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Designing a PCB microstrip antenna array for 5G mm-wave frequencies

Designing and testing a dual-polarized aperture-coupled microstrip patch antenna for
the (26.5-29.5) GHz band

Per Ingmar Bujalla, Simon Eriksson, Johanna Kraamer, Syed Ahsan Ali Shah
Department of Electrical Engineering
Chalmers University of Technology

Abstract
This report presents the development and testing of a dual linearly polarized patch an-
tenna array. The designed antenna covers the frequency range of (26.5-29.5) GHz, which
also is known as the 5G NR FR2 n257 band. The antenna went through multiple iter-
ations of simulation in Ansys HFSS, starting with the construction of a single element
that then served as a building block for a three element array. After completing the
array in HFSS it was sent for manufacturing. The project compares the simulated results
to the ones from the tested manufactured array. For the antenna to be effective in a
communication scenario, targets were set for various performance aspects including the
radiation pattern, total efficiency and scattering parameters (S-parameters).

Each element in the array is aperture-coupled, cavity-backed and dual-polarized. The
results showed that for a single isolated element, the peak broadside gain was 6.88 dBi
for the vertical polarized port and 6.58 dBi for the horizontal polarized port. Moreover,
the cross-polarization discrimination was > 14.6 dB, which suggest that it could be used
for MIMO applications. It should be noted that these values are taken from the HFSS
results as only the array and not the single element was manufactured.

The manufactured antenna underwent multiple tests. The S-parameters were measured
with a VNA, the radiation pattern was measured in an anechoic chamber and lastly the
total efficiency was characterized in a reverberation chamber. All measured and simu-
lated S-parameters achieved the target. Beam steering capabilities were also investigated
by phase shifting each elements in post-processing from the accumulated data of the
radiation pattern. The test results from the manufactured array follow the simulated
ones well in its S-parameters and radiation pattern. The measured total efficiency was
above > 75%. Finally, beam steering was achieved with a scanning range of ±44◦ for the
simulated data and ±46◦ for the measured data.

Keywords: 5G, mm-wave, NR, antenna array, beam steering, aperture-coupled, dual-
polarized, microstrip patch, cavity-backed, linear polarization, beam steering.
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1
Introduction

In recent years, there has been a significant increase in demand for wireless connectivity.
What is, and can be, connected has become almost limitless, with devices ranging from
personal computers to vehicles, machines and home appliances. The growing number of
connected devices is expected to continue. Here the keyword is “5G”, the backbone that
enables all of this [1]. 5G is widely adopted and employed in many different application
as a result of rapidly expanding wireless communications [2].

However, the adding of more devices pressures existing infrastructure [3]. Therefore, as
the demand for internet reliability and greater capacity increases, so does also the demand
in research for enabling higher data rates with better efficiency. This can be achieved by
increasing the bandwidth (frequency range) [4].

Central to the 5G network is its ability to handle great capacity and the improved quality
of services (QoS) in contrast to 4G systems [2]. Moreover, it can achieve a reaction time
of less than 4 to 5 milliseconds (ms), offer speeds of up to 10 Gbps [5]. The 5G wireless
communication uses a radio-access technology called New Radio (NR). The 5G NR is
categorized in low-, medium- and high-frequency bands, where frequency range 2 (FR2)
is part of the high-frequency bands. Further, the 5G NR FR2 n257 band refers to a
frequency range of 26.5 - 29.5 GHz [6, p. 27-36].

Since antennas transceive the signals, they are a crucial component for communication
systems and its design should therefore be considered when finding cost-effective solutions
for increasing the 5G network availability. The microstrip antenna is a top candidate given
that it is cheap to manufacture and has a low-profile design, whilst still having versatility
in changing the radiation pattern and polarization. Since Printed Circuit Board (PCB)
technology has good scalability [7], arrays of them can easily be made which further
enhances its capabilities by enabling a greater directivity and beam steering functionality
[8, p. 783-785, p.832-837].

1.1 Purpose
The purpose of the study is to design, manufacture and test a 5G mm-wave low-profile
antenna operating in the 5G NR FR2 n257 band. It is intended to be compact and effi-
cient with good radiation characteristics, to ensure broad coverage and high capacity in
densely populated areas where numerous devices are interconnected. The antenna array
will comprise of several identical elements, each with dual-polarization capabilities. This
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1. Introduction
setup allows for better signal reception and transmission, accommodating the increasing
number of connected devices in modern communication networks.

The study will involve comparing simulated performance with real-world testing results
to evaluate the effectiveness of the antenna. In addition, the purpose is to explore the
ability to steer the signal in specific directions, potentially improving signal strength and
quality in targeted areas.

1.2 Scope
The design and test phase of the study is a subject to limitations. The study is focused
on the PCB patch resonator antenna, due to its low-profile design aligning with the pur-
pose of the study, and its widespread use in existing 5G network systems. Moreover, the
geometric shape of the patch antenna this study aims to analyze is exclusively rectangu-
lar. Other symmetrical shapes such as circular, also applicable in dual-polarized antenna
arrays, but they are disregarded in this report. Exclusively focusing on one shape of
antenna, the study aims to optimize the performance of this type of design.

It was decided to focus on one type of feeding method, the aperture-coupled feeding
method, which is the most common type of feeding for dual-polarized antenna arrays
and offers design flexibility [9]. Other feeding methods such as probe feed, microstrip-
line feed and proximity-coupled feed will not be included. The reason for not including
probe feed and microstrip-line feed is due to cross-polarized radiation [8, p. 786], where
the vertical polarized field influences the horizontal polarized field and vice versa. The
research around the proximity-coupled feeding method implemented for antennas with
dual-polarization is limited [10], therefore the method is discarded in this project.

The manufacturing of the PCB will also add some restrictions for the dimensions and
choice of dielectric material. Other design requirements are that the area of a single
antenna element should be less than 6x6 mm2 and the total thickness of the PCB should
be less than 1.5 mm. A Sub-Miniature Push-on Micro (SMPM) connector will be used
for its small dimension, making it easier to fit on the PCB.

Furthermore, when simulating and testing the radiation characteristics of the antenna, it
will only consider the far-field. The reason for excluding the near-field effects is because of
its modeling complexity and irrelevance for the communication scenarios of this project.
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1. Introduction
1.3 Research Questions
The project will aim to answer the following questions:

• How can a microstrip patch antenna (MPA) array be designed with given design
constraints?

• How do the results from simulations of the antenna array in Ansys HFSS compare
to the results of the manufactured antenna?

• Is it possible to implement beam steering capabilities on the designed antenna
array?

1.4 Social and Ethical Aspects
The antenna studied and developed in this report is by itself only a passive component
meaning it is useless without an active system behind it. Instead, the ethical aspects of
the broad infrastructure behind it, including the whole communication system, should be
considered.

The development and expansion of internet infrastructure entails both benefits and draw-
backs. It will interconnect more people and devices, enabling almost instant communica-
tion. This can lead to increased efficiency in both individual and industrial work, bolster
safety through monitoring devices, and foster innovation in new services and products.

As for the negative aspects, excessive reliance on stable internet connections can heighten
society’s vulnerability to situations such as hacker attacks and electrical blackouts. The
internet infrastructure itself also consumes a lot of power, given that it always has to be
on to provide its services. If the antennas are not powered from renewable energy sources,
it could result in a negative impact on the environment. Lastly there is also the impact
on the individual level in the form of radiation exposure. However, the current levels of
exposure are significantly lower than the recommended reference level from the Swedish
Radiation Safety Authority [11]. On the other hand, the effects of radiation exposure on
animals are not fully assessed.

One ethical aspect of the antenna manufacturing is the use of resources. Prevalent con-
ductors used for MPAs and PCBs are gold and copper [8]. These metals are in high
demand and excavation of these minerals have a significant impact on the environment
[12]. The metal ore mining industry produces a significant amount of slag, dust and
aerosols, which can contain toxic materials such as As, Cd, Hg and Pb. These heavy
metals contaminate both terrestrial and aquatic environments. The refining process of
the ores produces large volumes of SO2 causing acidification of the rain which can be
harmful of trees, crops and structures in contact of the rain.

3
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2
Theory

The following chapter delves into the theory and technical terms used in the project. It
will start with an overview of the fundamental function of an antenna and the figures
of merit. Thereafter, it will move on to polarization of electromagnetic (EM) waves,
grouping of antenna elements and then transmission line (TL) theory. Lastly, the chapter
will present the theory behind the specific antenna design used in the project.

2.1 Fundamentals of Antenna Theory

An antenna transfers EM waves between guided and radiating waves in free space and
vice versa [13], [14, p. 600 ], [8, p. 1-24]. To create radiation, there must be a time-
varying current or acceleration of charges within the conducting materials [8, p. 1], [14,
p. 600], [15]. The following equation provides basic relation between current and charge
and also serves as the fundamental relation of EM radiation for a z-directed single wire

l
dIz

dt
= lqlaz, (2.1)

where l is the length of the wire, ql is the charge per unit length, Iz is the current through
the wire and az is the acceleration of charges. The subscript indicates the z-direction in
right hand coordinate system.

Creating charge acceleration on a wire is dependent on the geometrical structure and
EM properties of the material[8, p.1-24]. Therefore various type of antennas have been
developed/designed with different shapes to achieve various radiation patterns [15], [8,
p.1-24]. Common examples includes different wire shapes such as dipoles, long wires and
helices. Additionally, there exists aperture types such as open-ended waveguides, slots
and horns, which use guiding waves discontinuities for creating radiation.

A passive antenna can function as either a transmitting or receiving antenna [16, p.
249–293]. In both roles, its radiation properties and impedance remain the same, a
principle known as reciprocity. Essentially, if an antenna emits maximum power in a
specific direction during transmission, it will also be the most sensitive to receiving waves
coming from that same direction.

5



2. Theory
2.2 Antenna Parameters and Figures of Merits
Understanding how antennas perform involves an exploration of various factors that influ-
ence their functionality [8, p. 26-88], [16, pp. 249–293, ], [17], [14, p. 607]. These factors
includes key radiation characteristics such as field pattern, directivity, gain, impedance,
efficiency and bandwidth.

2.2.1 Radiation Pattern
The radiation pattern of an antenna describe how it emits EM waves in different directions
[18, ch. 1.4], [8, p. 25-39]. It is commonly depicted using spherical coordinates, denoted as
the electric field vector E(R, θ, ϕ) and magnetic field vector H(R, θ, ϕ), with the antenna
located at the origin. Here θ represent the elevation angle, ϕ the azimuth angle and R
radial distance from the origin as illustrated in the accompanying figure 2.1.

𝑥

𝑦

𝑧

(𝑅, 𝜃, 𝜙)

𝜙

𝜃

Figure 2.1: Spherical coordinate system where (R, θ, ϕ) denotes the field point.

This pattern is primarily studied in the far field, which typically begins at a distance, R,
from the antenna element, where R satisfies the condition

R >
2D2

λ0
, (2.2)

where D denotes the largest dimension of the antenna and λ0 is the wave length in free
space at resonance frequency.

The field intensities can then be used to calculate the radiated power in far field [19]

Pav = 1
2ℜ{E × H∗}, (2.3)

Prad =
π∫

θ=0

2π∫
ϕ=0

Pav · R2 sin θ dθ dϕ. (2.4)
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2. Theory
This integral represents the total radiated power over all solid angles, calculated as the
product of the average power density Pav and the surface area of a sphere at radius R.

2.2.2 Directivity and Gain
Directivity, D, and gain, G, are fundamental parameters that assess how the power den-
sity emitted by an antenna compares to that of a standard reference antenna [18]. This
reference antenna is typically assumed to be an ideal isotropic radiator, distributing all
input power evenly into radiated power. While the radiation pattern, and thus directivity
and gain, typically vary based on the angles θ and ϕ, attention is often focused on the
maximum values within the main beam.

The directivity, or directive gain, D of an antenna pattern is defined as the ratio of the
radiation intensity U(θ, ϕ) in the direction (θ, ϕ) to the average radiation intensity in
all directions [8, p. 41]. The total average radiation intensity is equal to 4π multiplied
with the total radiated power Prad. If a specific direction is not specified, the directivity
refers to the direction of maximum radiation intensity Umax. Some sources, such as [14],
distinguish these as two different parameters, where directivity only refers to the ratio
with the maximum radiation intensity Umax, whilst for a specific direction (θ, ϕ), the
ratio is denoted directive gain GD. This report will equate directivity with directive gain,
which is written as

D (θ, ϕ) = 4πU (θ, ϕ)
Prad

. (2.5)

Directivity is commonly measured in decibels relative to an isotropic radiator (dBi). The
radiating intensity U(θ, ϕ) is a measure of the power density radiated by the antenna in
a specific direction (θ, ϕ) per unit solid angle and is derived from the following equation
[8, p. 38]

U (θ, ϕ) = R2Pav = R2

2η
|E(R, θ, ϕ)|2, (2.6)

where η is the intrinsic impedance of the medium and E is the far-zone electric field
intensity. The intrinsic impedance in free space η0 is equal to 120π [14, p. 374].

Another figure of merit is the power gain, often simply referred to as gain, which indicates
the efficiency of the antenna [14, p. 611]. This is the ratio of radiation intensity to input
power accepted by the antenna port Pin, given by [8, p 62]

G(θ, ϕ) = 4πU(θ, ϕ)
Pin

, (2.7)

where Pin = Prad + Ploss, with Ploss representing power loss due to heat radiation and
other nearby structures [14, p. 612].
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Impedance mismatch in the connected circuitry of the antenna can reduce its gain as the
actual received power may fall short of the theoretical value due to impedance mismatch
in transmission line supplying the antenna [8, p. 60-63], [13]. To count for this, the
realized gain Gre(θ, ϕ) = αG(θ, ϕ) is considered, where α is the impedance mismatch
factor. This can also be expressed using the passive input reflection coefficient |Γ| as
α = (1 − |Γ|2).

The radiation efficiency of the antenna ηr, measures how effectively it converts accepted
power into radiating power in the far field region [14, p. 612]. It is calculated as the ratio
of gain to directivity

ηr = G

D
= Prad

Pin
. (2.8)

It is important to note that these parameters are expressed for a single-port antenna.
For the total efficiency, the accepted power Pin is replaced by the supplied power to the
antenna in the equation above [20].

2.2.3 Scattering Parameters
Scattering parameters (S-parameters) are used to explain how the EM-waves behave in
an electrical circuit. Each S-parameter is connected to a specific measurement and is
represented by a complex number with a magnitude ranging between 0 and 1. When
evaluating how well a circuit is impedance matched (this is explained in Section 2.5.2),
a magnitude of 0 is an ideal matched circuit as no reflection takes place. The opposite is
when the magnitude is 1, meaning that a total reflection takes place. S-parameters are
defined according to the following equation [21, p 178]

Sij = V −
i

V +
j

∣∣∣∣∣∣
V +

k
=0 for k ̸=j

, (2.9)

where j refers to the port where the voltage is driven and i is the measured port. V −
i is

the voltage of the reflected wave from port i and V +
j is the voltage of the incident wave

on port j.

For a system with two ports, a matrix can be used for representing the S-parameters as
depicted below

S =
[
S11 S12
S21 S22

]
. (2.10)

S11 and S22 represents the input and output port reflection, these are the ratio between
the incident reflected wave and the emitted wave from the port. Furthermore, S12 and
S21 represent the reverse gain and forward gain. The ratio of the transmitted signal from
port 2 reaching port 1 and vice versa.

The size of the S-parameter matrix is decided by the amount of ports in the system. A
system with n ports produces a matrix of the size n x n.
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2.3 Polarization
The polarization explains how the EM waves propagates in free space, as a function of
time, when radiated from the antenna [8, p 66]. The different types of polarizations of
antennas are linear, circular and elliptical, determined by the shape of the antenna ele-
ment and how the antenna is excited.

The EM waves radiating from a linear antenna are aligned with one plane, often referred
to as a vertical or a horizontal plane, which is orthogonal to the direction of propagation
[22]. A linearly polarized antenna can only transceive signals oriented in the same plane
as the polarization. Losses in power can occur due to polarization mismatch [8, p 71].
The polarization of antennas are relatively consistent through the main lobe, but can
vary in the minor lobes of the antenna [22].

Dual-polarized antennas uses both vertical and horizontal polarization simultaneously
[23]. Having two polarizations allows the antenna to transceive information in two chan-
nels. These channels can in theory be completely independent from each other if the
two EM waves emitted in the channels are fully orthogonal to each other. In practice
however, the two channels are seldom fully orthogonal and can affect each other. The
phenomenon is referred to as cross-polarization. Thus, to allow for a clearer signal, a high
cross-polarization discrimination is of interest when designing an dual-polarized antenna.

The cross-polarized (Cx) component is the part of the electric (E) field that is orthogonal
to the co-polarized component in the propagation plane [24]. The co-polarized component
is the part of the E-field that follows the same polarization direction as the dominant
field in the aperture plane. The aperture plane is the projection of the propagation plane
on the xy-plane.

Dual-polarization can be implemented on various shapes of antennas. To implement
dual-polarization the antenna has to be fed from two orthogonal directions, creating two
orthogonal E-fields [23]. Having multiple feeding points to the same antenna element can
lead to polarization channels mutual coupling (MC). This is the influence that the ports
have on each other and is described by the S-parameters, S12 and S21, as mentioned in
Section 2.2.3.

2.4 Antenna Array
Multiple antenna elements operating together creates an antenna array. Usually the an-
tenna elements are identical [8, p. 285]. PCB antennas operating at high frequencies are
commonly put in array arrangements to achieve a higher gain [21, p. 578]. Placing anten-
nas in an array formations brings complications, such as array element MC [25]. Array
element MC implies that EM fields of the elements in an array configuration interacts
and influences other elements in the array. This interaction leads to energy losses, since
the energy excited from one port is received back into another. Various methods can be
utilized to address element coupling in the design process. [26, ch. 1.9]. One method to
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2. Theory
measurements of magnitude of array element MC is described by S-parameters [25].

For a linear array consisting of identical array elements, the following equation can be
used to describe the radiation pattern of the array [8, p. 293-294], [16, p. 280]

Etotal = E1 · AF , (2.11)
where Etotal is the far-zone field of the array, and E1 is the far-zone field of one single
element of the antenna. AF is defined as the array factor and is derived from the geometry
of the antenna and the operating frequency as [8, p. 293-294]

AF =
N∑

n=1
ej(n−1)Ψ, (2.12)

Ψ = kd cos(θ) + β, (2.13)
where k = 2π

λ0
is the wave number, d is the spacing between the elements, θ is the

observation angle, β is an external phase shift and N is the number of elements.
An important assumption for the array factor equation is that all of the elements are
identical, meaning that E1 is the same for every element and that they are equally spaced
with a distance d.

2.4.1 MIMO
Multiple-Input Multiple-Output (MIMO) is a system technology that uses multiple an-
tennas for transmitting and receiving radio waves. This technology aims to increase data
rates by allowing multiple channels between transmitter and receiver in parallel, known
as spatial multiplexing [16].

Today MIMO technology is used in applications for wireless communication such as wifi-
networks and cellular devices. Massive MIMO antennas are deployed to support the high
demanded data rates of 5G NR in densely populated areas [27].

Systems using MIMO technology require extensive computational power in comparison to
other systems utilizing technologies such as, Single-Input Single-Output (SISO), Single-
Input Multiple-Output (SIMO) and Multiple-Input Single-Output (MISO) [28]. This
increased complexity thus results in more expensive hardware requirements for antenna
systems utilizing MIMO technology.

2.4.2 Beam Steering
The concept of beam steering is to not physically move the antenna structure yet change
the direction of the antennas main lobe [16, p. 290-292], [8, p. 287]. One way of doing
it, is by changing the phase of the elements that are excited. This procedure will be
described in more detail below. The total E-field of an arbitrary antenna array is same
as Equation (2.11).
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This indicates that Etotal is the greatest when AF from Equation (2.12) is equal to N ,
as this would result in a summation of all elements E1 -fields when they are in phase [8,
p. 302]. This happens when Ψ = 0 and is achieved by choosing β accordingly to cancel
out the phase difference kd cos(θ) in Ψ. The main lobe can then be directed to a desired
angle θ.

Given this, when the elements in the array are not exactly the same, but their E-fields
are known (magnitude and argument) then the phase shift β will be the conjugate of the
E-fields argument for the desired scan angle θ, as this will make Ψ = 0 for each element.
Etotal is then, just like for the case with identical elements, the summation of each E-field.

2.4.2.1 Grating Lobes

There are cases when beam steering gets restricted by grating lobes. These are additional
lobes apart form the main lobe that can appear for certain steering angles [29, p. 44].
The position of the steering angle θ0 in relation to the angle of an arbitrary grating lobe
can be derived from

sin θp = sin θ0 + pλ

d
, p ∈ Z, (2.14)

where p constitutes the number of grating lobe relative to the main lobe (e.g. p = 1 is
the next lobe to the right in the θ-plane), θp is the position of the grating lobe, θ0 is the
position of the main lobe and d is the distance between the antenna elements. The grating
lobe is only relevant when it appears in the positive z-plane, hence when θp = −90◦ → 90◦

which corresponds to the 180◦ scanning range of the array. As a result, the maximum
beam steering angle θm,0 can be found when the closest grating lobe p = −1 appears at
θp = −π

2 . Using this premise, Equation (2.14) becomes

sin θm,0 = −1 −
(

−λ

d

)
= λ

d
− 1 =⇒ (2.15)

θm,0 = arcsin
(

λ

d
− 1

)
. (2.16)

From the same equation it can be derived that the maximum distance d between elements,
to stay free from grating lobes when scanning is λ

2 .

2.5 Transmission Line
Transmission lines (TL) allows for a controlled propagation of EM energy and it consist
of two or more wires [21, p. 47]. The model for it is a resistor and an inductor in series
with a capacitor and conductance in parallel. The equation below is from [21, p. 48] and
describes the state of the wave at any given point.

V (z) = V +
0 e−γz + V −

0 eγz, (2.17)
I(z) = I+

0 e−γz + I−
0 eγz, (2.18)
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here V0 refer to the voltage at the start of the TL and the propagation constant γ is
calculated according to

γ = α + jβ =
√

(R + jωL)(G + jωC). (2.19)

Here R is the resistance, L the inductance, G the conductance and C the capacitance.
A TL has a characteristic impedance which is what the EM wave sees for every length
∆z → 0 of the line [21, p. 49]. The following equation for the impedance can be derived
from (2.17), (2.18), (2.19).

Z0 = V +
0

I+
0

=
√

R + jωL

G + jωC
. (2.20)

The convention is that the real part of characteristic impedance is set to either 50 or 75
Ω. If maximum power transfer is desired it is crucial that the same impedance is held
from from generator to the load. Otherwise, the load has to be impedance matched to
the characteristic impedance of the TL. The impedance match or mismatch can be shown
by the following equation for the reflection coefficient Γ [21, p. 55]

Γ = V −
0

V +
0

= ZL − Z0

ZL + Z0
. (2.21)

If the load ZL = Z0, then Γ is 0, indicating that there are no reflected waves on the TL.
As a result, all the power is absorbed by the load.

To visualize this, the return loss coefficient can be plotted logarithmically (dB) [21, p.
55]

RL = −20 log |Γ|. (2.22)

Another tool for analyzing TL is the Smith Chart (SC). It plots the normalized impedance
for frequencies in the complex Γ plane. A matched impedance lies in the center of the
chart [21, p. 60].

2.5.1 Microstrip
The type of TL used in this project is a microstrip [21, p. 136]. It is a metal strip that sits
over a ground plane separated by a dielectric substrate. The characteristic impedance of
the microstrip can be chosen by changing the height over the ground plane, the width of
the strip or the permittivity of the substrate. The following equation from [21, p. 138]
calculates the width W of the microstrip with the condition that W

d
< 2, where d is the

height of the substrate:

W = d
8eA

e2A − 2, (2.23)
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where

A = Z0

60

√
ϵr + 1

2 + ϵr − 1
ϵr + 1

(
0.23 + 0.11

ϵr

)
, (2.24)

and ϵr the permittivity of the substrate.

2.5.2 Impedance Matching
As previously mentioned, when the load connected to the TL is mismatched, one has
to impedance match for maximal power transfer [21, ch. 2]. It can be done by adding
reactive components in series or parallel, adding or subtracting TL length, changing its
resistance or a combination of all. Here the SC is a useful tool to calculate the reactance
needed for impedance matching. The SC for an arbitrary TL (blue circle) is displayed in
Figure 2.2. Then from the impedance, the matching components can be determined. At
microwave frequencies it is convenient to use stubs and TL lengths to match the circuit
as these eliminate the need for external components.

Figure 2.2: Smith chart displaying an arbitrary transmission line.

2.6 Microstrip Patch Antennas
A microstrip patch antenna (MPA) is essentially a structure where a radiating element,
typically a patch, is placed on the top of a dielectric substrate, while the ground plane is
located on the underside of the substrate [30]. The patch is made from conductive ma-
terials like copper and gold [8, p. 785]. Typically, the patch is printed onto a microwave
substrate material with a relative permittivity, ϵr, falling within the range of 2 to 10.
However, the choice of the material can vary depending on the specific requirements of
the application [30],[31].

MPA technology has multiple strengths both operational and practical, including highly
adaptable frequency ranges, flexibility in feed line design and the ability to achieve beam
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scanning for antennas in array formation [30]. Operational disadvantages with the tech-
nology are low power and narrow frequency bandwidth, but these characteristics are in
some cases wanted [8, p 783]. Further disadvantages of MPAs are linked to the low effi-
ciency, low polarization purity and the presence of spurious feed radiation.

Due to the ease of analysis and fabrication, rectangular and circular patches are the most
commonly used shapes. Various other shapes such as ellipses, annular rings and triangles
can also be employed as long as they exhibits a well defined resonant mode [30], [8, p.
785]. Apart from the patch shape and choice of substrate, MPAs also differs in terms of
feeding techniques.

2.6.1 Fringing Effects and Patch Size
Patch antennas are influenced by a phenomenon known as fringing effects [8, p 788].
Fringing effects occur due to the finite length of the patch, leading to the E-fields at the
edge curling back into the substrate, visualized in Figure 2.3. As a result, the electrical
length of the patch increases, meaning that the patch appears longer than it physically
is.

(a) Microstrip Antenna. (b) Side view.

Figure 2.3: MPA with fringing effects, images taken from [8, p 784] reproduced with
permission.

The fringing effect is dependent on the relation between the substrate height and the size
of the patch antenna.

The TL model is the easiest model to use when designing a rectangular MPA, but has
the lowest accuracy [8, p 788]. The design procedure of a rectangular patch following the
TL model starts with specifying the dielectric constant ϵr, substrate height h and the
resonance frequency fr. The width of the radiating element is then given by

W = c0

2fr

√
2

ϵr + 1, (2.25)

where c0 is the speed of light in space. If the relation between patch width and substrate
height follows W/h > 1, the width can be used to determine the effective dielectric
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constant ϵr,eff as

ϵr,eff = ϵr + 1
2 + ϵr − 1

2

[
1 + 12 h

W

]−1/2

. (2.26)

The increase of electrical length ∆L due to fringing effects is acquired by inserting the
width and effective dielectric constant into the following equation

∆L

h
= 0.412

(ϵr,eff + 0.3)
(

W
h

+ 0.264
)

(ϵr,eff − 0.258)
(

W
h

+ 0.8
) . (2.27)

To obtain the physical length L of the patch the following equation is used

L = c0

2fr
√

ϵr,eff
− 2∆L. (2.28)

Usually the length of rectangular MPAs vary between

L = a
λ0√
ϵr

= aλd, 0.47 ≤ a ≤ 0.49, (2.29)

where λ0 and λd is the wavelength of the resonance frequency in space and in the dielectric
respectively [8, p 791].

2.6.2 Substrate
The antenna elements are printed on usually very thin dielectric films [32, p. 1-33]. These
films have two crucial parameter which can affect the antenna performance: the height
and the permittivity. Different heights of substrates influence the frequency, gain and
return loss [33]. The substrate height influences the bandwidth and resonance frequency
of the antenna. An increase in substrate height decreases the resonance frequency and
increases the bandwidth [34]. A higher ϵr results in a more narrow bandwidth compared
to a lower value [8, p 785].

2.6.3 Feeding Techniques
There are multiple ways to excite a MPA. Different feeding methods are used based on
the application and limitations of the antenna. The most commonly used feeding meth-
ods are microstrip line, probe, aperture-coupling and proximity-coupling [8, p 785]. In
Figure 2.4 the different feeding methods are shown.
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(a) Microstrip line feed. (b) Probe feed.

(c) Aperture-coupled feed. (d) Proximity-coupled feed.

Figure 2.4: The four most commonly used feeding methods for MPAs, images taken
from [8, p 786] reproduced with permission.

The different feeding methods have different strengths and weaknesses. The advantage
of the microstrip line feed MPA is its easy fabrication process and matching. However, it
has comparably stronger surface waves and spurious feed line radiation field, which influ-
ences the performance of the antenna [8, p 785]. Similar to the microstrip line feed MPA,
the probe feed is also easy to fabricate and match and has lower spurious radiation from
the feeding probe. The drawbacks of using a probe feeding method is that the antenna is
more difficult to model with substrates height > 0.02λ0. Both microstrip line and probe
feed have a higher cross-polarization radiation due to asymmetries in the structure, this
being more apparent in high frequency applications.

Aperture-coupled feed has its strengths in its low spurious radiation and the low influence
from the feed line on the patch radiation, due to the ground plane separating the feed
strip and the radiating element. Consequently, the polarization purity is increased [8,
p 787]. It also is rather easy to model due to having two separate substrates, allowing
substrates to be selected in order to optimize the performance for both the feed line and
the radiating element. The drawbacks of using aperture-coupling is that it is the most

16



2. Theory
difficult to fabricate.

Proximity-coupled feed has the best bandwidth out of the four feeding methods, and like
aperture-coupled feed it is rather easy to model and is hard to fabricate [8, p. 787].

Aperture-coupled MPAs consists of two, or more, layers with dielectric materials. The
feed line is situated on one layer while the radiating patch is positioned on another
[35]. The two layers are separated by a ground plane with a cut out slot, as depicted
Figure 2.4c. The ground plane isolates the antenna element from unwanted radiation
from the feed line, resulting in increased polarization purity. Aperture-coupled MPAs are
excited through a slot [8, p 841]. The shape, size and positioning of the slot affects the
characteristics of the antenna and its resonance frequency. Tuning these parameters are
essential when designing MPAs.

2.6.4 Cavity-backed Antenna
A cavity-backed MPA is characterized by enclosing a volume underneath the radiating
element, often done with vias, forming a backing cavity as seen in Figure 2.5 [36]. The
dimension of the cavity is chosen assuming that one of the lowest mode is excited within
it [37]. A mode is a description of the field pattern for a propagating EM wave. The
transverse electric TE101 mode is typically selected as the lowest mode for the rectangular
backing cavity. For the TE mode the E-field in the direction of propagation, Ez, is zero,
whilst the magnetic field Hz is non-zero [14, p. 524]. This mode is significant because it
represent the fundamental mode for the cavity geometry, influences the antenna perfor-
mance and radiation characteristics [38].

ViasGround plane Ground plane

Patch

Figure 2.5: A volume enclosed by vias forming a cavity-backed patch antenna.

Cavity-backed MPAs aim to reduce the influence of surface waves that occur within the
dielectric material of the antenna [8, p 181]. Surface waves are amplified when the height
of dielectric material in the substrate is increased [8, p 783]. Surface waves are not wanted
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since they extract a portion of the total energy that could be used for radiation, leading
to reduced gain when substrate height increase. Another drawback of surface waves is
that they influence the antennas radiation pattern and polarization characteristics. In
antenna arrays surface waves can lead to antenna element MC which is undesirable. Fur-
thermore surface waves in antenna arrays can affect the scanning capabilities leading to
so called array scan blindness, meaning there are nulls in the radiation pattern of the
array caused by large variations of the reflection coefficient [8, p 478].
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Methods

The method consists of three primary parts: design and simulation, manufacturing and
tests.

3.1 Design and Simulation

The process of designing the MPA was divided into four sub-designs. Initiating with a
single-polarized single element antenna model, progressing to a dual-polarized single ele-
ment antenna model, followed by connector integration and concluding with development
of the final complete three element linear antenna array.

The 3D model of the MPA was designed using the software Ansys HFSS. It is a sim-
ulation software for EM models, mainly high frequency electronics, such as antennas
and microwave components [39]. The development process utilized simulation driven
EM analysis to describe the characteristics of the antenna design. Multiple simulations
for each sub-design where conducted and compared in order to optimize the different
parameters of the antenna model.

3.1.1 Manufacturer Limitations and Performance Targets
In order to ensure effective implementation of the antenna into a 5G network the antenna
should meet a number of performance requirements, which are presented in the following
list.

• Frequency range between 26.5-29.5 GHz.
• Two linear polarizations, one horizontal and one vertical.
• Peak broadside gain of > 5 dBi.
• Coverage of ±60◦ range where the radiation pattern non-uniformity is < 6 dB.
• Cross-polarized discrimination efficiency of > 10 dB.
• Total efficiency of > 70 %.

Additionally, Table 3.1 presents the requirements for the S-parameters of the antenna.
Because it is a three element array where each element is dual polarized, it will create a
6x6 S-parameter matrix. Table 3.2 depicts which port relates to which subscript for the
S-parameter. H stands for the horizontal polarization and V for the vertical polarization.
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Table 3.1: The antenna target performance for the scattering parameters.

Parameter Quantity Target
Input reflection coefficients S11, S22, S33, S44, S55, S66 < −10 dB
Polarization self-coupling
(intra-cell) coefficients S12, S34, S56 < −15 dB

Cross-polarized element
mutual coupling (inter-cell)
coefficients

S14, S16, S23, S25, S36, S45 < −18 dB

Co-polarized element mu-
tual coupling (inter-cell) co-
efficients

S13, S15, S24, S26, S35, S46 < −18 dB

Table 3.2: Description of which port relates to which subscript for the S-parameter.

Subscript (i, j) Port
1 H1
2 V1
3 H2
4 V2
5 H3
6 V3

The manufacturer has limitations for manufacturing the PCB, which has to be considered
when designing the antenna. The limitations given by the manufacturer, Eurocircuits,
are listed on their website [40]. These involve lower limitations in trace size, via size and
distances between parts.

The limitation of a total PCB thickness of less than 1.5 mm was taken into account when
choosing from materials. Material as well as thickness of substrates was determined by
availability from the manufacturer, which was found in the data sheets. The coorpera-
tion Rogers have different series of laminates and prepegs [41], where the RO4000 series
is used for applications in mm-wave frequencies. The laminate RO4350 was chosen for
the substrate below the patch and above the feed. The height for the patch substrate
was selected to 0.76 mm and the substrate height for the feed line was set to 0.25 mm.
To bind the patch substrate to the feed line substrate, the bonding prepreg RO4450 was
used and it had a height of 0.102 mm.

Copper was employed as material for the conductors in the antenna. For the copper
thickness of the feed line, patch and ground surrounding the patch, 43 µm was chosen.
The copper ground plane thickness in between the patch and feed line substrates was
set to 18 µm. To connect the antenna to an input source, the Sub-Miniature Push-
on Micro (SMPM) Male PCB Surface Mount Connectors was implemented [42]. These
where chosen based on availability from Chalmers, and the PCB was designed to allow for
soldered connections of these. Figure 3.1 illustrates the side view of the antenna where
each layer is marked.
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Patch & ground plane

Via ring

RO4350B substrate Ground plane
Slots & ground planeRO4450F pre-preg

RO4350B substrate

Figure 3.1: Profile view of the antenna.

3.1.2 Single-polarized Antenna
When designing a single-polarized antenna, the dimensions that had do be determined
were: patch size, cavity size, microstrip size and slot size. The model was built in Ansys
HFSS and wave ports were used to excite the feed lines in the beginning of the process.
The connectors were first implemented when designing the array (explained in Section
3.1.5).

To achieve a resonance frequency at fr, the length of the quadratic microstrip patch was
estimated using Equation (2.29). The S11-parameter was then analyzed using the SC in
HFSS and the length was tuned to yield an optimal S11-parameter in the frequency range
26.5 − 29.5 GHz.

3.1.2.1 Designing the Slot

For calculating the width of the microstrip feed line, Equation (2.23) and (2.24) were
used with the characteristic impedance Z0 set to 50 Ω. The reason for 50 Ω is to match
the impedance of the connectors and VNA. Thereafter, the characteristic impedance for
the wave ports was analyzed in HFSS using the calculated width of the microstrip and
then altered to achieve a value closer to 50 Ω.

To obtain optimal parameters for the slot, different values were investigated for the slot
position, width and length. Figure 3.2 illustrates the different dimensions. The green
box represents the patch, the blue the microstrip and the orange the slot in the ground
plane. The distance between the patch center and the slot center is denoted with d.

𝑑! 𝐿"#,!
𝑤"#,!

𝐿"%&#

𝐿

Figure 3.2: Illustration of the investigated parameters for the single polarized antenna
element.
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According to a numerical parametric assessment from [43], good performance was yielded
with is a slot width of 0.05L − 0.2L and slot length of 0.2L − 0.8L, where L is the patch
length. These dimensions were used as rough guidelines when choosing which values to
investigate. Table 3.3 presents the investigated parameters, where each combination was
analyzed individually.

Table 3.3: The different slot dimensions that were tested for the single polarized antenna.

Parameter Values
d 0.3 mm 0.55 mm 0.8 mm

Wslot 0.05L 0.1L 0.2L
Lslot 0.8L L -

Another aspect that played in to the position of the slot was the possibility of implement-
ing a second polarization in a later phase, hence a shorter distance than 0.3 mm was not
investigated. The optimal combination was determined by studying the S11-parameter
in the SC. It was quickly concluded that a shorter length than 0.8L resulted in an unde-
sired S11-parameter, thus only longer lengths were studied. Further, the two analyzed slot
lengths yielded quite similar result, which is the reason for not investigating a third value.

After testing the values mentioned above, further tuning was done by slightly adjusting
the parameters until the S11-parameter was satisfactory.

3.1.2.2 Impedance Matching Network

One of the performance targets in Table 3.1 is that the input reflection coefficient should
be below −10 dB. This was the main objective when designing the single-polarized an-
tenna. In the previous stages, the focus was on creating an adequate loop for the reso-
nance frequency in the SC that would in turn be easy to shift close to the matching point
(middle of SC) by impedance matching, see Section 2.5.2.

Studying the SC, it was concluded that the S11-parameter was too inductive, therefore an
open ended parallel stub was added. Further, the Circuit Design tool in HFSS calculated
an electrical length for the stub, which was used as a first estimation. However, since the
extra TL also introduces some induction, the length and width of the extra stub, as well
as the position in relations to the slot, had to be tuned. The extra feed line after the slot,
Lstub1 in Figure 3.2, also impacted the reactivity. Consequently, it was tuned together
with the extra stub.

3.1.3 Dual-polarized Antenna
After the target performance for the S11-parameters was achieved for the single polariza-
tion, the second polarization was introduced. The aim for this stage was the polarization
channel decoupling, where the S12-parameter were to be below −15 dB. The channel de-
coupling were highly dependent on the proximity between the two slots. For that reason,
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the decoupling was decreased by shifting the two slots together with the feed lines farther
away from each other. In addition, the slot was bent to an U-shape to avoid intersection.
Figure 3.3 depicts the position of the slots in relation to the patch. The added open
ended stub was also shifted to avoid radiation leaking to the opposite slot. Moreover,
to avoid collision between the stubs Lstub1 shown in Figure 3.2, they were bent with a
corresponding edge chamfer.

Figure 3.3: The slot positions relative to the patch for a dual-polarized antenna element.

All the alterations mentioned above resulted in changed S11-parameters as well. As a
result, the impedance matching in this stage had to take both the S11- and S12-parameters
into account. Furthermore, the antenna was cavity-backed in order to reduce surface
waves as described in Section 2.6.4. This was implemented with a ring of vias. Figure
3.4 depicts the final design of the single antenna element, which was triplicated to create
the array.

Ground plane

Via ring

Patch

RO4350B substrate

RO4350B substrate

Aperture slots 
in ground plane

RO4450F pre-preg

Feedline with 
Matching network

Rim tied to ground

Figure 3.4: Layer overview of the single antenna element.

3.1.4 Linear Array
The dual-polarized antenna mentioned in the previous section is the completion of a
single antenna element. To then make a linear array of it, three identical elements where
placed in a line as seen in Figure 3.5.
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Figure 3.5: Render of the finished 1x3 linear array where. The left image shows the
patch side and the right image the connector side.

For this implementation, two aspects had to be taken into account. The first being that
to avoid grating lobes each element should not be spaced more than 0.5λ from each other,
see Section 2.4.2.1. This in turn puts a constraint on how big each element is allowed
to be. The second aspect relates to the microstrip lines that feeds the patch antenna.
Because of the close proximity of each element, a section from three feed lines will be
close to the cavity walls, see Figure 3.6. This introduces a disturbance that was taken
into account for by making the affected parts of the microstrip thinner in width until the
desired impedance of 50 Ω was achieved. The connectors where then spaced accordingly
to ensure that all coaxial cables would fit. Finally, to reduce unwanted interference, a
ring of vias was placed around the edge of the PCB.

Figure 3.6: Close-up view of the feed line and matching network for the horizontal
polarization. The numbers describes the width of the microstrip line.
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3.1.5 Implementing Connectors
Up until now the antenna simulations used the HFSS wave port for its excitation. This
port can not be implemented outside of the simulation environment. To get a better
insight in how the final antenna will behave, the wave port was replaced with the HFSS
model for the actual connector used. A render of the connector can be seen in Figure
3.7. The connector has two contact points. The first being ground and the second being
the feed line. In order to make the connector work as intended, it had to be impedance
matched to the microstrip feed line. The impedance matching was done by adjusting the
width of the feed line, where the arrows point at in Figure 3.7.

Figure 3.7: Render of the SMPM connector during its impedance matching.

The implementation of connectors could result in more losses compared to using wave
ports in HFSS. Partly due to imperfect impedance matching and partly because of the
extra TL to the connectors and the insertion loss of the connector. The reason for extra
TL was to provide a fan-out and ensure enough connector-to-connector spacing to fit
the adapters and terminators when testing. Hence, the effects of the connectors were
evaluated by comparing the results of the gain from the final array with a similar array
but with wave ports instead. The model is presented in Figure 3.8.

Figure 3.8: Render of the antenna array using wave ports instead of SMPM connectors.
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3.2 Manufacturing

Keysight ADS was employed to generate the Gerber and drill files. The reason being that
the software provided an efficient layout environment compared to Ansys HFSS. This
transition from Ansys HFSS to Keysight involves a 2D view of each layer through DXF
import/export, with specific dimensions which fulfill the requirements of the product.
Then the files were sent to Eurocircuits for PCB manufacturing.

3.3 Testing and Verifying

Following the simulation phase, physical tests were carried out on the fabricated antenna
array. During testing, two primary types of measurements were conducted: S-parameters
and radiation patterns (realized gain). A comparison between measured results and sim-
ulated data was conducted, to determine if the fabricated antenna design met the specific
requirements mentioned in Section 3.1.1.

3.3.1 Scattering Parameters Measurements

S-parameters were measured by utilizing the vector network analyzer (VNA). It measures
the incident and the reflected voltage wave at its ports, yielding the S-parameters. In this
setup, seen in Figure 3.9b, the ports of the antenna were tested in pairs. Since a 2-port
VNA was employed for a 6-port antenna, only two ports could be active simultaneously.
To prevent the unwanted reflection from inactive ports from affecting the measurements,
50 Ω, terminators where attached to the passive ports. This ensure that measurements
for the active ports remained accurate.

Due to the SMPM connectors mounted closely, the VNA cables were too large to be
plugged in at the same time. Therefor an additional thinner cable was also used in the
measurement setup. Simultaneously the other port was linked to a metal 2.4-to-SMPM
adapter as illustrated in Figure 3.9a, which was necessary to establish the connection
between the antenna and VNA. However, it is important to note that this additional
cable introduced a loss of 1 dB. To enhance accuracy, internal losses were measured and
subsequently excluded from the measured values.
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(a) VNA, cable and adapter. (b) The antenna array with terminators.

Figure 3.9: Depiction of the instruments used during S-parameter measurements.

3.3.2 Radiation Pattern Measurements

The far-field setup was applied to get the measurements of the radiation pattern in the
Chalmers terahertz anechoic chamber, which can be seen in Figure 3.10. A printed plastic
adapter was designed in Autodesk Fusion 360 and used to mount the antenna array on
the antenna mast as seen in Figure 3.11a. Furthermore, a carbon-loaded polyurethane
foam was placed around the antenna to suppress backward radiation caused by the slot
and feeding circuit but also to cover the metal stand, which is depicted in Figure 3.11b.
A receiving antenna measured the radiated field from the antenna under test (AUT) at
various angels, by rotating the mast. To calculate the realized gain, a standard gain horn
(SGH) antenna with known characteristics was used as a reference. To obtain the shape
of the radiating pattern the same procedure was carried for one antenna port at a time,
while the others were terminated with loads. Hence, the realized gain for each antenna
element was obtained. To compensate for the cable loss 1 dB was added to the results in
post-processing.
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Figure 3.10: Chalmers terahertz anechoic chamber.

(a) 3D printed adapter (black part). (b) Antenna mast surrounded by foam.

Figure 3.11: Attachments used for tests in the anechoic chamber.

3.3.3 Total Efficiency Measurements

The total efficiency was measured using a reverberation chamber. Only the center antenna
element was measured, for both V- and H-polarization. The other ports were terminated.
Further, a SGH was used as reference antenna to calibrate the instruments. First, the
SGH was excited with the AUT inside the chamber at the same time, but completely
terminated. The purpose was to measure chamber loss, which account for the physical
space of the AUT and the antenna mount. Subsequently, the tests were carried out
with the AUT excited and the SGH terminated. The setup is shown in Figure 3.12
with the AUT to the right and SGH to the left. Lastly, the losses of the cables were
estimated to contribute with 1 dB, which was compensated for in post-processing. As for
the total efficiency from the simulated antenna they where extracted from HFSS antenna
parameters.
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Figure 3.12: Setup of the reverberation chamber.

3.4 Beam Steering
The beam steering was studied for both polarizations (vertical and horizontal) and with
three different frequencies: 26.5, 28 and 29.5 GHz.

According to the Equation (2.16) the maximum beam steering angle is unaffected by the
polarizations but varies with frequency (due to the λ-dependence). To confirm these cal-
culations, the finalized array was simulated in HFSS and the magnitude and phase of the
normalized co-polarized E-field was plotted in the ϕ = 90◦-plane. The reason for choos-
ing ϕ = 90◦ was because the array was aligned along the y-axis (ϕ = 90◦). In order to
visualize how different phase shifts would affect the main beam, the radiated E-field from
the antenna structure had to be extracted for each port separately and then summed in a
MATLAB script, where the phase shift could be altered effectively. Moreover, the phase
shift was calculated using the conjugate of each elements E-field for the corresponding
scan angle θ, as described in Section 2.4.2.

Using Equation (2.7) together with (2.3), the following formula was derived for the power
gain

G = 4πR2|Eco(R, θ, ϕ)|2
2η0Pin

= {η0 = 120π} = |REco(R, θ, ϕ)|2
60Pin

. (3.1)

Depending on which port was excited, the normalized co-polarized E-field for the ϕ = 90◦-
plane is either θ or ϕ oriented. For the vertical polarization, the normalized co-polarized
E-field is REϕ, while it is REθ for the horizontal polarization. For the cross-polarized
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E-field, the opposite applies. By employing Equation (3.1) on the exported REϕ and
REθ-values, the gain was calculated for θ = (−90...90)◦.

Moreover, the main lobe was plotted for the realized gain Gr, which takes into account
losses from mismatching and MC. This was accomplished by applying Equation (3.1),
where instead of utilizing the accepted input power Pin, the supplied power Ps to the
ports was used. Each port was excited with 1 W, hence the total supplied power was 3
W.

The beam steering was also investigated for the measured data in a similar manner.
However, the radiation pattern obtained from the anechoic chamber were given as realized
gain instead of normalized E-field. In order to evaluate and compare the beam steering
capabilities of the measured and simulated data, the scan angle was used as a figure of
merit. The scan angle was defined as the θ-value of which the realized gain was 3 dB
lower than the peak broadside gain.
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4
Results

In this section both the simulated results from Ansys HFSS and the measured results
from the physical antenna are displayed. The presentation will start with the dimensions
of the final antenna design and thereafter the performance figure of merits.

4.1 Final Design

Figure 4.1 shows the bottom view of the final design of a single antenna element. The
values of the dimensions marked in the figure, together with the dimensions depicted in
Figure 3.2, are presented in table 4.1.

𝑤!",$

𝐿!",$

𝑑$

𝑑!%&'"

Figure 4.1: Dimensions for the impedance matching of the single antenna element
design.
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Table 4.1: Parameters of the final design of the single antenna element.

Parameter Entity Value (mm)
Slot length Lslot 1.83
Slot width wslot 0.15

Distance from slot to center of patch d1 0.750
First stub length Lst,1 0.591
First stub width wst,1 0.498

Second stub length Lst,2 1.66
Second stub width wst,2 0.920

Distance from stub to center of patch d2 0.825
Distance shifted from center of patch dshift 0.4

Patch size L 2.13

The width of the microstrip lines is presented in Figure 4.2.

0,498 mm 0,423 mm

Figure 4.2: Close-up view of the feed line and matching network for the horizontal
polarization. The numbers describes the width of the microstrip line.

Furthermore, the parameters for the final design of the array are presented in Table 4.2.

Table 4.2: Parameters of the final design of the antenna array.

Parameter Value (mm)
Distance between adjacent elements (center to center) 6.13
Distance between adjacent connectors (edge to edge) 6.41

PCB length 42.4
PCB width 29.6
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4. Results
A picture of the manufactured antenna array can be seen in Figure 4.3.

(a) Bottom view (connector side). (b) Top view (patch side).

Figure 4.3: The manufactured final design of the antenna array.

4.2 Performance

The result of the performance begins with the S-parameters and realized gain for the
radiation pattern. Firstly, the radiation pattern is illustrated for simulated values of the
SIE. Since the SIE was not manufactured, it does not have any measured results. For the
EEP, both the measured and simulated value are presented. Lastly, the chapter moves
on to total efficiency, beam steering and ends with a summary of the target metrics. It
should be noted that for all realized gain plots and efficiency plots the measured values
are post-processed with a smoothing function (smoothdata()) in MATLAB to reduce the
ripples.

4.2.1 Scattering Parameters

Presented in this section are the results from measured and simulated S-parameters of
the antenna array, see Section 2.2.3 for explanation of S-parameters. The ports of the
antenna will be referred to as Sij, where i, j are representing the corresponding ports
seen in Table 3.2. How the port are placed can be seen in Figure 4.3a. All plots of
the S-parameters presented in this section relate to the center element. The remaining
S-parameters are shown in Appendix A.

First, the input reflection coefficients of the middle antenna element are displayed in Fig-
ure 4.4 and 4.5, in the form of SC and dB-plot respectively.
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(a) S33. (b) S44.

Figure 4.4: Smith chart of simulated input-port reflection coefficients for the center
antenna element of the array.

Notable in the SC for the input port reflection coefficients for the horizontal, S33, and for
the vertical, S44, port is that the curves has a loop close to the center of the chart. These
loops contains the frequencies of the 5G NR 257 band and the close proximity of the
loops in regard to the center indicates that the antenna should have a good performance
within these frequencies.

24 26 28 30 32

Frequency [GHz]

-40

-30

-20

-10

S
3
3
[d
B
]

Simulated
Measured
Target

(a) S33.

24 26 28 30 32

Frequency [GHz]

-40

-30

-20

-10

S
4
4
[d
B
]

Simulated
Measured
Target

(b) S44.

Figure 4.5: Simulated and measured input reflection coefficients for the center antenna
element.

The self-coupling coefficients for the simulated and measured antenna are depicted in
Figure 4.6.
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Figure 4.6: Simulated and measured polarization self-coupling coefficient, S34, for the
center antenna element.

Co-polarized mutual coupling is presented in Figure 4.7.
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(c) S35.
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(d) S46.

Figure 4.7: Simulated and measured co-polarized element mutual coupling coefficients.
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The result of cross-polarized MC for the measured and simulated antenna array are
illustrated in Figure 4.8.
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(d) S45.

Figure 4.8: Simulated and measured cross-polarized element mutual coupling coeffi-
cients.
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4.2.2 Single Isolated Element
Figure 4.9 and 4.10 shows the simulated realized gain for a single antenna element. The
patch was excited with wave ports in HFSS, instead of connectors. The results for the
lower and upper frequency limit (26.5 GHz and 29.5 GHz) are presented in Appendix B.

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure 4.9: Simulated realized gain for a H-polarized single isolated element at 28 GHz.

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure 4.10: Simulated realized gain for a V-polarized single isolated element at 28
GHz.

The target for the angular coverage was ±60◦. Table 4.3 presents the angular coverage
for each port at 28 GHz. The coverage is defined as the θ-angle where the realized gain
is 6 dB below the peak broadside gain.

Table 4.3: Angular coverage for the single isolated element at 28 GHz.

Port Plane ϕ = 0◦ Plane ϕ = 90◦

V-polarized ±50◦ ±56◦

H-polarized ±54◦ ±48◦
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4.2.3 Embedded Element Pattern
Figure 4.11 and 4.12 depict the radiation patterns for the measured and simulated an-
tennas at 28 GHz for two different planes: ϕ = 0◦ and ϕ = 90◦. The results for the lower
and upper frequency range are presented in Appendix C

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure 4.11: Realized gain for the H-port of the center element (H2).

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure 4.12: Realized gain for the V-port of the center element (V2).

There was no specific target for the EEP, but the 5 dBi gain is marked in the plots for
easier comparison with the SIE.
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4.2.3.1 Losses from Connector Implementation

Table 4.4 presents the difference in peak broadside gain between two versions of the
simulated array. One utilizing connectors and one wave port, as describes in Section
3.1.5. The peak broadside gain was higher when wave ports were used.

Table 4.4: Losses in peak broadside realized gain when each port was excited separately.

Port Loss (dB) Port Loss (dB)
V1 1.3 H1 0.82
V2 0.70 H2 0.39
V3 1.4 H3 1.2

4.2.4 Total Efficiency
The plots in Figure 4.13 describe the total efficiency over the frequency range 26 to 30
GHz. The measured data is from the reverberation chamber whilst the simulated is
exported from Ansys HFSS. It should be noted that the measured data from the rever-
beration chamber was very ripply due to a limited number of chamber stirrer positions,
which affects the data averaging at mm-wave frequencies. To estimate the efficiency
data, the polyfit() function in MATLAB was applied in post-processing. The polynomial
curve fitting was set to five degrees. Moreover, the simulated radiation efficiency was also
plotted to give better insight, given that the simulated total efficiency lacked data points.

(a) Horizontal polarization (H2). (b) Vertical polarization (V2).

Figure 4.13: Simulated and measured total efficiency for each polarization of the center
element.
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4.2.5 Beam Steering

Figure 4.14 showcases the simulated beam steering capability of the antenna array at the
frequency 28 GHz. Further, the beam steering from the measured data is illustrated in
Figure 4.15.

(a) Co-polarization for H-ports. (b) Cross-polarization for H-ports.

(c) Co-polarization for V-ports. (d) Cross-polarization for V-ports.

Figure 4.14: Beam steering of simulated values for the antenna array at 28 GHz.
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(a) Co-polarization for H-ports. (b) Cross-polarization for H-ports.

(c) Co-polarization for V-ports. (d) Cross-polarization for V-ports.

Figure 4.15: Beam steering of measured values for the antenna array at 28 GHz.

Table 4.5 summarizes the values obtained from the beam steering plots. Moreover, it
considers only the co-polarization, since that determines the scan angle.

Table 4.5: Realized peak gain and scan angle for both V-polarized and H-polarized
ports at 28 GHz.

Simulated/Measured Port Realized gain at θ = 0◦ Scan angle
Simulated data V-polarized 8.9 dBi ±44◦

Measured data V-polarized 8.7 dBi ±46◦

Simulated data H-polarized 9.7 dBi ±44◦

Measured data H-polarized 9.2 dBi ±52◦

Beam steering was also investigated for the band edge frequencies 26.5 GHz and 29.5
GHz. The plots for the co-polarized beam steering are displayed in Appendix D. The
scan angle at 26.5 GHz was ±48◦ and ±60◦ for V- and H-polarized ports respectively. At
29.5 GHz the scan angle was ±40◦ and ±30◦ for V- and H-polarized ports respectively.
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4.3 Results Compared to Target Performance
The following tables compare the target performance with the result. Table 4.6 gives an
overview of parameters that were both simulated and tested. The values were derived
from the plots of the S-parameters and total efficiency.

Table 4.6: A comparison between the measured and simulated results and if they reach
the target performance.

Metric Target Simulated Measured Achieved?
Input reflection
coefficients

< −10 dB < −13.1 dB < −11.3 dB Yes

Polarized self-
coupling coeffi-
cients

< −15 dB < −16 dB < −16.4 dB Yes

Cross-polarized
mutual coupling
coefficients

< −18 dB < −27.9 dB < −27.9 dB Yes

Co-polarized mu-
tual coupling co-
efficients

< −18 dB < −20.3 dB < −20.3 dB Yes

Total efficiency
V-ports

> 70% > 60% > 79% Yes

Total efficiency
H-ports

> 70% > 60% > 75% Yes
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Moreover, Table 4.7 focuses on the SIE and how it compares to the target values, which
were derived from Section 4.2.2. Since the SIE was not manufactured, only the simulated
values are presented.

Table 4.7: Summary of the simulated results for the SIE and if they reach the target
performance.

Metric Target Plane
ϕ = 0◦

Plane ϕ = 90◦ Achieved?

Peak broadside
gain V-ports

> 5 dBi 6.88 dBi 6.88 dBi Yes

Peak broadside
gain H-ports

> 5 dBi 6.58 dBi 6.58 dBi Yes

Non-uniformity
for angular cover-
age ±60◦ V-ports

< 6 dB 9.89 dB 6.32 dB No

Non-uniformity
for angular cover-
age ±60◦ H-ports

< 6 dB 6.88 dB 9.36 dB No

Cross-polarized
discrimination
efficiency V-ports

> 10 dB > 19.9 dB > 16.3 dB Yes

Cross-polarized
discrimination
efficiency H-ports

> 10 dB > 15.5 dB > 14.6 dB Yes
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Discussion

The following chapter focuses on how the measured and simulated values compare to
each other and if they deviate from the target performance. Moreover, the beam steer-
ing capabilities are evaluated and some general improvements for the array are suggested.

5.1 Scattering Parameters

All plots of the S-parameters displayed in Section 4.2.1, as well as Appendix A, show that
the target performance for input reflection coefficients, polarized self-coupling coefficients
and MC coefficients are achieved. This applies to both simulated and measured values.

The input reflection coefficients indicates how much of the input power gets reflected
back from the AUT (see Section 2.2.3). As both the results from the simulation and
tests showed a value lower than −10 dB, this would mean that less than 10 % of the
input power would be reflected back to the port. Moreover the self-coupling coefficients
represent how much the two ports connected to the same antenna element influence each
other. Since the ports are orthogonal, these S-parameters reveal the impact of cross-
polarized radiation within one antenna element. The target of < −15 dB was achieved,
which suggest that the polarization purity is retained, as mentioned in Section 2.3.

The target for co-polarized and cross-polarized MC of < −18 dB was also accomplished.
A low co-polarized MC indicates adequate isolation between antenna elements when they
are transmitting or receiving signals of the same polarization. Furthermore, low cross-
polarized MC suggest that two different polarizations between elements are distinct from
one another.

Simulated and measured data have minor deviation, with a plausible cause being the
additional cable connected to the AUT, as seen in Figure 3.9. The additional cable
was attached due to spacing limitations between the connectors, attached to the PCB,
not allowing for direct connections with the two calibrated cables. The additional cable
added was matched to 50 Ω. This addition has a similar affect as adding additional TL. It
could cause differences in phase-shifts and amplitude due to losses. This additional cable
could also explain the ripples displayed in the figures for the different S-parameters.
Another plausible contributor of these differences could be the connectors, which are
further discussed in Section 5.3.
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5.2 Radiation Pattern for Single Isolated Element

Designing the single isolated element (SIE) was a significant part of the project as it was
the building block for the later created array.

Table 4.7 shows the performance of the SIE and if it reached the targets set for it. Here
the non-uniformity for the 60◦ angular coverage is the only metric that did not reach
its target of < 6 dB. In Figures 4.9 and 4.10 it is visible that there is radiation on the
backside of the antenna (when θ > 90◦ and θ < −90◦). When studying the E-field in
Ansys HFSS, it was seen that this back radiation comes from the slots. Therefore, if the
slot is better tuned, it could have a positive influence in reaching this target.

Shown in Table 4.7, the peak broadside gain is 6.58 dB for its horizontal port and 6.88
dB for the vertical port, so there is a difference of 0.3 dB between the ports even though
they ideally should have the same value. In regards to what has been said about gain,
one port appears to have more losses than the other port. Figure 4.1 shows that the
horizontal ports microstrip feed line has a bend. This bend induces more losses than if
the feed line was kept straight, like it is for the vertical port. It is therefore very likely
that this is the main cause to the difference in gain.

In Ansys HFSS it was also identified that radiation leaked out of the cavity where the
microstrip enters. To reduce this, additional cavity walls were added to the opening as
seen in Figure 4.1. The gain could be increased by enclosing the opening even more.

In regards to the cross-polarized discrimination for the SIE it turned out to exceed the
target performance of > 10 dB as seen in Table 4.7. What this means is that the SIE
has a high polarization purity between the ports. This purity indicates that the antenna
could be applied in a MIMO system, since signals could be distinguished and transceived
simultaneously.

5.3 Embedded Element Patterns
Analyzing the result of the radiation patterns in Section 4.2.3, it can be observed that
the measured data follows the simulated data well for both planes ϕ = 0◦ and ϕ = 90◦.
However, a notable deviation appears for larger θ-values. An example of this can be
seen in Figure 4.12a. The plastic printed 3D adapter (as seen in Figure 3.11b) where the
antenna was mounted, was slightly tilted. The misalignment could have more affect for
larger angles and thus be one cause for the discrepancy between measured and simulated
values.

Furthermore, another factor that may have contributed to these deviations, is back radi-
ation from the antenna. There was a lack of shielding with carbon loaded polyurethane
foam around the metal antenna mast, only a small piece of foam was allocated between
the plastic adapter and the front metal plate of the mast, as shown in Figure 3.11b.
Hence, radiation could have been scattered on the mast from the transmitting AUT,
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resulting in the ripples that had to be smoothed out in post-processing. The reflection of
back radiation could be another reason to why the gain is higher for the measured data
compared to the simulated data at larger θ-angles.

When comparing the plots for the radiation pattern of the SIE and EEP, the peak broad-
side gain is lower for all EEP (most below 5 dBi). Besides the affect of MC, the additional
circuitry that was added to the SIE introduced more losses. The circuitry consisted of a
longer microstrip feed line and a connector. The connectors were installed to allow for
easy testing of the antenna. If the connector is not perfectly matched to the microstrip
line, this too will add to losses in the system and as a consequence also in gain. Fur-
thermore, in order to fit the testing cables, the connectors had to be fanned out allowing
space in between. Thus, the feed line to ports H1, V1, H3 and V3 were longer, which
resulted in extra losses. The extra losses in gain can be seen in Table 4.4.

5.4 Total Efficiency
The total efficiency is the ratio of radiated power over the incident power and gives an
insight in how power enters from the TL into free space. Figures 4.13a and 4.13b show the
efficiency of the manufactured antenna and the simulated. Only the measured curve was
above the target performance of 70 %. The simulated total efficiency did not reach the
target. Due to time constrains, too few data points where gathered for it to be reliable
at 26.5 GHz. If however it can be assumed that the total efficiency has the same curve
characteristic as the radiation efficiency, the target most likely would have been achieved.
To improve the reliability of the results, especially since the data is noisy, more measure-
ments could have been conducted.

5.5 Beam Steering
The plots of the beam steering for different polarized ports in Section 4.2.5 suggest that
it is possible to steer the main lobe by phase shifting the current into the antenna array.
Moreover, the phase shifting allowed a high realized gain at θ = 0 as presented in 4.5.
The high realized gain is expected since the radiation pattern summarizes the gain for
all antenna elements, compared to the gain plots for EEP in Section 4.2.3.

Table 4.5 also shows that the scan angles are the same for the simulated data for both
polarizations. In contrast, the measured data suggests a broader scan angle and the po-
larizations differs with 6◦. One possible explanation for the improved scan angle could
be that the reflection of back radiation, as discussed above, yields a larger coverage for
the measured EEP compared to the simulated.

It could be concluded from the simulated cross-polarization plots in Figure 4.14b and
4.14d that the gain remains low and is not much affected by the beam steering, which
is desirable. In contrast, for the measured data (Figure 4.15b and 4.15d), the cross-
polarization is above −5 dBi and could therefore negatively affect the clarity of the signal
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in a communication setting, as proposed in Section 2.3.

One of the limiting factor for the beam steering is the appearance of grating lobes. The
equation for calculating the maximum steering angle to avoid grating lobes is presented
in Equation (2.15). The relation infers that a lower frequency, thus longer wavelength,
would result in a larger beam steering angle. Since the beam steering at other frequen-
cies showed that the scan angle was broader for 26.5 GHz compared to 29.5GHz, the
result agrees with the theory. Furthermore, the maximum inter-element distance d for
a ±90◦ scanning angle is λ

2 . The designed array has d = 0.57λ at 28 GHz, leading to
a more narrow scan angle. A smaller d could hence improve the beam steering capabilities.

5.6 General Improvements
When designing the single antenna element, it was clear that the S-parameters and ra-
diation pattern was deeply dependent on the dimensions and shape of the slot. Small
alterations resulted in a large impact on the performance. Hence, to achieve all require-
ments such as non uniformity for the angular coverage, more slot shapes could have been
investigated. The material selection and thickness for the substrates were predetermined,
and the same material was used for both substrates, this due to supply concerns from
the manufacturer. Substrate material and thickness have significant impact on the MPAs
characteristics, as mentioned in 2.6.2. Allowing different materials for each substrate,
with different ϵr and thickness, would allow for increased optimization possibilities of the
MPAs performance. However, this approach of introducing additional parameters would
have increased the complexity of the design process.
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6
Conclusion

In summary, the purpose of the project was to design, manufacture and test a low-profile
dual-polarized antenna for 5G mm-wave application (26.5 - 29.5 GHz). A printed circuit
board (PCB) based microstrip patch antenna was designed, where the antenna consisted
of three antenna elements in a linear array. Both the designed and tested antenna yielded
low S-parameters and were well below the target level. Hence, the impedance matching
for reducing the S-parameters was successful. The implication is that a fractional part of
input power is lost in reflections and that the polarization coupling within one element as
well as between elements is weak. Moreover, the measured and simulated S-parameters
were similar, indicating that the manufactured antenna was accurate to the designed
model.

The peak broadside gain of the vertical (V) port and horizontal (H) port were 6.9 dBi
and 6.6 dBi for the simulated isolated element, which exceeds the target of 5 dBi. How-
ever, the target for the angular coverage was not met. The simulated data depicted a
coverage of ±48◦ for the H-ports which is less than the target ±60◦. A plausible expla-
nation is back radiation induced by the slot. The simulated realized gain for an element
in the array was lower than 5 dBi, which could be due to connector losses. In contrast,
the angular coverage was broader for the embedded element than the isolated. Likewise
to the S-parameter, the measured values corresponded well with the simulated values.
Furthermore, the measured total efficiency was > 79% for V-polarization and > 75% for
H-polarization, meeting the target performance of > 70%.

Beam steering is possible for both the measured and simulated data. The measured data
had a larger scan range but lower peak realized gain than the simulated data. A potential
cause is the back radiation, which may be reflected on the mount used in the anechoic
chamber.

For future studies, the angular coverage could be improved by investigating different slot
and patch shapes as well as other array constellation such as a planar (2x2) array instead
of a linear.
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A
S-parameters

This appendix presents the remaining plots of the simulated and measured S-parameters
for the antenna.
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Figure A.1: Rectangular plots of simulated and measured input-port reflection coeffi-
cients.
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Figure A.2: Rectangular plot of simulated and measured polarization self-coupling
coefficients.
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Figure A.3: Rectangular plot of simulated and measured co-polarized element mutual
coupling coefficients.
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Figure A.4: Rectangular plot of simulated and measured cross-polarized element mutual
coupling coefficients.
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B
Realized gain for single isolated

element at other frequencies

This appendix present the results of the simulated realized gain for the single isolated
element at 26.5 GHz and 29.5 GHz.

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure B.1: Simulated realized gain for a H-polarized single isolated element at 26.5
GHz.

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure B.2: Simulated realized gain for a V-polarized single isolated element at 26.5
GHz.
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B. Realized gain for single isolated element at other frequencies

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure B.3: Simulated realized gain for a H-polarized single isolated element at 29.5
GHz.

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure B.4: Simulated realized gain for a V-polarized single isolated element at 29.5
GHz.
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C
Embedded element pattern at other

frequencies

The remaining results of the simulated realized gain for the embedded element pattern
at 26.5 and 29.5 GHz is presented in the appendix.

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure C.1: Simulated and measured realized gain for V1 for different orientations.

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure C.2: Simulated and measured realized gain for H1 for different orientations.
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C. Embedded element pattern at other frequencies

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure C.3: Simulated and measured realized gain for V3 for different orientations.

(a) ϕ = 0◦. (b) ϕ = 90◦.

Figure C.4: Simulated and measured realized gain for H3 for different orientations.
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D
Beam steering at other frequencies

This appendix present the results of the beam steering conducted at other frequencies
26.5 GHz respective 29.5 GHz for both horizontal and vertical ports.

(a) H-ports at 26.5 GHz. (b) H-ports at 29.5 GHz.

(c) V-ports at 26.5 GHz. (d) V-ports at 29.5 GHz.

Figure D.1: The co-polarized realized gain from the simulated beam steering of the
antenna array at two different frequencies.
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