameters. However, a successful de-embedding requires the exact S-parameters
of the cables are known. In this work, measuring the cable S-parameters proved
challenging, as it would have required disassembling the fragile prototype. Because
of the difficulty to de-embed the effects of the coaxial cables, the validity of obtained
results can be questioned. In a real application, however, the countered problem would
not play a significant role, as the antennas should be fed directly from the transceivers
without long transmission lines. Nevertheless, characterizing the antennas will require
careful planning and the problems encountered in this work must be addressed to
guarantee a successful design.

6.2 Capacity calculation
Ergodic capacity describes the handset’s ability of transmit data over a MIMO
channel. To calculate the capacity, both the correlation between antennas and their
efficiencies must be known. Both of the required parameters can be calculated from
the antennas’ farfields or alternatively from S-parameters [38] in the case that the
antennas exhibit low losses. In general, S-parameters are easier to obtain than
accurate far-field patterns and calculation based on S-parameters typically requires
less computational effort, thus making the S-parameter approach more preferable
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over far-field analysis. Unfortunately, in this work the S-parameter approach cannot
be used as currently known equations are not applicable for multiport excitation.

Alternatively, the efficiency and correlation can also be calculated from the
antenna’s far-field pattern, which can be found by simulation or measurement. The
standard procedure to obtain the patterns is to record the farfields of the antenna
when excited from one port at a time while other ports are terminated with matched
loads. However, a combinatorially-fed antenna requires multiport excitation which
complicates the measurement process. Moreover, due to the large number of possible
combinations, measuring or simulating all possible combinations and excitations
would not be a feasible operation. As a result, the far-field decomposition introduced
in Section 3.4 is used to construct a compound field that corresponds to an arbitrary
excitation. The data needed to obtain the compound field is either simulated or
measured with the standard procedure. In this way, the number of measurements
that are required to characterize the properties of a combinatorially fed antenna is
reduced to the number of ports on the antenna. However, the field decomposition
method requires that also the S-parameters of the antennas are known.

As described, calculating the ergodic capacity of the proposed handset from the
far-field data contains several steps. To simplify the calculation process, a custom
algorithm is developed for the task. Figure 29 illustrates the steps of the algorithm.
With the proposed method the handset can be analyzed from a single EM-simulation
or a set of far-field and S-parameter measurements. After the required frequency-
dependent data is obtained, the algorithm inside the dashed box is repeated for each
frequency point.

The algorithm can be divided into two main parts. First, in steps 1–5 the far-field
and S-parameter data is used to construct the total far-field pattern of each antenna.
Second, in steps 6–8 the obtained patterns are used to calculate the ergodic capacity.
The output of each step, the output type, and the number of important equations
are given in the respective boxes. For example, the step 1 produces an n × n array
of scalar elements, whereas, the step 2 produces a 1 × n vector of matrices (denoted
with the hat symbol). The optimal method for implementing the functions of the
algorithm depends on the programming language and platform. In this work, the
algorithm is implemented as a Matlab ® script and thus the process is optimized for
the specific platform.

In step 1, to form an orthogonal far-field basis as described in Section 3.4, the
currents in the antenna ports that correspond to the measured or simulated far-field
patterns are calculated from the antenna’s S-parameters. If the S-parameter type
wave-excitation is known, Equation (3.8) can be solved in terms of current I which
yields

Ii = 1√
Re(Zi)

(ai − bi). (6.2)
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Calculated for each frequency

MATLAB

Antenna data
Farfield pattern Ê [n× f ],

S-parameters Ŝ [1 × f ]

f : number of frequency points

n: number of ports

m: number of antennas

1. Calculate currents in
measurement configuration

I [n× n] (6.2),(6.3)

3. Find optimal weights
A [1 × n] (3.18)

2. Farfield decomposition
K̂ [1 × n] (3.21)

4. Calculate currents
in multiport excitation
IA [n×m], Pav (6.2),(6,4)

5. Construct compound fields
Êtot [1 ×m] (3.19)

7. Calculate correlation
R̄r [m×m] (3.6)

6.Calculate total efficiency
Λ [m×m] (2.1)

8. Calculate Ergodic capacity
C (3.1)

S S, Ê

Pav

Figure 29: The structure of the algorithm used for calculating the handset’s ergodic
capacity.

To obtain the reflected wave vectors bi, the S-parameter matrix S is multiplied
with incident wave vectors ai that correspond to the excitations from which the
far-field pattern of each port is obtained. In the case of field measured with the
standard procedure, the excitation vectors are:

a1 =
[
1, 0, . . . , 0

]
, a2 =

[
0, 1, . . . , 0

]
, . . . , an =

[
0, 0, . . . , 1

]
, (6.3)

where n is the number of ports.
In the second step, the far-field basis K is formed from the original far-field

patterns and the currents solved from the group of linear equations given in (3.21).
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Simultaneously in step 3, the weights for optimal excitation are calculated from the
S-parameters with the algorithm described in Section 6.1. The weights are then
used in step 4 to calculate the corresponding port currents. The simplest method
is to use (6.2) as in step 1 to obtain the currents. However, opposed to step 1, the
S-parameters must be first renormalized with (3.9) to account for the open and
short circuit terminations. The total field of each antenna is obtained in step 5 by
multiplying each column of the current vector IA with the far-field basis array K.

After the n far-field patterns are reduced to the number of antennas, the handset
is treated as any eight-antenna handset. In steps 6 and 7, the total efficiencies
and the complex correlation coefficients between antennas are calculated from the
compound fields with (2.10) and (3.6). The power available from the source Pavs that
is needed to normalize the total efficiency is calculated from the feeding coefficients.
However, because the currents are calculated from the incident wave vectors a, which
are normalized such that aHa = 1, the time average available power is always:

Pavs =
∑ 1

2 |a|2 = 0.5W. (6.4)

Finally, the ergodic capacity is calculated with 10 000 Monte Carlo simulations.
In the following results, the reference signal-to-noise ratio ρT in (3.1) is set to
20 dB. Figure 30 illustrates the simulated and measured ergodic capacities in 8 × 8
MIMO. Similarly, Figure 31 illustrates the simulated and measured low band ergodic
capacity in 2 × 2 MIMO. The simulated 8 × 8 capacity is nearly ideal between 4 and
6 GHz, which is mostly due to good antenna efficiency and low correlation. Similarly,
despite the oscillatory efficiencies witnessed in Figure 28(b), the measured results are
promising. As can be noticed from Figure 30, the ergodic capacity is not significantly
affected by the total efficiencies of the antennas. In (3.6), the correlation matrix Rr
that is needed to calculate the capacity is weighted with the geometric average of
the antenna efficiencies. Therefore, the obtained capacity is high as the average of
the efficiencies is always at reasonably high level.

In the low band, the measured capacity is higher than the simulated capacity
between 0.7–0.85 GHz. Despite the worse total efficiency, the difference is explained
with noticeably smaller correlation between the two antennas in the measured
case. The measured and simulated correlations calculated with (3.6) are depicted
in Figure 32. The smaller correlation for the prototype is caused by small realized
imperfections, such as bending of the antennas, which make the two antennas less
identical. The correlations at the higher bands are not shown as their impact on the
capacity is considerably smaller.
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7 Summary
In this thesis a new type of wideband antenna for mobile devices is developed. The
antenna’s operating principle is based on combinatorial feeding method, in which
number of ports on a multiport antenna is varied dynamically as a function of
frequency. The proposed method enables simple radiating structures, such as parts of
the mobile phone chassis, to be used as the antenna elements. The work extends the
research done by Hannula et al. in [3, 4] and uses similar multi-channel transceivers
for feeding the multiport antennas. In addition to the receiver, the proposed antenna
element does not require any external matching circuitry.

To test the feasibility of the proposed method, a prototype handset antenna for
future 5G and beyond mobile handsets was designed, manufactured and measured.
The prototype features eight antennas and can operate in 2 × 2 MIMO for low 0.7–
0.9 GHz band and 8 × 8 MIMO at 1.55–2.7 GHz, 3.3–4.7 GHz, and 5.85–6.425 GHz
bands. To verify the handset design, a working prototype was manufactured and it’s
S-parameters and far-field patterns were measured. Because of the combinatorial
feeding method that is used to feed the handset, authentic testing of it is not possible
without a special multichannel transceiver. However, the handset’s performance is
fully studied from computational results obtained from measurements.

Each of the eight antennas on the handset consist of four feeding ports. To
measure the S-parameters and far-field patterns of all antennas, the 32 ports were fed
through coaxial cables. As a result, measuring the handset’s performance proved to
be a difficult task as the feeding cables were inherently embedded in the measurement
results. In a practical application, however, the antennas are directly connected to
the transceiver IC, which eliminates the problems caused by the feed lines. Measuring
a combinatorially fed antenna, however, requires special attention and measurements
have to be carried out in a correct order to obtain reliable results.

Despite the difficulties encountered in this work, the obtained results are promis-
ing and show that combinatorial feeding can be successfully utilized for designing
wideband antennas for mobile applications even with simple radiating bodies. The
main benefit of combinatorial feeding is the added freedom in the design of the
antenna geometry. As opposed to more traditional design approaches, with combina-
torial feeding the antenna element does not need to be optimized for all frequency
bands. Instead, the frequency response is determined by adjusting the antenna feeds.

Based on experiments with different antenna element designs for this work, the one
of the most significant difficulties in designing wide band high order MIMO handset
is the electromagnetic coupling between the antennas on the handset. Especially
due to inclusion of lower operation frequencies that require large physical radiating
structures, the power fed to an antenna couples the other antennas instead of radiating
to the farfield. The coupling is caused by the inherently short electrical separation
between antennas, which is due to the size constraints given to a modern handset.
Although, in theory an antenna element of high efficiency can be designed, the
coupling, unless mitigated in some manner, will act as the dominant loss method
especially at lower frequency bands. As a result, with high order MIMO handsets,
reducing the coupling between antennas remains as an important topic for future
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research about mobile antennas at sub-6 GHz frequencies.
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