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1. Introduction

Wireless systems became widely available to consumers after the emergence of
GSM networks for mobile communication in the 1990s. Since then, the number
of wireless devices has increased at gathering speed currently exceeds 10 billion
world wide [1]. A growing number of people access the internet using a mobile
device connected to a mobile network. The share of mobile broadband connection
for home use is rising globally as well, and new applications are predicted to
require increasingly more bandwidth as shown in Figure 1.1.

One of the most significant devices leading the increase in wireless data
traffic has been the smart phone, which allows high definition video and voice
to be streamed with minimal latency to almost anywhere. While voice traffic
was initially the only contributor to overall mobile traffic for many years and
continued to steadily increase between 2007 and 2013, data traffic started to
make a significant contribution at the beginning of that period, overtaking voice
traffic at the end of 2009, and continuing to grow rapidly [1], [2]. Recently,
machine-to-machine (M2M) communications, including, such features as the
"internet of things" (IoT), home automation, RF sensing, and cars, have started to
account for the most significant proportion of wireless data traffic. Furthermore,
M2M is expected to increase 2.4-fold between 2018 and 2023, and to make up
50% of total traffic by 2023 [1].

The fifth generation (5G) of mobile networks has been a hot topic of research

Figure 1.1. Predicted demand for bandwidth in a future home [1].
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during the past 10 years [3], [4], and it is expected to meet the increasing
demand for data in the near future. The initial 5G deployment will use sub-
6 GHz frequencies. Antennas in these devices using such frequencies can mainly
be designed using the conventional design rules and methods [5]. However,
the sub-6 GHz frequency range is already highly congested globally and cannot
support the projected demand in the long run. The movement to mm-waves
(30–300 GHz) has been the main focus of recent research in 5G communication.
The systems operating at these frequencies have to utilize different structures
and manufacturing methods to achieve the required data-rate and efficiency
goals [6]. Phased arrays allow the EM waves to be directed precisely to a desired
direction unlike in current systems where the base stations radiate energy
to large sectors and mobile devices have almost isotropic antennas. Smaller
wavelengths at mm-wave frequencies makes it possible to achieve a significantly
higher directivity without increasing the physical size of the antenna and the
research in integrated electronics enables beam steering in mm-wave antenna
arrays [7]–[9].

While wireless communication has recently been the main driving force in
microwave and RF research, have RF-sensing applications at mm-waves also
started to be adopted in the consumer market due to its wide application [10],
[11]. In particular, the shift to mm-waves and phased arrays enable the tech-
nologies related to mobile communication and sensing to converge. Convergence
of these technologies has started to decrease the cost of technologies related
to RF sensing, which have been previously used mainly in expensive military
applications. Radars and RF imaging, which have already become more common
in cars, are expected to be used even more extensively in autonomous vehicles,
to increase safety. Applications that combine both wireless communication and
sensory operation have even been proposed for use in cellular 5G base stations
and vehicles, for example, to help prevent traffic accidents. The technology also
decreases the number of devices used, since one device can now be adapted to
handle multiple applications [10]–[13].

Development towards new mm-wave 5G networks has spawned a lot of new
research in the frequency range starting from 20 GHz [14]–[20]. Many of these
arrays are relatively narrow band, covering mostly just frequency band of one
specific application. The relative narrow band design allows the antenna to
be compact and easily manufactured, but a new design is required for each
application operating at slightly different frequency. On the other hand, previous
research in wideband antenna arrays has generally concentrated at frequencies
under 20 GHz [21]–[24]. Wideband antenna design are generally larger in
volume but some thin structures have also been designed [25]–[27]. More
recent research on ultrawideband antenna arrays for enabling novel radars and
wireless communication systems moves in the Ka-band [28]. Yet, there are still
number of issues to be solved before wideband multifunctional antenna arrays
with modular and polarization agile design at mm-wave frequencies for telecom,
satellite communication, and sensing applications both in civilian and defense
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markets are wide spread.

1.1 Objectives of this work

The main aims of this thesis are to study wideband mm-wave antenna array
elements, their manufacture, and the integration of the antennas and electronics.
An additional objective is to study co-design of mm-wave antennas in current
handsets with LTE antennas.

The first objective of this thesis is to study how wideband antenna arrays can
be designed, manufactured, and measured at mm-wave frequencies especially
between 20 GHz and 40 GHz. These antennas could be used in future communi-
cation and sensing applications where wideband operation and beam steering is
required. The aim here is to study how the shrunk antennas can be designed and
integrated with electronic components, such as phase shifters and amplifiers.
One of the key issues is the interface between the antennas and the electronics.
Connectors have previously been used, but the decreasing size of the antennas
may prevent this with the antennas having to be directly integrated with the
electronics. Consequently, manufacture of these small antenna structures be-
comes increasingly difficult. Another objective is to study the feasibility of new
methods such as additive manufacturing (AM) in the context of small all-metal
antenna arrays.

The second objective is to study the co-operation and co-design of the LTE and
mm-wave antenna when realized in a shared volume. The mm-wave frequencies
require new antennas to be integrated within the mobile devices. The handsets
are already packed full and the new antennas should not interfere the other ex-
isting equipment such as the LTE antennas. In order to fulfill the requirements
for RF performance and for visual design, the objective is to investigate how the
LTE and mm-wave antennas can be designed in the same volume with sufficient
performance.

1.2 Main scientific contribution

The main scientific contribution of this work are (in order of publications):

1. Presenting a dual-polarized antenna array element design for Ka-band
with a characterization of single element simulations and measurements.
The antenna element has an operational bandwidth of 26 GHz to 40 GHz,
with a beam-steering range of ±60◦ with better than −10 dB active reflec-
tion coefficient.

2. Presenting a surface-mountable electrically steerable dual-polarized Vi-
valdi antenna array for Ka-band that can be mounted using either screws,
conductive glue, or solder. The surface-mounted antenna structure is a
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modification of a conventional antenna array that helps the design and
integration of antenna arrays when shifting to mm-waves. The antenna
array structures are designed using simulations and the operation of the
manufactured structures is confirmed using measurements.

3. Demonstrating the use of selective laser melting (SLM) and binder jetting
(BJ) as promising manufacturing methods for complex antenna array
structures even at Ka-band, and designing a surface-mountable antenna-
electronics interface to decrease the cost of manufacturing. The previously
mentioned AM methods are used to manufacture antenna arrays and are
compared with identical machined antenna array.

4. Presenting a modular and highly integrated, electrically beam-steerable,
dual-polarized antenna array for up to 30 GHz frequency. The prototype
uses 26.5–29.5 GHz beamforming ICs that are integrated in 4×4 antenna
array modules. The modules can be arranged according to any configura-
tion with a suitable interface connecting the modules. The prototype is
measured in a configuration with two modules.

5. Investigating how dielectric-filled waveguides could be used as antenna
elements and in power distribution for antenna arrays with λ/2-spacing in
E-band (60 GHz–90 GHz).

6. Presenting a mobile phone structure where mm-wave and LTE antennas
are embedded in the same volume in a case where both antennas have
been designed separately, and showing how they interact with each other.

1.3 Contents and organization of the thesis

This thesis consists of an overview and a presentation of the findings of six
publications [I]–[VI]. The overview provides the theoretical background used
during the research and summarizes the scientific findings presented in the
publications which can be found appended at the end of this thesis.

The rest of the thesis is arranged as follows. Chapter 2 introduces some of
the key electromagnetic structures used in this work and discusses the methods
which are commonly used to design them. Chapter 3 presents the key findings
of publications [I]-[IV]. Publications [I]-[III] present a dual-polarized Vivaldi
antenna array for Ka-band which can be surface mounted on a PCB. Additionally,
additive manufacturing is discussed as a potential method for making these
kinds of metallic structures. Publication [IV] presents a 30-GHz dual-polarized
Vivaldi antenna array module which can be used to assemble antenna arrays of
virtually any size and shape. The design integrates RFIC components, including
amplifiers and phase shifters, on one side of a PCB with the same foot print as
a 4×4 antenna module while the antenna module can be surface-mounted on
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the other side. Chapter 4 discusses publications [V] and [VI]. These solve some
of the challenges that mm-wave antennas and antenna arrays can present: a
low-loss feed network that uses dielectric-filled waveguides addresses the issue
of efficiency, whereas implementing a mm-wave antenna array within the same
volume as an already existing sub-6 GHz mobile phone antenna deals with the
potential problems of interference. Chapter 5 summarizes the publications, and
Chapter 6 concludes the thesis.
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2. Background on antenna array design

IEEE defines an antenna as "that part of a transmitting or receiving system
that is designed to radiate or to receive electromagnetic waves" [29]. It can also
be defined as a device or a structure between a transmission line and free space
transforming a guided wave into a propagating wave or vice versa. Antennas
can generally be further divided in wire, aperture, reflector, lens, microstrip, and
array antennas [30].

The goal of this chapter is to present the fundamental theory and concepts
that support this dissertation and which may be essential to understanding the
topic. The chapter is further divided into four sections in which the antenna
fundamentals, antenna array theory, antenna feeding, and antenna simulations
and measurements are explained.

2.1 Antenna fundamentals

Antennas can be characterized according to a few important electrical properties,
such as, impedance, matching, radiation pattern, directivity, gain, polarization,
and bandwidth. The theory behind antenna properties can be rigorously ex-
plained in detail starting from the Maxwell’s equations. Here, only a general
explanation of the important aspects that support the decisions made during
the research is given.

Antennas have a port impedance which is a function of frequency and depends
on the antenna structure. The impedance can be further divided into the load
resistance, the radiation resistance, and the reactive component [30]. The load
resistance represents losses such as the conductive and dielectric losses in the
antenna structure, while the radiation resistance represents the radiated power,
and the reactive components relate to the capacitance and inductance of the
structure.

Antenna impedance is related to antenna matching which describes the ratio
between the reflected power and input power between the antenna and the
transmission line. Generally, a matching of −10 dB or approximately 90% of
the power accepted in the antenna is considered acceptable. In some cases, the
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requirement may be more stringent. On the other hand, when a good matching is
hard to achieve, especially in current handsets, a more conservative performance
of −6 dB or even −3 dB can be acceptable [31]. The antenna impedance is
rarely purely real (resistive) while the transmission line impedances are real,
often 50Ω. To achieve better matching between the transmission line and the
antenna, a matching circuit is often used. The conjugate matching leads to zero
reflection [30], [32].

One, if not the most important, of the feature of the antenna is its directional
spread of radiated energy. This can be represented by the radiation pattern. A
radiation pattern is a graphical or mathematical representation of the radiation
properties of the antenna as a function of direction [30], [33]. It simply explains
the amplitude distribution of the radiated power, usually as a function of angle.
The radiation pattern also includes additional useful information such as the
beam width or more commonly half-power beam width (HPBW) and the level of
the side lobes [30]. The HPBW describes the width of the main beam in which
the radiated power is within half of the maximum radiated power. The side lobe
level (SLL) is the maximum level of the side lobes relative to the maximum of
the main lobe.

In addition to the direction of the radiation, it may also be important to un-
derstand how much power is or can be radiated to a specific direction. The
directivity of an antenna describes the intensity of radiation in a specific di-
rection relative to all radiated power. In the case of an aperture antenna, the
theoretical peak directivity D can be estimated from the size of the antenna
aperture A [30]:

D = 4πA
λ2 . (2.1)

The equation indicates that the size of the antenna aperture is directly related
to peak directivity.

The directivity of an antenna is related to the gain G of the antenna through
the antenna efficiency ε

G = εD. (2.2)

Antenna gain takes into account the losses within the structure and it is cal-
culated relative to the accepted power. Additionally, realized gain takes into
account the impedance matching of the antenna and can be considered a more
accurate representation of the real-world performance of an antenna. [33]

One more attribute related to the radiation characteristics of antennas is po-
larization. This describes the time-varying characteristic of the electro-magnetic
wave, i.e., the direction of the electric field vector that the antenna can transmit
or receive [30], [33]. Generally, all polarization can be characterized as ellipti-
cal but in an ideal scenario the polarization can also be described as linear or
circular. The polarization of the antenna is an important factor to consider in a
system with multiple antennas since a linearly polarized antenna with a polar-
ization perpendicular to another linearly polarized antenna will not transmit
any power through the system. Similarly, in the case of circular polarization, the
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"handedness" describing the direction of rotation of the polarization has to match
between the electro-magnetic wave and the antenna. However, a circularly po-
larized antenna can receive power from a linearly polarized wave, although the
received power will be halved. In antennas, it may be important to define the co-
and cross polarization. Co-polarization is the intended polarization of the an-
tenna, i.e. in a linearly polarized vertical antenna, the co-polarization means the
vertical polarized fields. Cross-polarization in this case would denote the horizon-
tally polarized fields. There are multiple definitions how the cross polarization
is defined and it is important to specify the used definition [34]. In this work,
the simulation and measurement results are presented using Ludwig-3 in which
the cross polarization is defined to correspond a usual antenna measurement.

Finally, the bandwidth of the antenna is used to describe the operational
frequency band of the antenna. The bandwidth can be defined as the frequency
range of the antenna where the antenna parameters meet the requirements,
for example, for the impedance, gain, or polarization [30]. For example, the
bandwidth can be defined by the frequency range where the antenna matching
is better than −10 dB. On the other hand, other parameters can be included in
the definition such that the bandwidth would be defined as a frequency range
where the system fulfills the requirement for antenna gain or polarization. A
Typical values for a gain bandwidth for an antenna system may be, for example,
−3 dB gain. For a circularly polarized antenna, a typical limit for the axial ratio
may be less than 3 dB where 0 dB would be ideal circular polarization.

2.2 Antenna arrays

Antenna arrays are groups of usually identical antennas. They are used to
increase the directivity and gain of an antenna by increasing the electrical
size of the array by increasing the number of antenna elements, and to enable
the antenna pattern to be shaped. The antenna pattern can be shaped either
passively, with fixed antenna feeds, or actively, using varying phase and am-
plitude feed excitations, or both actively and passively. The basic principles of
an antenna arrays are based on the summation of electro-magnetic waves in
phase, also referred to as constructive interference, to a specified direction. The
antenna arrays can also be used in the opposite manner to create a null, i.e., to
prevent the wave propagation in a specific direction by utilizing the destructive
interference of the waves. [30], [33]

In antenna array design, there are however a few restrictions to be taken into
account. One important factor is the spacing of antenna elements. Depending
on weather the antenna array is designed to have a fixed broadside beam or to
be electrically steerable, the antenna array is subject to different restrictions
due to the appearance of grating lobes. Grating lobes are electrically identical
and indistinguishable to the main lobe. They are basically additional main lobes
created by the summation of the electromagnetic fields if the element spacing is

19



Background on antenna array design

too large.
The array factor (AF) considers a radiator consisting of completely isolated

point sources; in reality, the antennas in an array will always have some amount
of mutual coupling. Mutual coupling can have major implications if it is not
considered during the design of an array, but it can also be used as an advantage,
to design arrays with wide-band operation. an active reflection coefficient (ARC)
and an active element pattern (AEP) are properties that can be used to study
the effect of mutual coupling.

This section further discusses the mathematical representation of an antenna
array, known as the array factor. It also examines design considerations in real
antenna arrays, such as mutual coupling, as well as the resulting properties of
an active reflection coefficient and an active element pattern.

2.2.1 Array factor

An array factor (AF) is a mathematical representation of the summation of
the electro-magnetic fields radiated by an array of point sources in far field.
It is a powerful tool for studying various array geometries or parameters. A
simple example of the AF for a uniformly excited and spaced linear array with
N elements can be expressed for a broad-side radiation as

AF =
N∑

n=1

e j(n−1)(kd sin(θ)−β) (2.3)

where k is the wave number 2π/λ, d is the element spacing, θ is the observation
angle, and β is the progressive phase shift. β can also be expanded to a form

β= kd sin(θs) (2.4)

where θs is the desired beam-steering angle. Figure 2.1 shows a visual represen-
tation of the scenario. Figure 2.2 shows the normalized array factor when the
number of antenna elements is increased from two to 12 in a broadside radiating
array with λ/2 element spacing. The main lobe of the antenna array becomes
narrower when the number of elements is increased. Figure 2.3 shows the effect
of the beam steering in the AF of an eight-element antenna array with the same
λ/2 spacing when the antenna beam is scanned from the broadside direction to
80◦. When the beam is steered to 80◦, a part of the first grating lobe is already
visible in the opposite direction.

From these observations, it can be concluded that for an array radiating in a
broadside direction the element spacing can be up to approximately 0.9λ at the
highest operation frequency. When the element spacing is exactly λ there are
additional two grating lobes, one in 90◦ and other in −90◦, while the main lobe
is pointing in 0◦ direction. In the beam-steerable phased arrays, the element
spacing should generally be ≤λ/2. When the element spacing is λ/2, the direction
of the first grating lobe is θgratinglobe = θmainlobe±180◦.
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Figure 2.1. Illustration of a linear antenna array.
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Figure 2.2. Normalized array factor of a linear array with different number of elements with λ/2
element spacing.
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Figure 2.3. Normalized array factor of an 8-element linear array with λ/2 element spacing when
the AF is steered.

The array factor can also be relatively easily extended to planar arrays with
uniform spacing, multiplying the results of one linear array to another linear
array perpendicular to the first, as

AF =
N∑

n=1

e j(n−1)(kd sin(θ)cos(φ)−βx)
M∑

m=1

e j(m−1)(kd sin(θ)sin(φ)−βy). (2.5)

The equation is otherwise similar to the planar AF of linear array but now
the planar array is presented in a spherical coordinate system where θ is the
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angle from the z-axis, and φ is the angle from the x-axis on the x–y-plane. The
progressive phase shift function β is also calculated separately for both linear
parts of the AF and are expanded to spherical coordinates:

βx = cos(φs)sin(θs)kd (2.6)

βy = sin(φs)sin(θs)kd. (2.7)

Figure 2.4 illustrates the planar array with rectangular grid and the coordinate
system. Figure 2.5 shows the AF factor of a planar 8×8 antenna array with
uniform rectangular grid with λ/2 element spacing. The AF is plotted in the
hemisphere in front of the antenna array using Equation 2.5 when the beam is
steered to three different directions. The figures show that the peak of the main
lobe is steered to the set direction and the side lobes also shift accordingly.

x

y

z

Propagation direction

φs

θs

d

d

Figure 2.4. Illustration of a planar antenna array with uniform rectangular grid.
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(a) (b)

(c)

Figure 2.5. Array factors of an 8×8 planar antenna array with rectangular grid and λ/2 element
spacing (a) in broadside direction (θ = 0◦, φ = 0◦), (b) steered 45◦ in horizontal plane
(θ = 45◦, φ = 0◦), and (c) steered 45◦ in diagonal plane (θ = 45◦, φ = 45◦). The surface
plots of the AF represent a hemisphere in front of the antenna array.

2.2.2 Grating lobes

Antenna arrays can have additional peaks called grating lobes appear in the
radiation pattern depending on the element spacing d and the steering angle
θ0 [35]. For linear array the grating lobes occur at angles θp

sinθp = sinθ0 + pλ
d

p =±(1,2, ...).
(2.8)

Grating lobes appear in the the array factor when the value of |sin(θp)| ≤ 1 or
the resulting angle θp is a real value. When the value of θp is a complex number
the grating lobe is not visible.

Equation 2.8 can be modified to calculate the maximum element spacing for a
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given maximum scan angle. The criterion for determining the element spacing
is to limit the nearest grating lobe to the horizon. A condition for the grating
lobe free element spacing for a maximum scan angle θmax can then be presented
as

d ≤ 1
1+sinθmax

(2.9)

where d is the element spacing in wave lengths [35].
The equations can be expanded for planar rectangular grid array by observing

the vertical and horizontal planes separately. When the element spacings for
the planar array are dx and dy, the grating lobes occur at [35]

cosθpq = (1−u2
p −v2

q)1/2 (2.10)

where up and vq are

up = u0 + pλ
dx

vq = v0 + qλ
dy

p, q = 0,±1,±2, ...

(2.11)

The lobe where both p and q are 0 is the main lobe. u0 and v0 is the beam-
steering angle of the main lobe along the x- and y-axes. For the grating lobe
to exist, the value of the resulting angle θpq has to be real which can also be
confirmed with

u2
p +v2

q ≤ 1. (2.12)

Real grating lobes will have a value less than or equal to 1. Grating lobes
corresponding to value higher than one do not exist.

The position and existence of the grating lobes can also be calculated for other
array latices by modifying the formulas accordingly.

2.2.3 Mutual coupling

Mutual coupling is an issue in antenna arrays where the energy radiated by
nearby elements may couple back to other elements. The coupling can be used
as an advantage by tuning the coupled signals to increase the operational band-
width and steering range of an array by interfering with reflection coefficient of
the antenna elements. On the other hand, when the coupling is neglected during
the design of an array, it can degrade the performance and even introduce scan
blindness. Scan blindness is a condition where the coupled signals in an array
interfere constructively in the antenna ports at some scan angles significantly in-
creasing the reflection coefficient. This can be especially problematic in strongly
coupled arrays and planar arrays susceptible to surface waves. Figure 2.6 shows
an illustration of an array with arrows illustrating the coupling. The energy
radiated by one element couples to the other elements and, similarly, the energy
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radiated by the other elements couples and sums with the antenna element’s
initial reflection. The resulting parameter can be referred to as an active reflec-
tion coefficient (ARC), an active impedance, or a scan impedance [33], [36], [37].
ARC is a function of the scan angle because the coupled signals sum in different
way when the feeding phases are changed. Usually, the ARC greatly increases
when the beam is pointed beyond ±60◦ from the broadside direction.

1 2 3

Figure 2.6. Illustration of mutual coupling in a linear array.

The embedded element pattern is the radiation pattern of an antenna element
in an antenna array environment where the coupling between the elements is
taken into account. It can be approximated utilizing the ARC for an element in
an uniform planar array. In an ideal case, it can be presumed that the element
gain is approximately comparable to the gain of an aperture previously shown
in Equation 2.1. Additionally, the effective area can be expected to closely follow
the projection of the aperture as a function of the observation angle, with the
pattern following a cosine function. When these presumptions are combined
with the active reflection coefficient R(θ,φ), the active element pattern for a
general case is [37]–[40]:

gro(θ,φ)= 4πA
λ2 cos(θ)(1−|R(θ,φ)2|). (2.13)

The result can be expected to agree well with the element patterns of central
elements in electrically large arrays. Furthermore, the results can be used to
approximate the radiation pattern of a large antenna array when combined with
the AF using pattern multiplication:

G(θ,φ)= gro(θ,φ)AF. (2.14)

2.3 Antenna feeding

In this section, a few features that are important in the context of this thesis
are introduced. These include a few transmission lines such as the coaxial
line, waveguides, and planar transmission lines, as well as power dividers.
Transmission lines are a part of any microwave structure, and they are used to
guide signals between various components and devices. The waves are commonly
guided by a metallic structure around or in which the EM wave propagates. The
propagation is based on the propagation modes where the electric or magnetic
fields or both are perpendicular to the direction of the propagation. These
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Figure 2.7. Illustration of a coaxial line section.

propagation modes are transverse electric (TE), transverse magnetic (TM), and
transverse electromagnetic (TEM).

In antennas and antenna arrays, the signal has to be guided between the
transmitter/receiver and the antenna. In some cases, these can be completely
different devices such as a vector network analyzer (VNA) or in a more realistic
case, a digital-to-analog (DAC) or analog-to-digital converter (ADC). The signal
path should be as lossless as possible but also compact and easy to manufacture.
There can also be other components, such as amplifiers, filters, and phase
shifters, along the signal path. The integration of these components also has to
be taken into account when selecting the most suitable solution for the designed
systems.

2.3.1 Coaxial lines

Coaxial lines are transmission lines where a signal propagates between inner
and outer conductors separated by a dielectric material. Coaxial lines are
most commonly used in cables or connectors between components and devices.
The benefits of coaxial lines are a large bandwidth, high power handling, and
good shielding due to the closed nature of the line [32]. Figure 2.7 shows an
illustration of a section of a coaxial line where the inner and outer conductors are
outlined in black and where the dielectric between the conductors is in gray. The
main propagation mode is TEM whereby the electric field lines extend from the
center to the outer conductor. The TEM mode does not have a cut-off frequency.
Propagation of higher order TE or TM modes sets a maximum limit to the size
of the coaxial line with respect to the wavelength.

The characteristic impedance of the coaxial line depends on the radii of the
inner and outer conductors and the relative permittivity of the dielectric material
between the conductors. The impedance is given as [32]:

Z0 = 1
2π

√
μ

ε
ln

rout

rin
. (2.15)
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Table 2.1. Bessel function root values for calculating the cut-off frequencies in circular wave
guides for TE and TM modes [32].

TE modes TM modes
n p′

n1 p′
n2 p′

n3 n pn1 pn2 pn3

0 3.832 7.016 10.174 0 2.405 5.520 8.654

1 1.841 5.331 8.536 1 3.832 7.016 10.174

2 3.054 6.706 9.970 2 5.135 8.417 11.620

2.3.2 Waveguides

Waveguides were discovered very early in the history of microwave engineering.
Waveguides are single conductor transmission lines where the wave propagates
inside a rectangular or a circular hollow tube. Both TE and TM modes can
propagate in a waveguide. Generally, waveguides exhibit a low transmission
loss and a high power handling capability but the structures can be bulky and
expensive to manufacture when compared with other transmission lines. Many
passive components such as power dividers can be integrated with waveguides.
The integration of active components can be challenging but the open end of a
waveguide is a decent radiator in itself.

The propagating TE and TM modes have a cut-off frequency and one dominant
mode. The modes do not properly propagate at frequencies below the cut-off and
attenuate exponentially. The dimensions and frequency ranges of the waveguides
are usually defined according to the dominant mode to prevent propagation of
other modes. The cut-off frequencies of TE modes for the rectangular waveguides
are calculated from [32]:

f cmn = 1
2π�με

√(mπ

a

)2
+
(nπ

b

)2
(2.16)

where a is the width of the waveguide and b is the height. If a > b, the dominant
mode is TE10. The TM modes can be calculated using the same formula. TM11

is the first supported TM mode due to the boundary conditions.
In circular waveguides, the calculation of the cut-off frequency from the ground

up is a bit more difficult as it requires solving the roots of a Bessel function.
Usually, a look-up table is used (as in Table 2.1), and the cut-off frequency is
then calculated [32]:

f cmn = p′
nm

2πa�με
(2.17)

where the p′
nm corresponds to the root of the Bessel function of the desired TE

mode and where a is the radius of the waveguide. In the case of TM modes, p′
nm

is replaced with pnm. TE11 is the dominant mode in circular waveguides.
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2.3.3 Planar transmission lines

Planar transmission lines are a popular type of lines manufactured on PCBs.
Common types of planar transmission lines, such as microstrip lines and
striplines, can easily be miniaturized and integrated with active and passive
microwave components [32]. Figure 2.8 shows examples of microstrip line and
stripline geometries.

hd

wline
hline

μ , εr

(a)

hd

wline

hline

μ , εr

(b)

Figure 2.8. Illustration of (a) a microstrip line and (b) a stripline.

Microstrip lines are a type of transmission line where a conductor is on top
of a ground plane and substrate. The structure is not symmetric and will not
support TEM mode like the coaxial cable, but it can support quasi-TEM [32],
[41]. The impedance of the microstrip line can be tuned with the height and the
dielectric constant of the substrate, and the width of the signal line. Increase in
height (hd), decrease in the width of the line (wline), and decrease in dielectric
constant (εr) will increase the impedance of the line. The height of the substrate
should usually be smaller than the wavelength to prevent the propagation of
TE or TM modes. Microstrip lines are easy to manufacture on PCBs as they
only require two layers, the ground plane and the signal layer, and active and
passive components can easily be integrated on the line. However, due to the
open nature of a microstrip line it can radiate, so in most sensitive applications
the lines have to be shielded with additional structures.

Striplines are very similar to microstrip lines but they are manufactured inside
PCBs and operate similarly to the coaxial lines supporting the propagation of
the TEM mode [32]. The impedance of striplines is related to the cross-sectional
parameters of the structure in identical manner to the microstrip line. The
signal line is integrated between two ground planes that are connected, for
example, with rows of vias on both sides of the stripline parallel to it. The vias
suppress unwanted modes that may propagate between two unconnected ground
planes. As the signal is enclosed between two ground planes, the structure
does not radiate, but its manufacture is more difficult and expensive due to the
requirement of a higher number of substrate and conductor layers.

2.3.4 Power dividers

Power dividers are passive devices used to divide or combine signals in prede-
termined ratios. In theory, a power divider can be implemented in any type of
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transmission line. Most commonly, the dividers are implemented either using
waveguides or planar transmission lines on PCBs. Two commonly used power
dividers, the T-junction divider and the Wilkinson divider, are discussed here
as an example. Important parameters of power dividers are the isolation and
the balancing between the ports. A poor isolation between the ports can lead
to undesired coupling between two connected antenna elements. For example,
when using two element antenna array in reception, a poorly isolated power
divider can couple some of the received power from one antenna and radiate it
back through the other.

The T-junction is the simplest and most commonly used three-port power
divider. However, such a divider can never be perfectly matched in all ports
simultaneously and isolation between the ports is not good. T-junctions can be
used in any type of transmission lines and are most commonly used in waveg-
uides and planar transmission lines. The impedances of the three transmission
lines in the structure should follow [32]:

1
Z0

= 1
Z1

+ 1
Z2

(2.18)

as illustrated in Figure 2.9 (a). Accordingly, the impedances of lines 1 and 2
should be double that of the impedance of line 0 in the case of an equal-split
divider. The impedance in the planar transmission line can be transformed
back to the initial impedance by using, for example, λ/4-wave transformers.
In waveguides, the matching of the junction is often achieved with a step in
the height of the waveguide. Although all the ports in the T-junction are not
perfectly matched and the isolation is not good, the T-junction is often the most
compact solution [32].

Z0

Z1

Z2

(a)

Z0

√
2Z0

l = λ /4

√
2Z0

Z0

Z0

2Z0

(b)

Figure 2.9. Illustration of the power divider schematics (a) T-junction divider and (b) Wilkinson
divider.

A Wilkinson divider solves most of the issues present in T-junction dividers.
It can be matched in all ports, and the isolation between the ports is good due
to the isolation resistor. However, Wilkinson dividers cannot be realized using
waveguides and they are slightly more complex than T-junctions. Figure 2.9 (b)
shows a schematic of an equal-split Wilkinson divider. In the Wilkinson divider,
the transmission line splits into two lines with the impedance of

�
2Z0 and the

length of λ/4. The branches are connected with an isolation resistor at the other
end with a value double that of the impedance; the branched lines continue
again with the initial value of the impedance [32].
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(a)

Phase/delay
control

Amplifier

(b) (c)

Figure 2.10. Illustration of a feed structure for (a) a fixed array, (b) a passive array, and (c) an
active array.

In many cases, especially in large antenna arrays, a higher order power
divisions are required. The most typical way to achieve this is by stacking
multiple two-way power dividers as shown here. This method is most often
the easiest to design, tune, and manage, but not always the best for solutions
requiring odd number of outputs. On the other hand, higher order power
divisions can also be achieved by various novel structures [42], [43].

2.3.5 Antenna array feeds

Antenna arrays require feed networks where the signal from the transmitter
is distributed to individual antenna elements, or in reception combined to the
receiver. Additionally, the feed network may be used to amplify the signal and
to shift the phase or to tune the time delay between the antenna elements to
steer the beam.

A conventional analog antenna array can be thought of as a fixed, a passive,
or an active array. Figure 2.10 shows an illustration of these three different
array configurations. In the fixed array, the feed network does not have any
elements that could be used to control the amplitude or the phase of the antenna
elements. In passive array, the antenna elements are fed from one amplifier but
each antenna element is controlled by a dedicated phase shifter or time delay
element. Passive array enables the steering of the antenna array beam. An
active array integrates amplifiers and phase shifters behind each antenna and
enables the full control of the phase and amplitude fed to each element [33], [35],
[44]. In addition to these conventional array feed architectures, there are also
other designs, for example, a digital or hybrid architecture where each antenna
element or a sub arrays of elements are connected to digital transceivers.

The feed network of the antenna array can have a few different variations.
The most common differentiation between the feed networks is the series and
parallel type. Figure 2.11 shows a basic illustration of these two types of
the feed networks. The series feed network is one transmission line along
which the antenna elements are distributed. This type of the feed network is
sensitive to any frequency shift as each consecutive antenna element has a
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(a) (b)

Figure 2.11. Illustration of (a) a series fed antenna array, and (b) a parallel fed antenna array.

delay compared to the previous element. However, in some type of an array
this behavior can be used to steer the beam as a function of frequency. In a
parallel feed network, the transmission lines the amplitude and phase in each
antenna elements is generally balanced. Often, the network is constructed from
multiple consecutive equal-split T-junction or Wilkinson power dividers. Instead
of the binary arrangement of the parallel architecture shown in 2.11b, the
parallel feed network can also be arranged to form an H, where the first power
divider is in the middle of the structure and all consecutive dividers will spread
outwards [14], [32], [33], [35], [44], [45].

More complicated planar feed network architectures might mix both series
and parallel feed networks. For example, rows of antenna elements may be fed
through a series network while each each row would be connected to a parallel
feed network [46].

2.4 Simulation and measurement methods

Simulations and measurements are essential in designing complex electromag-
netic structures and for confirming their correct operation. The general antenna
and EM-structure design process follows a path where the structure is first stud-
ied and its performance is optimized using full-wave EM simulation software.
When the performance of the designed structure is confirmed to be sufficient
by simulations, a prototype of the structure is manufactured. It is then mea-
sured to ensure the designed and the manufactured structures are in agreement.
These processes may need to be repeated multiple times in order to resolve
any issues between the results. The design processes of both simulations and
measurements are explained further in the following sections.

2.4.1 Simulations

The simulations used during this thesis to characterize and design various
antennas and RF-structures have been conducted with the CST Microwave
studio [47]. The software offers 3D full-wave simulations with multiple different
solvers. The simulations included in this thesis have been performed using
versions 2016-2021 of the software.
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The solvers mainly used in this thesis are the frequency and time domain
solvers. The transient time domain solver is based on the finite integration
technique (FIT), where the fields in the structures are calculated step by step
through time and where a hexahedral mesh is used. The frequency domain
solver is based on the finite element method (FEM) and calculates the fields
at specific frequency points. A frequency domain solver allows the use of a
tetrahedral mesh, which is more flexible for curved structures than a hexahedral
mesh. The main uses of simulations for an antenna array design have been to
simulate infinite array unit-cell and full antenna array [47].

The infinite array unit-cell simulation is a theoretical scenario, where one
antenna element is simulated using a periodic boundary condition which takes a
progressive phase shift into account to simulate steering in phase arrays [48]. A
frequency-domain solver is used in unit-cell simulations. These simulations are
relatively fast compared with full array simulations and can be used to optimize
antenna elements as part of an (infinitely) large array. Covering the whole
steering range is essential in resolving the effect of mutual coupling between all
the antenna elements as the coupling is dependent on the phase shift between
these elements. While this simulation method is not fully accurate for small
arrays, it results in very good approximations in electrically large arrays where
only a minority of the antenna elements are located at the edge of the array.

Full-array simulations are mainly used to confirm the operation of the antenna
after the element design phase in infinite array unit-cell simulation. Array
simulations can be performed either with a frequency solver or a time domain
solver. The structures in the full array simulations are close to those in the
measurements and are thus used where simulation and measurement results
are compared.

2.4.2 Measurements

While simulations are used as the main antenna design tool, measurements are
still an important part of the design and testing process. Measurements are
commonly used to confirm that the manufactured structures operate according
to the simulations. Measurements can also be used to test manufacturing toler-
ances, to confirm the manufacturability of a design. Finally, in electrically very
large components, such as massive antenna arrays, it can be almost impossible
to accurately simulate the whole structure. In these cases, substructures of the
antenna array can be designed using the simulation, then measurements are
can be used to confirm the operation of the complete system.

Measurements are used to define a few key antenna features such as radiation
pattern, scattering parameters (S-parameters), gain, and efficiency. Antenna
measurements are generally always some form of S-parameter measurement.
Basic S-parameter measurements, where the S-parameters themselves are the
measurement subject, can be performed with a vector network analyzer (VNA).
These are used, for example, to characterize the reflection coefficient of an an-
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Figure 2.12. An illustration of the Aalto Electronics-ICT anechoic chamber layout with a turnable
2-axis DUT tower and stationary dual-polarized probe antenna.

tenna. This coefficient reveals if there are any mismatches in the antenna or
device which is essential for knowing how much power the device can accept from
the fed signal. As an example, a reflection coefficient of −10 dB can generally
be considered acceptable for an antenna, while in some applications, especially
in mobile devices, a reflection coefficient of −6 dB is widely considered accept-
able because of the stricter antenna design constraints due to the mechanical
structure and visual design of the device.

In addition to the reflection coefficient, the S-parameters also include the
transmission coefficient in systems with more than one port. A transmission
coefficient indicates how much power couples from one port to another: for
example, between two antennas in an array.

The radiation pattern, gain, and antenna efficiency measurements are an
application of the transmission coefficient. For this, a measurement system
can be used to gauge the transmitted power between two antennas, a device
under test (DUT), and a probe. In gain and efficiency measurements it is also
necessary to use a reference antenna with known parameters to compensate for
the effect of the cables connecting the antennas to the measurement device, as
well as the effect of the transmission medium between the antennas, and the
effect of the probe.

The S-parameter, near-field, and far-field measurements are used for this
thesis. The far-field measurements were performed in an Aalto Electronics-ICT
anechoic chamber with the capability to perform spherical far- and near-field
measurements between 2 and 60 GHz. Figure 2.12 illustrates the layout of
the measurement facility. The DUT in the chamber is attached to the DUT
tower with two axes of rotation, enabling the full spherical scan range. Fig-
ure 2.13 shows the DUT tower. Far-field measurements have mainly been used
to measure realized gains and specific cuts of the radiation patterns.

In addition to far-field measurements, near-field antenna measurements have
also been used for antenna characterization for this thesis. Near-field mea-
surements were performed using an NSI planar near-field scanner from Aalto
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DUT
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Azimuth axis

Figure 2.13. A photo of the DUT tower in the Aalto Electronics-ICT anechoic chamber with
capability for spherical far-field and near-field measurements.

Electronics-ICT. Figure 2.14 shows the measurement setup of a Ka-band an-
tenna array with the planar near-field scanner. In a near-field measurement,
the electric field produced by the antenna is measured in the near field of the
antenna and transformed into the far-field region. The measured area and
number of points is relative to the wavelength, the distance between the probe
and the DUT, the size of the DUT, and the desired angular range of the far-field
data. Often, in a measurement where a major portion of the far-field pattern
needs to be resolved, the near-field measurement can be faster than its far-field
equivalent. By contrast, the far-field measurement is commonly quicker for
resolving single points or planes of the pattern. Additionally, near-field measure-
ment offers the possibility to observe the behavior of the electric field in front of
the antenna array elements. However, in order to obtain the antenna radiation
pattern, near-field measurement results have to be numerically transformed
to the far field using a Fourier transform. During the course of the research
for this thesis, near-field measurements have been used in radiation pattern
measurements and to observe phase and amplitude uniformity in the antenna
array apertures.
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DUT Probe

Figure 2.14. A photo of a measurement setup at the NSI planar near-field scanner of Aalto
Electronics-ICT.

35





3. Dual-polarized Ka-band Vivaldi
antenna arrays

Multiple wireless applications, including mobile networks, are shifting to mm-
wave frequencies in an attempt to increase the available bandwidth for higher
data rates. Additionally, telecommunication systems are headed towards similar
system designs that have previously only been used for sensing applications,
such as large active electronically scanned arrays (AESA). It has been pro-
posed that sensing functionality could be added to future telecom systems, to
enhance the safety of autonomous vehicles, for example [11], [12]. However,
high-performance antennas and antenna systems become increasingly difficult
to manufacture for higher frequencies due to the decreasing size of the antennas.
This becomes very apparent in antenna arrays that operate close to or above
30 GHz, where the antenna element size is 5x5 mm2 or less.

Vivaldi or tapered notch antennas are well known for their wideband operation.
The element was first introduced in 1974 [49]. The use of Vivaldi antennas have
also been studied in antenna array applications in multiple different forms,
with a wide operational frequency band up to 1:10 or more and excellent beam-
steering range [50]–[54]. Further design variations have been proposed to
improve manufacturability, antenna performance, and structural rigidity. Some
improved designs are, for example, the BOR antenna element in [55], [56] and
the flared-notch antenna with meandered feed [21]–[23]. However, Vivaldi-based
antennas are often electrically long and suffer from poor polarization purity
when steered in the diagonal plane. In a dual polarized array, the polarization
characteristics can be corrected to some extent with correctly weighted feeds
in the orthogonal polarizations [57]. Additionally, structures for improving the
polarization passively in Vivaldi-based antennas have been studied [58], [59].

Vivaldi antennas and arrays have been intensively researched and extensively
reported on. However, most studies have concentrated on arrays for lower
frequencies, generally, those below 20 GHz. The requirements for new mobile
networks and congestion at these lower frequencies now requires the move to
mm-waves, resulting in the difficulties mentioned previously. Therefore, further
advanced studies of the structure are necessary. In particular, antenna manu-
facturing and antenna element feeds should be tailored for these increasingly
shrinking structures.
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Figure 3.1. Illustration of a surface-mounted antenna array where the structure has been cut to
show the coaxial antenna feeds.

This chapter presents an explanation of surface-mountable dual-polarized
Ka-band Vivaldi antenna arrays as shown in Figure 3.1. These arrays could be
used in mm-wave 5G base stations, for example, but the ideas presented here can
also be adapted for different uses and for different frequencies, depending on re-
quirements. These kinds of fully metallic antenna arrays have multiple benefits
over the more conventional antennas manufactured on PCBs or from multiple
different parts. On the one hand, a single piece structure allows the use of new
manufacturing methods, such as additive manufacturing, which can increase
the types of possible structures that can be manufactured and even decrease
their manufacturing costs. On the other hand, as the antennas decrease in size,
the electronics will also have to be packed into a smaller footprint, increasing the
concentration of dissipated heat. Fully metallic antenna structures can be used
as passive heat sinks, or as active heat sinks by implementing liquid cooling
channels inside them.

The Vivaldi antenna element design for Ka-band operation, as well as the
simulations and measurement results, are summarized in section 3.1. These
results are presented in more detail in Publications [I] and [II]. The use of
additive manufacturing in the fabrication of a mm-wave Vivaldi antenna array,
as presented in Publication [III], is summarized in section 3.2. Section 3.3
summarizes the modular 30-GHz antenna array design introduced in Publication
[IV] where the RF-electronics, namely the phase shifters and amplifiers, are
integrated within the same footprint as the antenna.

3.1 Vivaldi antenna array

Publications [I] and [II] present a dual-polarized antenna array for Ka-band (26-
40 GHz) that could be mounted on a PCB without any connectors. The antenna
element design, the single antenna element measurements, and the simulations
are mainly discussed in Publication [I]. In Publication [II], the design is further
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optimized, a method to surface mount this kind of antenna array is proposed, and
beam steering with an 8×8 antenna array is demonstrated using simulations
and measurements.

3.1.1 Ka-band antenna array element design

Vivaldi antennas (also commonly referred to as a flared-notch antenna or a
tapered slot antenna) are wide band, linearly polarized traveling wave antennas
that, conventionally, are electrically large. In antenna arrays, the Vivaldi
antenna element can be shrunk down while still retaining a high bandwidth
due to favorable mutual coupling between the antenna elements. However, in
phased arrays, the antenna element should be properly optimized such that
the mutual coupling is considered in all possible steering angles. Improper or
insufficient antenna simulations may result in significant problems with the
mutual coupling between the antenna elements, leading to scan blindness.

The antenna element size or the antenna element spacing in phased arrays
should not exceed λ/2 at the highest operation frequency of the antenna, to
avoid the emergence of grating lobes. In an antenna array operating at a
frequency up to 40 GHz, the antenna element spacing is 3.75 mm. This can
lead to manufacturing challenges and restrictions if the antenna structure has
numerous physically small details.

The requirements for the design of the wideband dual-polarized antenna array
element for Ka-band were defined such that it would have an operational band
between 26 and 40 GHz, with an active reflection coefficient better than −10 dB
within a ±60◦ beam-steering range. Additionally, a fully metallic construction
with simple manufacturing and connectorless design would be desirable to
enable the antenna to be easily integrated with the electronics, to use the
antenna as a heatsink for the electronics, and to enable a cost-efficient means of
making it such as additive manufacturing.

The design of the dual-polarized structure is based on an antenna element
first presented in [21]. Figure 3.2 shows the optimized design for Ka-band and
Table 3.1 shows its most important dimensions. The parameters are tuned such
that the signal propagates smoothly from the coaxial line to the radiating slot. A
few parameters are essential in matching the antenna structure. One important
parameter is the width of the slot g to ensure a proper matching between the
coaxial line and the slot. Additionally, the height and width are also related
to the matching in this interface. There are also a few tunable parameters in
the transition from the slot to the radiating slot, including the 90◦ corner, that
greatly affect the overall matching of the antenna. One important factor is
the the height of this transition affecting the final shape of the S-turn. Second
important parameter is the tapering in this part of the slot and what is the
rate of the tapering determining the width of the slot after the linear taper l.
Finally, the parameters determining the geometry of the radiating aperture are
height and opening rate of the slot. The height of the radiating part is directly
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(a)

(b) (c)

Figure 3.2. An illustration of the antenna element model: (a) a side view of the antenna profile,
(b) a top view of the antenna antenna, and (c) a 3D isometric view of a single antenna
element.

related to the bandwidth of the structure and the level of cross polarization in
the diagonal beam-steering plane. A higher cone will increase the impedance
bandwidth of the antenna array but it simultaneously increases the level of
cross polarization in the diagonal plane. The opening rate R is used to tune the
transition for better impedance match.

The antenna element design integrates the vertical coaxial feed pin in the
metallic structure so that no additional connectors are necessary to integrate the
antenna to a PCB. The antenna optimization takes into account the structural
integrity and clearance between geometries, such as the coaxial pin, to enable
various manufacturing methods. Figure 3.3 shows the ARC of the antenna
element in the infinite array unit-cell simulation in the E-, D-, and H-planes.
The ARC is better than −10 dB in almost the entire ±60◦ steering range. The
worst ARC of −9 dB occurs between 33 and 38 GHz in the H-plane close to
θ = ±60◦. Figure 3.4 shows the embedded element pattern of the antenna
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Table 3.1. The most important dimensions of the optimized infinite array unit-cell antenna
element model.

Symbol Description Value
a total height of the element 9.9 mm

b element spacing 3.8 mm

c coaxial outer diameter 1.8 mm

d coaxial inner diameter 0.5 mm

e height of the exponential taper 6.05 mm

f height of the linear taper 3.5 mm

g width of the slot 0.35 mm

h height of the cavity 2 mm

k width of the cavity 0.8 mm

l width of the slot after linear taper 0.55 mm

m width of the ridge 1.25 mm

R rate of the exponential taper 0.15

(a) (b)

(c)

Figure 3.3. Active reflection coefficient of the antenna element in the infinite array unit-cell
simulation in (a) E-, (b) D-, and (c) H-plane.

element. The co-polarized pattern follows cosine distribution well beyond the
±60◦ steering in both elementary planes. In diagonal plane, the co-polarized
pattern falls faster than in the elementary planes as the cross-polarized pattern
increases. In the elementary planes, the cross-polarization stays below −15 dB
in the ±60◦ steering range.

Figure 3.4 shows the simulated active element patterns at 26 GHz, 33 GHz,
and 40 GHz. In the E- and H-planes, the patterns follow the cosine distribution
well, having a beam width of 120◦. The cross-polarization level in the elementary
planes is low. In the diagonal planes, the width of the co-polarized pattern is
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Figure 3.4. Simulated co-polarized (solid line) component and cross-polarized (dashed line)
component of the embedded element pattern at (a) 26 GHz, (b) 33 GHz, and (c)
40 GHz.

decreased due to the cross polarization. The cross-polarization level increases in
the diagonal plane when the height of the antenna element increases.

The prototype antenna array is manufactured using the wire electric discharge
machining (WEDM) method for cutting the geometry of the radiating slot and
conventional machining for other geometries. The antenna is characterized
using single element measurements where a few antenna elements are fed inde-
pendently while other elements are terminated with 50-Ω loads. The antenna
elements are connected to the antenna feed PCB such that the antenna feed
pins pass through the PCB and they are soldered on the bottom side of the board.
The four selected antennas have a microstrip line connected to the antenna feed
pin. The microstrip lines are connected to edge-launch connectors at the edge of
the PCB. Figure 3.5 shows the manufactured measurement prototype where the
measured antenna elements are pointed out. Additionally, the figure illustrates
how the four antenna elements selected for measurements are connected to
the edge-launch connectors, and how the other elements are terminated with
resistors. Antenna element 1 is located in the center of the antenna aperture,
elements 2 and 4 at the edges of the aperture, and element 3 is a corner element.
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(a) (b)

Figure 3.5. The manufactured antenna array measurement model (a) from the top with num-
bering for the measured elements and (b) from the bottom with the feed numbering
overlaid on top of the microstrip feeds. Vishay CH series RF resistors are visible next
to the terminated elements.
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3.1.2 Surface-mounted antenna interface design

The antenna element design is further optimized for a surface-mounted interface
in [II]. The surface-mounted design allows one side of the PCB to be used for
the feed network and electronics, while the antenna is mounted on the other
side. This results in a feed network for all the antenna elements that is much
easier to realize than with the previously used through-hole design. Additionally,
the bottom of the antenna array is flat, which decreasing the work required to
manufacture the antenna feed pins. Figure 3.6 shows two types of surface-mount
interfaces: a direct and an indirect interface. The direct interface couples the
coaxial line to a pad on top of the PCB which is directly connected by means of a
via to the inner or bottom conductor layer. The indirect interface is otherwise
similar but the via connecting the conductor layers is offset with respect to the
coaxial pin. The direct interface is used in the antenna array prototype. The
direct interface does not require any additional geometries or cavities on the
bottom of the antenna array while the indirect interface does. However, in the
indirect interface, the via is located off-axis with respect to the feed pin which
allows for a more flexible PCB design.

Figure 3.7 shows the performance of the direct interface with a sensitivity
analysis of the pin position. The interface simulated is a transition from a 50-Ω
stripline to a 75-Ω air-filled coaxial line. The results show that a small shift up
to 200 μm in the position of the coaxial pin with respect to the feed pad does not
affect the performance. However, an air gap of more than 5 μm has a negative
effect on the reflection and transmission coefficients.

The 8×8 antenna array is realized using WEDM to manufacture the antenna
from copper. Figure 3.8 shows the manufactured antenna. The inter-element
distance of 10-mm-high antenna elements is 3.8 mm. The area occupied by
the antennas is 31.5×31.5 mm2, while the total area of the antenna structure
with the ground plane is 60×60 mm2. The ground plane thickness is 3 mm. The
bottom side of the antenna array is completely flat, and the PCB is mechanically
pressed against the antenna to make an electrical contact. Screws are used to
press the PCB and antenna array together. In a case where more rigid contact
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Figure 3.6. Two different possible transitions for the connector-less antenna-PCB interface: (a)
a direct transition where the coaxial pin is in contact with a pad and a via directly
under the pad, and (b) an indirect transition where the pin is in contact with a pad
and the via is offset in respect to the pin. In both cases, the via can be either a
through-hole or a blind via.
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Figure 3.7. Simulation showing the effect of shift in the position of the air-filled coaxial feed pin
with respect to the pad on the PCB.

is required, the antenna array could be soldered or glued to the PCB using a
thin layer of conductive glue. In the case of soldering and gluing, the thermal
expansion ratio between the PCB and the antenna has to be well matched.

The antenna is measured using a feed network for exciting one polarization of
the antenna. Two versions of the feed network are manufactured: one with a
fixed broadside beam and one otherwise identical feed network, where there are
phase shifters in line with each antenna element. Figure 3.9 shows the top and
bottom side of the PCB. The antenna feed pads are located on the top side, and
the feed network with the Wilkinson power dividers is located on the underside of
the board. The antenna is fed with a single edge-launch connector, and the signal

(a) (b)

1
0

m
m

(c)

Figure 3.8. Photos of the manufactured machined antenna arrays. (a) Overview of the whole
antenna array, (b) a closeup of the coaxial antenna feeds on the bottom of the array,
and (c) the antenna profile from one side of the array.
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(a) (b)

Figure 3.9. Photos of the fixed antenna array feed network for broadside radiation: (a) the
feeding pads that are in contact with the coaxial antenna feed pins, and (b) the
fixed power division network on the backside of the PCB. In the beam-steerable feed
network, the phase shifters are placed immediately after the last Wilkinson power
dividers.

(a)

Antenna feeding pad Stripline

Microstrip line

Ground layers and vias

Ground layers and vias z

(b)

Figure 3.10. (a) Illustration of the signal paths transitioning from the microstrip to the feed pad,
and (b) a cross section of one transition with the conductors layers visible.

is then divided with a tree of 1-to-2 Wilkinson dividers to 64 antenna elements.
The other polarization is terminated with magnetically loaded absorber material
inside the coaxial feed. The terminations have a simulated reflection coefficient
of −14 dB.

The feed structure with the fixed broadside pattern supports the whole oper-
ation frequency of the antenna from 26 to 40 GHz. However, the 5-bit Qorvo
TGP2102 phase shifters used in the beam steerable version are limited to a
frequency range of 32–37 GHz.

Figure 3.10 shows a more detailed illustrations of the transition in the feed
network from the microstrip underneath to the antenna feed pad on the top
of the PCB. The PCB is an 8-layer design, where the signal transitions from
the microstrip line on the bottom of the PCB to a stripline. The striplines are
arranged so they are shielded with via stitching on all sides. The signal then
passes from the stripline to the feed pad through another set of micro-vias.
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Figure 3.11. Measured and simulated reflection coefficients from four antenna elements in
different points of the array.

3.1.3 Comparison of simulated and measured results

The two different prototypes introduced in subsection 3.1.1 and subsection 3.1.2
are measured and characterized. The first prototype is used to characterize
single element behavior when four elements in different parts of the array
are excited. In this configuration, the passive elements are terminated with
loads, and the antenna feeds are connected to the PCB using through-hole pins.
The second prototype is used to study the antenna array behavior when one
polarization of the whole array is excited. The surface-mounted antenna is
measured with a fixed feed network with close to identical excitation in each
antenna element, and with electronically steerable feed network.

Figure 3.11 shows the simulated and measured reflection coefficients of the
four antenna elements in different positions of the aperture of the manufactured
8×8 array when other elements are terminated with matched RF-resistors.
Element 1 is in the middle of the antenna array, element 2 is on the edge
perpendicular to the polarization, element 3 is in the corner of the array, and
element 4 is on the edge parallel to the polarization.

The simulations and measurements of the reflection coefficients are performed
with similar structures, where the simulated antenna elements are fed with a
microstrip line. In the simulations, the microstrip line is excited directly with
a waveport. In the measurements, the effect of the connector is minimized by
time gating the acquired data. The resulting simulated and measured reflection
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coefficients agree well. The shape and the level of the traces is comparable
and, in all the cases, the resonance frequencies match well, suggesting the
manufactured structure closely matches the simulated model.

The radiation patterns of the four elements are simulated and measured in a
similar manner. The element patterns of the center and corner elements in Figs.
3.12, 3.13, and 3.14 in the E-, H-, and D-planes are measured and simulated in
the manufactured finite 8×8 antenna array. In the simulations, the resistive
matching is ideal, while in the manufactured model the resistors have a small
amount of inductance and capacitance. The measurements are performed in an
anechoic chamber.

The results at 26 GHz, 33 GHz, and 40 GHz illustrate the behavior of the two
antenna elements: one in the edge and the other in the middle of the antenna
array. The results indicate that the simulated and measured element patterns of
the central element follow approximately the simulated active element pattern
that is obtained in an infinite array. The ripples in the patterns are due to
reflections in the practical finite array. Additionally, it can be expected that
other nearby elements contribute to the ripple of the measured pattern due to
reflections from the resistive matching. A part of the radiation pattern of the
corner element follows the same behavior as the central element. However, the
effect of the edge of the antenna array distorts one half of the patterns shown.
This also follows the behavior that is visible in the simulations.

The surface-mounted 8×8 antenna array with phase shifters and the feeding
network for exciting one polarization is measured using NF-scanner. The first
measurement is used to determine the phase of the electric field in front of the
antenna aperture. The antenna feed may have some differences between the
electrical lengths of the feed lines and the measurement is used to calibrate
these lengths.

Figure 3.15 shows the ideal simulated, raw measurement of the array with the
fixed broadside feed network, as well as phase-correlated simulated results. The
ideal simulation result is the phase of the electric field in front of the antenna
aperture at a distance of 2 mm when each of the antenna elements has a feed
port in the coaxial feed. This can be considered the ideal scenario where the feed
network does not have effect on the antenna array performance. The measured
values include all the differences caused by the feed network. It can be seen
that there is up to 90◦ difference between any two antenna elements whereas
the difference is 20◦ in the ideal simulation. The third column represents a
simulation in which the difference between the results in the first two columns
averaged over frequency is fed back as the initial phase for each antenna element.
The measured results and the simulation results with the calibration are now
very similar to each other.

When using the antenna with the phase shifter feed network, it can be cal-
ibrated in a similar manner to the comparison, previously shown, between
the raw measurement and the simulation. However, the goal is to achieve as
flat a phase across the measured antenna aperture as possible by applying
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Figure 3.12. Measured and simulated antenna array element patterns in E-plane at 26, 33, and
40 GHz. (a) The patterns of element 1 in the middle of the array fed with port 1,
and (b) the pattern of element 3 in the corner of the array fed with port 3.

initial phase shifts using the phase shifters in line with the antenna elements.
Figure 3.16 shows the resulting measurement when the calibration based on
Figure 3.15 is used at 32 GHz and 37 GHz. The calibrated phase across the
antenna aperture is now much flatter, with a maximum difference of 40◦ between
any two elements.

Figure 3.17 shows a detailed study and a comparison between the measured
and simulated far-field gain coverage results. The figure illustrates the scan
coverage of the co- and cross-polarized patterns at 32, 34, 35, and 37 GHz. The
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Figure 3.13. Measured and simulated antenna array element patterns in H-plane at 26, 33, and
40 GHz. (a) The patterns of element 1 in the middle of the array fed with port 1,
and (b) the pattern of element 3 in the corner of the array fed with port 3.

simulations are calculated with 1◦ interval but the measurements are performed
with a less dense grid. The measurements are performed in eight planes: −75◦,
−45◦, −15◦, 0◦, 15◦, 45◦, 75◦, 90◦ where plane φ = 0◦ corresponds to the H-
plane while plane φ = 90◦ corresponds to the E-plane. On each plane, 15 or 17
steering directions in Table 3.2 are measured, totaling 113 measured beams
at 32 GHz, and 129 beams at 34, 35, and 37 GHz. The phase shifts for each
frequency are the same but the realized steering direction is different due to
beam squint. The agreement between the simulations is good up to 60◦ and
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Figure 3.14. Measured and simulated antenna array element patterns in D-planes at 26, 33,
and 40 GHz. (a) The patterns of element 1 in the middle of the array fed with port
1, and (b) the pattern of element 3 in the corner of the array fed with port 3.

within this range the simulated −3 dB scan ranges are comparable. Additionally,
the cross-polarized patterns are similar but the smallest details are not captured
in the measurements due to the more sparse data grid.
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Figure 3.15. The simulated and measured E-field phase in front of the antenna aperture at
(a) 26 GHz, (b) 32 GHz, (c) 37 GHz, and (d) 40 GHz. The first column of results
represents the ideal simulated results, the middle column represents the measured
phase, and the final column represents the simulation where the antenna feed
phases correspond with the measurement setup.
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Figure 3.16. The measured E-field phase in front of the antenna aperture at (a) 32 GHz and (b)
37 GHz after calculating a calibration from the phases measured in Figure 3.15.
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Table 3.2. Steering angle θ at the measured frequencies.

32 GHz 34 GHz 35 GHz 37 GHz

θ1 0◦ 0◦ 0◦ 0◦

θ2 12◦ 12◦ 11◦ 11◦

θ3 25◦ 23◦ 23◦ 21◦

θ4 38◦ 36◦ 34◦ 32◦

θ5 53◦ 48◦ 47◦ 43◦

θ6 61◦ 55◦ 53◦ 49◦

θ7 71◦ 63◦ 60◦ 55◦

θ8 90◦ 72◦ 68◦ 61◦

θ9 - 90◦ 78◦ 68◦
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Figure 3.17. Simulated and measured envelope for the co- and cross-polarized radiation patterns
as a function of beam steering: (a) the simulated envelopes and (b) the measured
envelopes. The co-polarized envelope illustrates the gain of the array when steered
to direction (θ,φ) relative to the maximum gain in the steering range. The cross-
polarized envelope illustrates the level of the cross polarization when steered to
(θ,φ) to the level of the co polarization at the same steering angle. The values are
recorded from the the same (θ,φ) as the steering is defined to.
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3.2 Additive manufacturing of Ka-band Vivaldi antenna array

Additive manufacturing (AM) is a rapidly developing field where structures are
created, by growing them to the desired shape layer-by-layer, either by melting
or binding a sheet of new material on top of the previous one. This compares
with traditional methods that involve removing material from a stock. AM has
a high potential to decrease the manufacturing cost of complex parts and to
enable production of previously unachievable shapes. Metal-based AM might
be particularly useful in manufacturing antennas for the mm-wave range. At
this frequency range, the antenna structures are physically small enough that
AM is still cost efficient, and manufacturing accuracy may be sufficient for good
electrical performance.

3.2.1 Additive manufacturing processes

There are various different AM processes ranging from those suitable for proto-
typing all the way up to production-quality methods. In the most basic processes,
plastic filament is extruded through a hot nozzle to a flatbed. In more complex
processes, the material (plastic, resin, metal, etc.) can be fused together using
various methods such as exposure to ultraviolet light, fusing powder together
using liquid binder, or by using a laser to melt or sinter the powder particles
together.

Additive manufacturing has been used to manufacture antennas for various
ranges up to high mm-wave frequencies. In particular, waveguide-based an-
tennas and waveguide components have been quite heavily studied, even up to
325 GHz, using both polymer- and metal-based AM [60]–[65]. Waveguide-based
structures are usually relatively simple to manufacture using AM due to the lack
of very small structural details and simple construction. Even so, the very small
internal dimensions of the waveguide can become a limiting factor at higher
frequencies. Vivaldi-based structures have also been studied using polymer- and
metal-based methods, generally at lower frequencies up to Ku-band [66]–[68].
The Vivaldi-based structures are geometrically more complex, with a possibility
of many small features with strict tolerances.

For this comparison, two promising metal AM processes were selected to
be evaluated against the machined dual-polarized Ka-band Vivaldi antenna
array presented in [I] and [II]. Metal processes were selected due to the higher
rigidity than metal-plated plastic, and possibility of using the antenna array
as an additional heat sink for electronics. Additionally, the metal structure
could enable the array to be surface mounted on the PCB using solder. The
selected processes are variations of the powder-bed fusion method where powder
material is fused together. The first process is selective laser melting (SLM)
using aluminum alloy (AlSi10Mg) and the other is binder jetting (BJ) using
stainless steel (316L). The electrical bulk conductivities of the materials are
2·107 S/m and 1.3·106 S/m, respectively. While both processes are based on
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fusing powder together, they use different methods to produce the final part and
generally also use different materials.

In the SLM process, a layer of the powder is deposited on the powder bed
and melted using a laser beam. The energy of the laser beam is optimized to
simultaneously also melt part of the previous layer to achieve a proper fusion
between layers. This process generally results in parts that have high strength
and low porosity but which may suffer from high surface roughness and a limited
ability to produce very small details [69]–[71]. AlSi10Mg material is used to
manufacture this prototype due to its commercial availability, fast production
time, and good surface finish compared with other materials available for the
SLM process.

The BJ process for metal powders requires multiple steps to create the finished
part and is also based on the powder-bed process. Instead of melting the powder
directly using lasers, the metal powder is first bound together with a liquid
binding agent. The binder is accurately sprayed on in thin layers forming a
composite of the hardened binder and metal powder. The formed part is then
heated in a high-temperature oven to evaporate the binder and to sinter the
powder particles together. The resulting sintered part generally shrinks 15–20%
during the sintering which has to be taken into account in the earlier steps of
the manufacturing process. BJ results in dimensionally more accurate parts
than the SLM method, assuming the material shrinkage during sintering is well
known. Stainless steel (316L), nickel, and titanium alloys were available for the
BJ process at the time of manufacturing. Stainless steel was chosen as it was
considered the most suitable material for the antenna.

3.2.2 Additive manufacturing and design considerations

The antenna array used in the comparison between the machined and additively
manufactured antenna arrays is the same as that used in [II] and also shown
in subsection 3.1.2. However, while AM can be considered to have fewer man-
ufacturing limitations than conventional methods, the current geometry used
in the machined array is not directly feasible to be manufactured using every
AM process. One limiting geometry in many AM processes, for example in SLM,
is downward facing surfaces without sufficient support structure. Often these
surfaces will not have good quality: they can be warped, and in the most extreme
cases the structure will fail to print. In this design, these are the roof of the back
cavity and the plane in which the coaxial pin is attached to.

To enable the manufacturing of the antenna array using AM processes, the ge-
ometry of the antenna elements requires modifications, as shown in Figure 3.18
with the dashed blue lines. The taper from the coaxial pin to the rest of the
structure was added to remove any downward-facing planes around the pin.
Additionally, the top of the back short was more steeply tapered than its previous
rounded shape. The resulting modifications were optimized and confirmed to
have little to no effect on the antenna array performance in the simulations.
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Figure 3.18. Illustration of the feed structure of one antenna element. Black outlines illustrate
the machined antenna array element and the blue dashed lines illustrate the
modifications used in the AM arrays to increase the rigidity of the feed pin and to
decrease the downward-facing surfaces.
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Figure 3.19. Photos of the antenna array additively manufactured using selective laser melting
(SLM). (a) Overview of the whole antenna array, (b) a closeup of the coaxial antenna
feeds on the bottom of the array, and (c) the antenna profile from one side of the
array.

Figure 3.19 shows the array manufactured using SLM at Research Institute
of Sweden (RISE). The general shape of the produced part is good, and all the
features have been printed successfully. However, the figure illustrates some
of the limitations of this manufacturing method in printing very small details.
The shape of the antenna elements, especially the cavities, is not consistent and
some balling of the melted material can be seen in the top parts of the antenna
cones.

Figure 3.20 shows the other array manufactured using binder jetting. This
part was printed at Digital Metal and the intended antenna shape is reproduced
more accurately than in the SLM process. Even very small details appear to be
very consistent and all corners and edges are sharp. Additionally, there appears
to be no large surface imperfections similar to those seen in the SLM array. The
expected tolerance of the part is better than ±2% of the outer dimensions or
±50 μm at best.

3.2.3 Antenna performance comparison

The antenna array comparison is performed using the measured antenna array
far-field patterns and the measured realized gains when the whole antenna array
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Figure 3.20. Photos of the antenna array additively manufactured using binder jetting (BJ). (a)
Overview of the whole antenna array, (b) a closeup of the coaxial antenna feeds on
the bottom of the array, and (c) the antenna profile from one side of the array.

is fed with a feed network with equal amplitude and phase in each element. Each
antenna array uses the same feed network shown in Figure 3.9 and Figure 3.10.
Since the antenna array size in all the arrays is the same and the antenna
geometry ideally results in similar antenna matching, the realized gain of the
antennas relate directly with the efficiency and the conductive losses in the
antenna array structure. The far-field pattern can reveal possible problems in
the radiating part of the antenna and inconsistency in the antenna element
operation.

Figure 3.21 shows the measured normalized broadside far-field patterns at
26 GHz, 29 GHz, 33 GHz, 37 GHz, and 40 GHz in the E- and H-planes. The main
lobes of the patterns are well in line with each other, and the beam widths are
consistent. In the H-plane, the results are extremely well in line, and there is
basically no difference between the patterns. In the E-plane, the main lobes are
still identical but there are small differences in the shape of the side lobes and
side-lobe levels.

The realized gain of the antenna arrays is approximated using both measured
and simulated results. The approximation is performed using a simulation of the
feed network to calculate the losses before the antenna structure with realistic
PCB parameters. The PCB parameters are either given by the manufacturer
or calculated from measured test board transmission losses. Figure 3.22 shows
the realized gains of all the manufactured antenna arrays and the theoretical
directivity of the same array. Additionally, the gain difference of the AM antenna
arrays and the machined array is also included in the figure to better illustrate
the impact of the material conductivity and the surface roughness on the antenna
efficiency. The bulk conductivity of the aluminum alloy is 2·107 S/m while the
conductivity of the stainless steel is 1.3·106 S/m.

It can be seen that the gain in both AM antennas is approximately 1 dB lower
than that of the machined antenna throughout the whole band. The result is
interesting for a few reasons. First, even though the conductivity of the stainless
steel is lower than that of the AlSi10Mg alloy, the result indicates that the
loss in efficiency in both cases is close to identical. This is likely caused by
higher surface roughness in the part printed using the SLM method. Second,
there are a couple of spikes in gain difference for the SLM-printed array at
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Figure 3.21. Measured normalized radiation patterns of the three antenna arrays at (a) 26 GHz,
(b) 29 GHz, (c) 33 GHz, (d) 37 GHz, and (e) 40 GHz in the E- and H-planes.

30, 36.5, and 39 GHz. This may indicate a possible variation in the antenna
geometry, causing variation in the frequency response of this array. The gain
difference between the machined array and the array printed with BJ is more
consistent than the difference between the machined and the SLM arrays. The
measured gain differences can be used to approximate the surface roughness
of the structures with simulations. According to the simulations, 1-dB gain
difference in comparison to the copper array is achieved when the theoretical
surface roughness for the aluminum structure is set to 15 μm and to 12 μm for
the stainless steel structure.
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Figure 3.22. Comparison of the measured realized gains of each antenna array between 26
and 40 GHz to the broadside direction, and the gain difference of the additively
manufactured arrays when compared to the machined array.

The results prove that additive manufacturing, while still partially inferior to
machining in RF applications, is an option worth considering over conventional
machining for fabricating antennas and antenna arrays for future applications
even up to mm-wave frequencies. While the manufactured geometries presented
here are at the edge of current AM capabilities, it should be considered an
excellent option for improving cost efficiency when manufacturing structures
that are complex and expensive to make using more conventional methods.

3.3 Modular 30-GHz antenna array

At high frequencies starting from 20 GHz, phased antenna array become in-
creasingly difficult to design due to the decreasing size of the antenna elements
and the requirement to implement amplifiers and phase shifters close to the
radiating elements to decrease the losses. Additionally, the size of the antenna
elements in dual-polarized arrays decreases to a point where the use of con-
nectors becomes impossible due to physical restrictions. Finding solutions to
implement antenna arrays that integrate the electronics within the footprint of
the antenna is the main question answered in the process of this work.

The main idea presented in Publication [IV] is to study the feasibility and
possibilities of manufacturing high performance dual-polarized antenna arrays
with good beam-steering range where the active electronics, such as phase
shifters and amplifiers, are integrated close to the antenna elements at or
close to mm-wave frequencies. The work is based on the research done in
Publications [I], [II], and [III]. The basic antenna element design is similar
to the previous work and uses the surface-mounted antenna-PCB interface.
However, the antenna design is optimized for element spacing up to 30-GHz
frequency, and beamforming ICs with amplifiers and phase shifters for each
element are implemented in the design. Additionally, the modularity of the
structure allows an array of any shape and size to be assembled with minimal
redesign.
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Table 3.3. The most important dimensions of the optimized infinite array unit-cell antenna
element model.

din coaxial inner diameter 0.5 mm

dout coaxial outer diameter 1.8 mm

hel total height of the element 18.5 mm

hf lare height of the exponential taper 7.8 mm

htaper height of the linear taper 7.2 mm

hcav height of the cavity 2.05 mm

R rate of the exponential taper 0.17

rel radius in the cutout between the ridges 1.6 mm

wcav width of the cavity 0.8 mm

we width of the slot after linear taper 1 mm

wel element spacing 5 mm

wridge width of the ridge 1.3 mm

ws width of the slot 0.33 mm

3.3.1 Modular antenna array design

The design takes into account the possibility of manufacturing the antennas
in modular pieces that can be assembled into any shape, size, and sub-array
configuration required by the user. The design of the antenna array includes the
high-performance antenna element design, the antenna module construction,
the RF module including the amplifiers and phase shifters within the antenna
footprint, and a measurement board for combining these modules. Besides
taking into account the commercial off-the-shelf (COTS) chips planned to be
used in the prototype, which have one common port connected to four antenna
ports, a 4×4 module was considered as a good trade-off between the complexity
and size of the module. A smaller module would be more challenging to handle
and a larger one would be more challenging to assemble, due to the larger
number of components, higher cost, and higher probability of manufacturing
defects.

The basic antenna element design is based on the Vivaldi antenna design,
where the antenna feed is meandered and rotated 90◦ to accommodate the use
of a vertical coaxial line to feed the slot [21], [22], [I], [II] while the knowledge
gathered in Publication [III] is also used in the design of the elements. Fig-
ure 3.23 shows an illustration of the antenna design optimized for frequencies
ranging from 18 to 30 GHz. The antenna element design is fully metallic except
the dielectric in the coaxial feed. A PTFE insert is used in the coaxial feed to
achieve 50Ω impedance without very small clearance between the center and
outer conductors. The most important dimensions of the design are presented in
Table 3.3.

The optimization of the antenna element is performed in an infinite array
unit-cell simulation corresponding to a virtually infinite antenna array. The
simulation takes into account the antenna element coupling, resulting in a
good approximation of the performance in a large antenna array. Figure 3.24
shows the ARC of the antenna element. In the broadside direction, it is better
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Figure 3.23. (a) 3D view of the simulated infinite array unit-cell antenna element structure,
(b) the side view of a section of the antenna element, and (c) the top view of the
antenna element.

than −15 dB within most of the frequency band between 18 GHz and 30 GHz.
Only between 18.3 GHz and 21.5 GHz is the ARC between −15 and −14 dB.
The other cases, where the antenna beam is steered to ±60◦ in the E-, H-, and
diagonal planes, represent the worst case scenarios. When the beam is pointed
to any direction between the broadside and θ = ±60◦, the ARC is better than
that of θ = ±60◦. In all the steering directions, except in the H-plane below
19.5 GHz or above 29.3 GHz, the ARC is better than −10 dB. The 4×4 antenna
module results are shown later when discussing the manufactured structures.
Figure 3.25 shows the simulated embedded element pattern at 18 GHz and
30 GHz. In both cases, the cross-polarization ratio is better than −20 dB in the
elementary planes within ±60◦ scan range. In the diagonal, plane the cross-
polarization increases to or above the level of the co-polarization when steered
to ±60◦. In the broadside direction, the cross polarization ratio is approximately
−27 dB at 18 GHz, and −22 dB at 30 GHz.

The RF module is the interface between the electronics and the antenna
elements, integrating the amplifier and phase-shifter components as close to
the antenna elements as possible to minimize the losses of the high power
signals. The design uses Anokiwave AWMF-0162 beamformer ICs with four
antenna ports and a footprint of 3.6 mm×3.6 mm. Each of the antenna ports
have individually tunable gain and phase shift. The ICs have a bandwidth from
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Figure 3.25. Simulated co- and cross-polarized active element patterns in the E-, H-, and diago-
nal planes at (a) 18 GHz and (b) 30 GHz.

26.5 GHz to 29.5 GHz while the module and the antenna could accommodate a
lot wider bandwidth. The same antenna and module designs are also adaptable
with the lower band solution with a bandwidth from 24.25 GHz to 27.5 GHz.
In this thesis, the design is demonstrated only with the AWMF-0162 ICs. The
ICs are arranged in the module so that they are inside the antenna module
footprint and the length of the transmission lines from the chips to the antenna
elements is minimized. Figure 3.26 shows the designed RF-module PCB where
the placement of the chips is indicated by red squares. The chips are arranged
with two RF connectors per polarization and each connector linked to two
chips, allowing both polarizations to be controlled and fed separately. The
transmission lines from the chips to the antenna elements consist of three parts:
a short microstrip-line transition from the chip to a plated through-hole, a
plated through-hole between the top and bottom layers of the PCB, and a short
microstrip-line section from the through-hole to a pad connecting to the coaxial
antenna element feed. The contact from the pad to the coaxial feed line can
either be achieved by attaching the PCB and antenna together with screws or by
soldering the antenna array onto the PCB. Figure 3.27 shows a schematic of the
RF lines in the RF module. The PCB is an 8-layer design where the outer layers
are mostly reserved for RF lines. The substrate is Megtron 7, and the layer
thickness 118 μm [72]. The control and power planes are in the inner layers of
the PCB.
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Figure 3.26. (a) The top side of the PCB which is in contact with the antenna module, (b) the
bottom side of the PCB where the RF chips and the connectors are mounted, and
(c) a close up of one RF path from the SMPS connector to the ICs with the port
numbering used in the simulation. Red squares illustrate the chip placement.
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Figure 3.27. Schematic of the RF paths in the RF module.

The minimization of the length of the transmission lines results in efficient
transition from the chips to the antennas. Figure 3.28 shows the S-parameters
of all variations of the transitions in the RF module, demonstrating very small
losses in the simulations with realistic material values and surface roughness.
The reflection coefficient of all transitions in the structure is close to or better
than −20 dB, and the transitions from the chip to the antenna ports have an
efficiency of better than −0.2 dB.

Figure 3.29 illustrates the designed measurement board for combining up to
four antenna array modules together with separate feeds for the two polariza-
tions. This board uses the same 8-layer construction as the RF module. Two
edge-launch connectors are used to feed two separate feed networks which are
trees of 1-to-2 Wilkinson power dividers. Three consecutive power dividers in
the tree result in a total power division of 1 to 8. 0402 Vishay CH series RF
resistors are used in the Wilkinson power dividers [73]. The measurement board
is used to demonstrate the combined operation of multiple modules.
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Figure 3.28. The simulated S-parameters of the RF module: (a) the reflection coefficients, and
(b) the transmission coefficients.

(a) (b)

Figure 3.29. The measurement PCB for connecting up to four antenna array modules: (a) the
bottom of the PCB with the power division network, and (b) a cropped illustration
of the top of the PCB with the connections to the antenna array modules and the
linear voltage regulators.

The components are assembled together and mounted to a machined aluminum
plate. The aluminum plate is also used as a heat sink for the RFICs. Figure 3.30
shows a cross-sectional view of the stacked components and the cavity of one
RF module. The stack of components is assembled such that the RF modules
are sandwiched between the mounting plate and the antenna modules with
two screws each indicated in the figure with blue. The RF-, power-, and logic
connectors pass through the plate. The measurement board is attached to the
mounting plate from the backside with screws indicated in red.

The manufactured 4×4 antenna module is shown in Figure 3.31. The manufac-
tured modules have relatively low surface roughness and few to no imperfections.
The base of the antenna module is flattened using conventional machining, and
the PTFE inserts are placed in the coaxial feeds. Figure 3.32 shows the RF
module. In addition to the RF components, the modules also include two eight-
position sockets which have the power and control lines for the modules. Fig-
ure 3.33 shows the manufactured measurement board in which the RF modules
are connected. In total, there are four positions in a square configuration which
the modules can be connected to. Additionally, the measurement board regulates
the supply voltage to 1.8 V as close to each module as possible. The measurement
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(a) (b)

Figure 3.30. The assembly and the attachment of the PCBs and the antenna modules. (a) the
cutout of the structure where the mounting screws used in the assembly are visible.
The antenna modules and the RF modules are attached to the aluminum plate
using the blue screws and the measurement board to the plate using the screws
indicated in red. (b) The machined cavity in the mounting plate where the green
areas indicate the bumbs making contact with the chips through thermal pads,
and red areas make contact with the RF-module PCB. The blue circles indicate the
mounting screw positions.

(a) (b) (c)

Figure 3.31. The antenna module with a size of 20×20×18.5 mm3. (a) One manufactured 4×4
antenna module with the tip of a ball point pen for scale, (b) a side view of the
antenna module, and (c) the base of the antenna module.

board has four independent 1.8-V voltage rails, one for each module position,
with up to 12-A current each. Figure 3.34 shows the assembled antenna array
with two RF- and antenna modules attached. The unpopulated module positions
in front of the attached modules shows the RF-module cavities.
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(a) (b) (c)

Figure 3.32. Images of one RF module: (a) the bottom of the module where the RF-chips and
connectors are placed, (b) the top of the RF module where the antenna interface is
visible, and (c) the RF module with a two euro coin for scale.

(a) (b)

Figure 3.33. The measurement PCB for connecting up to four antenna array modules: (a) the
bottom of the PCB with the power division network, and (b) the top of the PCB with
the connections to the antenna array modules and the linear voltage regulators.
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Figure 3.34. The assembled structure where two antenna- and RF modules are mounted in the
front of the mounting plate and the measurement board behind the plate. The
RF-module cavities are visible in front of the two modules.
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3.3.2 Measurements

The antenna array is measured in a two-module configuration with 4×8 dual-
polarized antenna elements. Measuring the array in the planned 8×8 configura-
tion was not possible due to issues in the SPI lines of some of the chips in the
manufactured RF modules. The measurements are performed in a near-field
scanner, sampling the electric field on a plane near the antenna aperture. Far-
field properties are calculated from the sampled near-field using the near-field
to far-field transformation.

Figure 3.35 shows the amplitude and phase of the antenna array in front
of the aperture without calibration. The measured amplitude and phase are
uniform and taper quickly outside the aperture in the case of both polarizations,
indicating that all the antenna elements are operational. The fact that all the
elements in the array are operational indicates that the PCB-antenna array
transition works.
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Figure 3.35. Measured amplitude and phase of the electric field in front of the antenna array
aperture with the antenna element grid overlaid on top. (a) The amplitude and (b)
the phase of the vertical polarization, and (c) the amplitude and (d) the phase of the
horizontal polarization.
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Figure 3.36. Simulated and measured normalized far-field patterns of the V- and H-polarized
antenna elements on the vertical and horizontal planes at (a) 26.5 GHz and (b)
29.5 GHz.

Figure 3.36 shows a comparison between the simulations and the measure-
ments at 26.5 GHz and 29.5 GHz. At both frequencies, the measured patterns
are well aligned with the simulations in both horizontal and vertical planes. As
the antenna array is a 4×8 configuration, having only four antenna elements in
the horizontal plane, the radiation pattern on that plane is wider.

Figure 3.37 shows the beam-steering capability in the vertical plane. The beam-
steering demonstration compares the measured and simulated beam patterns of
both polarizations at 26.5 GHz and 29.5 GHz frequencies up to approximately
60◦. The 60◦ steering angle is defined for 28 GHz frequency, thus the actual
steering angle for the 26.5 GHz is larger and for the 29.5 GHz the angle is smaller.
Additionally, the antenna element gain tapers at higher angles, shifting the peak
of the array beam patterns closer to the broadside direction. The simulated and
measured radiation patterns agree well. In all the beam-steering directions and
in both polarizations, the measured patterns are close to the simulated ones. In
most cases, even the sidelobes are in good agreement.

The amplitude control over the antenna elements is demonstrated in addition
to the beam steering. Figure 3.38 demonstrates an arbitrary amplitude tapering
over the eight elements along the vertical axis. Element rows from one to eight
are excited with a relative power of −6 dB, −3 dB, −1 dB, 0 dB, 0 dB, −1 dB, −3 dB,
and −6 dB, respectively. The used tapering decreases the side-lobe level to −17
to −23 dB. On the other hand, the width of the main lobe is increased by 2◦ and
the gain of the beam is decreased by 2.2 to 2.4 dB due to the tapered excitation,
i.e., the lower aperture efficiency.
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Figure 3.37. Simulated and measured normalized far-field patterns at different beam-steering
angles when steered in the vertical plane at (a) V-pol 26.5 GHz, (b) H-pol 26.5 GHz,
(c) V-pol 29.5 GHz, and (d) H-pol 29.5 GHz.
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Figure 3.38. The measured far-field patterns of the vertically polarized elements with uniform
excitation and with amplitude-tapered excitation at (a) 26.5 GHz and (b) 29.5 GHz.
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4. Millimeter-wave antenna arrays in
mobile networks

The growing demand for high data rate communication systems has created
challenges for mobile networks. The fifth generation (5G) of mobile networks
aims to allocate new frequency bands in the mm-wave range to increase the
available bandwidth by up to 1,000 times [3]. This chapter presents two possible
solutions for antennas that could be used in mobile devices and in point-to-point
radio links at mm-wave frequencies. The solutions are discussed in [V], where
a dielectric-filled waveguide (DFWG) antenna array is introduced and in [VI],
where the co-design of a mm-wave antenna array and LTE antennas in the same
volume is discussed. Section 4.1 introduces a concept study of the dielectric-
filled waveguide antenna array, while Section 4.2 discusses the co-design of the
mm-wave and LTE antennas.

4.1 E-band dielectric-filled waveguide antenna array

The E-band (71–76 GHz and 81–86 GHz) DFWG antenna array concept is used
to study the feasibility of using DFWG antenna arrays in fixed point-to-point
radio links. Waveguides are used instead of microstrip lines due to their lower
loss in transmission lines, power dividers, and antenna elements. However, it
can be costly to manufacture metallic waveguides by machining. DFWGs may
be manufactured using injection molding and by plating the waveguide walls
with metal [74]–[76]. In addition to lower loss, the DFWGs can additionally be
lighter and the dimensions of the waveguides are inversely proportional to the
square root of the dielectric constant.

The concept is studied by simulating the structure shown in Figure 4.1, first
in three separate parts and then as a complete structure. The three separately
simulated structures are: the transition section connecting an air-filled WR-
12 waveguide to the DFWG, the 1-to-4 power divider in the DFWG, and the
radiating element. The dielectric material used in the design is a plastic material
with a relative permittivity of 5 and loss tangent of 0.0005 to decrease the
waveguide dimensions to less than half of the dimensions of a WR-12. The metal
used in the simulation models is lossy copper with no surface roughness.
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Figure 4.1. Illustration of the dielectric-filled waveguide antenna array structure viewed from
the side and from the top with the most important dimensions.

The three different parts of the complete structure are designed and simulated
using CST Microwave Studio: a transition, a power division network, and a
radiator.

The transition section connecting the WR-12 waveguide to the DFWG consists
of a 1.4-mm tapering section of dielectric inside the WR-12 and a 1.2-mm ta-
pering section of the DFWG. The cross-section size of the dielectric waveguide
is 1.48×0.74 mm. The power divider is an H-plane one-to-four divider with a
0.7×0.25 mm step before the T-junction for improving the matching. The four
waveguides after the power divider have a spacing of 2.06 mm. The power divi-
sion is tuned with the 0.85-mm cut-out between the middle elements and with
the 0.9-mm chamfers.

Figure 4.2 shows the simulation results of the air-filled waveguide-to-DFWG
transition and the 1-to-4 power divider. The simulation results show that the
transition has a reflection coefficient of −15 dB or better between 69 and 78 GHz,
and the transmission coefficient is −0.3 to −0.6 dB. The power divider has a
reflection coefficient of −10 dB or better between 69 and 78 GHz and better than
−18.5 dB between 71 and 76 GHz. The transmission coefficient to all four ports
after the power divider is better than −6.5 dB, with less than 0.1 dB difference
between any two branches.

The radiating element is designed using an idea taken from dielectric rod
waveguides [77], [78] and by limiting the size of the element so it is smaller than
the λ/2 element spacing in an antenna array. First, the waveguide is tapered
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Figure 4.2. The simulated transmission and reflection coefficients of (a) the air-filled WR-12
waveguide to dielectric-filled waveguide and (b) the 1-to-4 power divider.
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Figure 4.3. The simulated reflection coefficient and the realized gain of (a) the single waveguide
antenna element and (b) the whole four antenna element structure including the
transition section and the power divider.

closer to a square shape by increasing the height of the waveguide from 0.74 mm
to 1.34 mm within the length of 3 mm. The waveguide terminates in this point
and the radiating element continues with the bare dielectric with a 5 mm long
E-plane taper.

Figure 4.3 shows the performance of a single radiating element fed with a
waveguide port, and the performance of the whole structure with four radiating
elements. The antenna element has a matching of −18 dB or better between 70
and 78 GHz with a gain of 8.4 dBi at 71 GHz, 8.8 dBi at 73 GHz, and 9.25 dBi at
76 GHz. The reflection coefficient of the complete structure is better than −10 dB
from 70.1 to 77.9 GHz and better than −15 dB between 70.8 GHz and 75.8 GHz.
The figure shows that the gain of the 1×4 antenna array is not as consistent
as that of the single element gain. At 71 GHz, the antenna array gain is 9 dBi,
at 73 GHz it is 11.4 dBi, and at 76 GHz 12.3 dBi. The variation in the gain is
caused by the different signal path lengths, and as a result the phase difference
between the inner and outer radiating elements.

The radiation patterns of the single antenna element and the 1×4 antenna
array are shown in Figure 4.4 at 73 GHz. Both the simulated radiation patterns
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Figure 4.4. The simulated far-field pattern of (a) the single dielectric-filled waveguide antenna
element and (b) the complete four antenna-element array at 73 GHz.

are smooth. However, the level of the sidelobes in the radiation pattern of the
array are quite high due to the phase difference between the inner and outer
radiating elements. The simulated structures have been manufactured and
measured successfully, but the results are out of the scope of this thesis [79].

4.2 Co-designed handset LTE and mm-wave antennas

This section discusses the co-design of the LTE and mm-wave antennas in
a mobile device presented in Publication [VI]. The concept of combining the
design of these antennas and implementing them in same volume has only
been discussed since 2018. The performance and design of both the LTE and
mm-wave antennas are discussed in [VI]. However, the mm-wave antenna array
design and performance are the main topic of this section.

The concept of the co-design revolves around implementing the mm-wave
antenna within the same volume its LTE counterpart. At present, the LTE,
GPS and Wi-Fi antennas are most commonly integrated in the metal frame of a
handset due to the limited space inside the device [80]–[84]. However, mm-wave
antennas are proposed to have high gain, to overcome path loss, as well as beam
steering, to ensure coverage with the narrow beam. Integrating a number of
small antenna elements into the metal frame may be impractical.

The mm-wave antenna is designed to radiate through a small dielectric-filled
window in the metal rim of the mobile device. The metal frame is used as the
low-band antenna. The effect of the dielectric-filled window and the mm-wave
antenna module should be negligible, to allow the mm-wave module and the
LTE antenna to be designed separately. Figure 4.5 illustrates the positioning of
the mm-wave module where the mm-wave module can be positioned in the short
or long edges of the device.
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Figure 4.5. Illustration of the mobile device and the mm-wave module positioned in the same
volume as the LTE antenna. Additional mm-wave modules illustrate other possible
positions for the module.

This section demonstrates the integration of the mm-wave module in the short
edge of the device. These edges are most commonly used as the LTE antennas,
and thus studying the effect of implementing the mm-wave module on these
edges is essential.

4.2.1 Handset mm-wave Vivaldi antenna array design

The objective of the mm-wave antenna array design is to demonstrate a compact
module at 25–30 GHz frequency that can be implemented within the same
volume as the LTE antenna. The design goals for the array are impedance
matching of better than −10 dB, a beam-steering range of more than ±25◦, and
no major interaction between the LTE and mm-wave antenna elements.

Vivaldi antennas are wide-band antennas that are known to work well in
antenna array applications [50], [85]. Additionally, the Vivaldi antenna can be
implemented inside the handset such that there is no galvanic contact between
the LTE and mm-wave antenna, decreasing the possibility of coupling energy
between the two. A linear Vivaldi antenna array can also be manufactured on a
single PCB and it does not require a back reflector, as a dipole array would do,
for example.

Figure 4.6 shows a simulation model of the handset with the general dimen-
sions. The mm-wave module is positioned to radiate through a window in the
metal rim of the handset. The window and the mm-wave antennas are covered
with Preperm dielectric material with εr = 4.5. The aperture of the window is
23×4 mm2 (width×height). The aperture size limits the frequency range of the
antenna operation, and the cut-off frequency produced by the aperture should be
low enough. The LTE antennas are designed using a conventional configuration
where the low-band feed (port 1) is in the middle of the structure, and the high-
band feed (port 2) is located more towards the corner of the structure. Ports 4
and 5 are used in the antenna matching for the high- and low-band antennas
with lumped components.
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(a)

(b)

Figure 4.6. Illustration of the mm-wave module in the handset with the dimensions and the port
designation of the LB and mm-wave antennas. (a) Dimensions inside the handset,
and (b) dimensions of the opening in the metal rim of the handset.

Figure 4.7 shows the general dimensions of the mm-wave module. The mm-
wave module is an array of four Vivaldi antennas manufactured on a 0.101 mm
RO4350B substrate. The antenna elements are enclosed inside a dielectric
material and radiate through a window in the metal rim. Figure 4.8 shows
a more detailed illustration of the antenna element, while Table 4.1 lists the
dimensions. The antenna elements are conventional Vivaldi antenna elements
which are fed with a microstrip line coupling to the slot. The element is optimized
to be as compact as possible while still having sufficient matching and efficiency.
For demonstration purposes, the antenna array is fed with a power division
network. Ideally, each of the antennas would be connected to an individually
controllable phase shifter and amplifier. The antenna module is demonstrated
with three different structures, where the antennas have 0◦, 50◦, and 100◦ of
progressive phase shift, corresponding to 0◦, 16◦, and 34◦ of beam steering,
respectively.

(a) (b)

Figure 4.7. Illustration of (a) the four Vivaldi antenna elements, and (b) the antenna array
module with the dielectric.
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(a) (b)

Figure 4.8. Detailed illustration of the Vivaldi antenna array simulation model from (a) the top
and (b) the side. Dimensions are listed in Table 4.1.

Table 4.1. Dimensions of the Vivaldi antenna.

Symbol Description Value
dc cavity diameter 0.32 mm

ht height of the tapering 3.05 mm

we element width 4.75 mm

ls tuning slot length 2 mm

ws tuning slot width 0.2 mm

tm microstrip width 0.21 mm

lm microstrip extension 0.8 mm

lp1 plastic length 7 mm

lp2 PCB to the edge of plastic 2 mm

hp plastic height 4 mm

hs slot height 0.15 mm

tPCB PCB thickness 0.101 mm

4.2.2 Simulation and measurement results

The antenna performance is characterized by the antenna matching and far-
field radiation patterns. Additionally, surface currents are used to observe the
interaction between the mm-wave module and the LTE antennas. The character-
ization is based on full-wave simulations, measurements of the manufactured
prototypes, and a comparison of both results.

Figure 4.9 shows a comparison of the simulated and measured reflection
coefficients of the three models with the different progressive phase shifts. In
all cases, the matching is good but there are some differences between the
simulations and the measurements. The differences may be caused by small
errors in the manufacturing and assembly of the prototype. For example, the
alignment of the dielectric material and the mm-wave antenna PCB is difficult
due to very tight tolerances and manual alignment.

Figure 4.10 shows the simulated and measured far-field patterns at 26 GHz
and 28 GHz. At 26 GHz, the results are in a good agreement, although the
measured peak gain values with the beam steering are slightly lower than in
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Figure 4.9. Measured (solid) and simulated (dashed) reflection coefficient of the mm-wave an-
tenna with the power divider with 0◦, 50◦, and 100◦ of progressive phase shift.

Figure 4.10. Simulated (solid) and measured (dashed) far-field patterns at (a) 26 GHz and (b)
28 GHz.

the simulations. At 28 GHz, the 0◦ and the 50◦ phase shifts have some issues,
and the peak gains are lower than the simulated ones. In the case of the 100◦

phase shift, the simulations and the measurements at 28 GHz agree well.
One of the key issues in implementing the mm-wave module within the same

volume as the LTE antenna is the possible effect of the module on the LTE
antenna’s performance. Figure 4.11 shows the reflection coefficient and the isola-
tion of the low- and high-band LTE antennas in simulations and measurements.
Additionally, a simulation of the original structure without the mm-wave module
is shown. The results indicate only a very small impact in the LTE antenna
behavior. The matching is better than −6 dB in both bands at 700–960 MHz and
at 1.71–2.69 GHz. Although with the mm-wave module the isolation between the
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high and low bands is good <−15 dB, it is a bit worse than without the module,
especially at the high band.

Finally, Figure 4.12 shows the surface currents in the simulation model at
800 MHz, 2.4 GHz, and 28 GHz. It can be seen that there are no major currents
in the mm-wave module when the 800-MHz and 2.4-GHz frequencies are excited.
Additionally, the currents at these bands are evenly distributed in the metal rim
implying that the window in the metal rim does not create major implications.
Similarly, when the mm-wave antenna is excited, the currents are concentrated
in the mm-wave antennas and not in the metal rim or in the other antenna
ports.

Figure 4.11. Simulated and measured S-parameters of the LTE antenna. Simulated (solid line)
and measured (dashed line) S-parameters of the antenna with the mm-wave module,
and simulated S-parameters of the original antenna without the mm-wave module
(dotted line).

(a) (b) (c)

Figure 4.12. Surface currents in the LTE and mm-wave antennas at (a) 800 MHz, (b) 2.4 GHz,
and (c) 28 GHz.
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5. Summary of Publications

Publication I: “Dual-polarized Ka-band Vivaldi antenna array”

This paper presents a high-performance dual-polarized Vivaldi antenna array
element design for phased arrays operating between 26 and 40 GHz, which
is suitable for 5G mm-wave wireless networks. An array consisting of these
elements is designed to be made from a single piece of metal by machining or
using additive manufacturing. Additionally, it is designed to have a connectorless
interface with the electronics due to the small element spacing. The paper
demonstrates how such an array can be manufactured and shows a comparison
of simulated and measured results for single antenna elements.

Publication II: “Surface-mounted Ka-band Vivaldi antenna array”

This paper presents how the antenna element designed in [I] can be surface
mounted on a PCB and explains how the connector-less interface can be designed.
Furthermore, the paper presents a thorough comparison of simulations and
measurements of the 8× 8 antenna array using a feed network with phase
shifters to demonstrate beam steering. The measured array scan patterns for
the co- and cross-polarizations are in a good agreement with the simulations.

Publication III: “Comparison of additively manufactured and
machined antenna array performance at Ka band”

This paper presents how additive manufacturing can be used to make the
antenna array first presented in [I] and [II]. Two different additive methods,
binder jetting and selective laser melting, are used to manufacture the same
8×8 antenna array. The machined antenna array presented in [II] is used as the
reference against which the printed antennas are compared. This comparison is
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performed by measuring the radiation patterns and the realized gains of all the
arrays to demonstrate how the higher surface roughness of the printed antennas
affects their performance. The measurements show that the printed antennas
are approximately 1 dB less efficient.

Publication IV: “A modular dual-polarized Ka-band Vivaldi antenna
array”

This paper demonstrates a modular surface-mountable Vivaldi antenna array
for 30 GHz. The paper realizes the full visioned integration capability of these
structures by integrating beamforming ICs with phase and amplitude control
very close to each antenna elements and within the antenna footprint. The
operation of two modules in a 4×8 antenna array is demonstrated. Measure-
ments in a near-field scanner show that the two modules can be integrated
together without issues and the measured amplitude and phase in front of the
antenna aperture is uniform. The measured far-field patterns agree well with
the simulated results when the beam is steered up to ±60◦.

Publication V: “Dielectric-filled waveguide antenna array for
millimeter-wave communications”

This paper presents how dielectric-filled waveguides could be used for feed
network and antennas in E-band antenna arrays. Waveguides have generally
lower losses than transmission lines on PCBs; thus, they would be ideal in feed
networks at mm-wave frequencies. However, air-filled waveguides are rather
large, and it would be hard to use them in antenna arrays with λ/2 element
spacing. Dielectric material could be used as a filling inside a waveguide to
decrease its physical size and enable the use of waveguide antenna elements in
antenna arrays.

Publication VI: “Co-designed mm-wave and LTE handset antennas”

5G wireless networks will bring mm-wave frequencies into mobile devices. While
these frequencies will increase the available bandwidth and data rate for areas
with high population density, sub-6 GHz frequencies are still required for less
populated areas for longer ranges. This paper presents how low-band LTE
antennas can be integrated with mm-wave antennas in the same volume with
very small impact in performance for either band.
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This thesis looks into the future possibilities for mm-wave antenna array manu-
facturing and their integration into telecommunication and sensing applications.
The shift to wideband, beam-steerable, mm-wave antenna arrays requires new
antenna designs that can be closely integrated with the electronics as well as
new manufacturing methods that are cost efficient for a wide global introduction
to telecommunication networks.

The scientific contributions of this thesis include: the introduction of the
surface-mounted Ka-band Vivaldi antenna array element; an explanation of
the integration of electronics with a modular all-metal dual-polarized Ka-band
Vivaldi antenna array; the introduction of dielectric-filled E-band antenna ar-
ray; and a proposal for combining mm-wave and sub-6 GHz LTE antennas in
handsets.

The main topics of the thesis are presented in Publications [I], [II], [III],
and [IV]. Publications [I] and [II] present a dual-polarized Vivaldi antenna
element for Ka-band. The antenna element is an all-metal design with an
element spacing of 3 mm that can be attached to a PCB without additional RF
connectors, either using through-hole or surface-mount technology. The antenna
performance is sound in the 26–40 GHz band and within ±60◦ beam-steering
range. This performance is demonstrated both by full-wave EM simulations and
measurements of manufactured prototypes. Publication [III] demonstrates the
use of two different all-metal AM methods for manufacturing the previously
proposed Vivaldi antenna designs. Both AM methods are proven to be feasible
in manufacturing the antennas without the need for complicated machining.
Finally, Publication [IV] demonstrates the integration of an all-metal Ka-band
antenna array and electronics within the same footprint with a modular 4×4
dual-polarized antenna design.

Other mm-wave antenna array designs are proposed in Publications [V] and
[VI]. Publication [V] proposes a dielectric-filled waveguide antenna design for
E-band where dielectric is used to decrease the waveguide dimensions to conform
to the λ/2 element spacing to prevent grating lobes. The proposed prototype is a
design with a fixed feed network for broadside radiation, but vector modulator
could be integrated in-line with the antenna elements to enable beam steering.
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Publication [VI] demonstrates the first co-design of a metal-rim handset where
an mm-wave antenna array module is integrated within the same volume as
sub-6 GHz LTE antennas. The mm-wave antenna is designed to radiate through
a dielectric-filled window in the metal-rim without affecting the LTE antenna
performance negatively.

The antenna and antenna array design process becomes increasingly difficult
when the applications are moving to higher frequencies. 5G networks have
begun a wider deployment in the sub-6 GHz spectrum and there are further
plans for mm-wave devices. In particular, the plan to move to mm-waves in
telecommunication networks is the first major step towards significantly higher
frequencies than before in wide-spread handset and consumer applications. The
move requires new ideas to integrate and manufacture very small structures
with minimal tolerances in a cost-efficient manner. Simultaneously, such con-
sumer devices should still be compatible with the lower frequencies currently
used, to enable backwards compatibility and long-range communication in less
populated areas.

The results shown in this thesis prove that fully metallic surface-mounted
antenna arrays are promising for use in future mm-wave applications. The
designed antenna arrays have excellent electrical performance, they are reason-
ably inexpensive to make, and the manufacturing of the antennas can utilize
new and emerging additive methods. Similar antenna structures may be used
up to 100 GHz without significant compromises.
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