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Abstract

The automotive industry is progressively closing on the Telecom industry as wireless
data connection and transmission become more and more important for vehicles. In
both future and present cars, the safety and infotainment systems depend on reliable
wireless data transmission. This is especially the case when autonomous cars will
reach the market.

With this development, it becomes important to test and to verify that the re-
quired wireless communication is achieved. Today, there are no standardized methods
of how to perform this testing. Proposed methods are all based on scaled up mo-
bile phone testing. However, it is not problem-free to scale these methods to larger
objects, such as vehicles, since it can become both expensive and complicated. To
overcome these issues, a hypothesis has been introduced stating that “If a wireless
device is tested with good performance in both pure-LOS and RIMP environments, it
will also perform well in real-life environments and situations, in a statistical sense”.
In this hypothesis, the Rich Isotropic Multipath (RIMP) and the Random Line-of-
Sight (Random-LOS) are introduced as the two edge environments for testing. In
this thesis, the focus is on one of these edge environments, i.e., the Random-LOS
environment. This thesis studies how the Random-LOS environment can be realized
for performance testing of wireless communication for vehicles.

The investigation has been divided in two main parts. The first is to study how the
Random-LOS testing environment can be achieved. Simulations and measurements
have been performed for three different chamber antennas, a single antenna element,
a horizontal uniform linear array and a uniform planar array. The antennas have
been compared in terms of amplitude (or rather power) and phase variations within
a test zone in front of the chamber antenna.

The second part investigates how actual system performance measurements can be
performed with a Random-LOS measurement setup. These measurements have been
conducted with simplified setups, testing the concept and validate the throughput
performance when comparing different vehicular antennas.

Keywords: Random Line-of-Sight, Rich Isotropic Multipath, Anechoic Chamber,
Reverberation Chamber, Over-the-Air, car measurements, wireless communication,
throughput.
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Introductory Chapters





Chapter 1
Introduction

Wireless connectivity in cars is becoming more and more important. The functional-
ity of the cars depends on a reliable wireless communication, e.g., for safety systems,
infotainment, traffic warnings and updates of software and maps. To ensure that the
desired and required wireless communication is achieved, extensive testing needs to
be performed. Today a lot of the testing is done with drive-tests out in the field.
However, this is both expensive and can only be done late in the development process,
which makes it hard to modify the product. Another problem with field-testing is
that they are not repeatable, since the environment changes between measurements.
This makes it difficult to identify the reason behind the changes in the results.

Thus exists the need to perform the testing in an earlier stage in the development,
but also in a repeatable manner. No standardized method of how to do the testing of
the wireless communication for vehicles exists today. Instead, wireless communication
testing has been extensively investigated and developed in the mobile phone area.
Different methods to perform mobile phone testing are, for example, described in the
standardization documentation [1]. These methods include the Multiprobe Anechoic
Chamber (MPAC), the two-stage method and the Reverberation Chamber (RC).
However, it is not problem-free to adopt these methods for vehicle testing. There are
issues with the size of the test object, as well as a different propagation environment
for cars as compared to mobile phones.

In [2], a hypothesis states that, “If a wireless device is tested with good perfor-
mance in both pure-LOS and RIMP environments, it will also perform well in real-life
environments and situations, in a statistical sense”. This hypothesis introduces two
edge environments, i.e., the Rich Isotropic Multipath (RIMP) and the Random Line-
of-Sight (Random-LOS). These environments can be seen as as each others opposites,
where the RIMP environment is based on an environment with many incoming sig-
nals, whereas in Random-LOS environment there is only one dominant random signal.
Real-life propagation channels will lie in between these two channels.
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Chapter 1. Introduction

1.1 Aim of the Thesis

The aim of the thesis is to investigate the Random-LOS environment and its possi-
bilities and limitations for testing vehicular cellular communication. This has been
done by dividing the study into two main parts.

The first part is to evaluate the field in the near-field region of the Random-
LOS chamber antenna to find out if the desired field distribution, a plane wave, is
achieved. This is done both through simulations and measurements. Comparisons
between different type of chamber antennas have been made to find the most suitable
option for the Random-LOS testing. The evaluations are mostly done in terms of
standard deviation of the field amplitude within the test zone. The phase has also
been analysed to see how well the plane wave behaviour is emulated.

The second part is to show how the Random-LOS test system can be used for
active testing of the cellular communication for cars. This has been done for simpli-
fied Random-LOS measurement setups, where different antennas, mounted both on
ground planes and on the roof of cars, have been evaluated in terms of data through-
put. Both the random angle of arrival and polarization have been investigated. The
performance has also been presented together with results in the RIMP environment
to see how the two edge environments complement each other.

1.2 Thesis Outline

This thesis consists of two main parts. The first part contains five chapters and
introduces the reader to the research topic, by giving relevant background information
and presenting the main contributions. The second part includes the most relevant
publications in full format. A detailed list of all the publications by the author,
including non-appended publications, is given in the Section “List of Publications”.

The first part of the thesis contains the following chapters. The first chapter,
Chapter 1, gives a brief introduction to the topic and states the aim of the thesis.
In Chapter 2, a background is given to give a better understanding of the following
chapters. The background consists of an introduction to various antenna measure-
ment techniques, both for determining traditional antenna design parameters, as
well as measurements for characterizing wireless devices such as mobile phones. The
real-world hypothesis is introduced together with the two edge environments, RIMP
and Random-LOS. In this section it is also introduced the Random-LOS measure-
ment setup for vehicles. The background also contains a brief introduction to wireless
communication together with a description of the threshold receiver model used when
processing the active Random-LOS measurement results. Chapter 3 describes mea-
surements and simulations done to characterize the accuracy within the test zone in
the Random-LOS measurement setup. In Chapter 4, measurements in a simplified
Random-LOS measurement setup are presented for different vehicular antennas, as

2



1.2. Thesis Outline

well as a complementary measurements in a RIMP environment. The final chapter,
Chapter 5, describes possible future work directions as well as a brief summary of
the main contributions.
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Chapter 2
Background

It is indispensable to evaluate the performance of antennas and wireless devices in
order to achieve the desired system performance. There are different ways to do
this, depending on where, i.e., in what propagation environment, and how, i.e., for
what applications they are used. This chapter will give a background into different
measurement techniques, both for traditional antenna parameters, but also for active
testing of the wireless system performance of devices. This chapter will also describe
the hypothesis for Over-the-Air (OTA) measurements of devices introduced in [2],
and the Random Line-of-Sight (Random-LOS) and Rich Isotropic Multipath (RIMP)
edge environments will be described more in detail. Some wireless communications
basics together with the threshold receiver model [3] will be introduced as well.

2.1 Measurement Techniques

There exist different techniques to measure and evaluate the performance of anten-
nas, depending on whether they are used as pure antennas, or integrated in active
devices. Traditional antenna measurements are described in Section 2.1.1, whereas
measurements for antennas used in mobile phones and other devices are described in
Section 2.1.2.

2.1.1 Traditional Antenna Measurements

Traditionally, antenna performance parameters have been measured in anechoic cham-
bers. These are based on passive measurements where, for example, the reflection
coefficient, the far-field radiation pattern in E-, H-, or D-planes, the antenna direc-
tivity, gain as well as the beamwidth are systematically measured. These metrics are
especially important to evaluate the performance of fix antennas, where the trans-
mitter and receiver are directed towards each other.

5



Chapter 2. Background

Different techniques can be used to evaluate the performance parameters of tradi-
tional antennas. Among the most common ones are setups in free-space environments.
In a free-space environment, the aim is to suppress all reflections, which is commonly
realized in an Anechoic Chamber (AC). In ACs the walls, the floor and the ceiling
are covered in RF-absorbing materials [4]. The performance metrics are obtained for
the far-field of the measured antenna, where the field has a uniform amplitude and
phase, i.e., it is locally a plane wave. There exist different ways to get the far-field
performance and three of the most used ones are far-field ranges, near-field to far-field
transformations and compact ranges [5, 6].

Far-field Range

As the name imply, the far-field ranges measure directly in the far-field of the antenna.
This can be achieved if the source antenna and the Antenna Under Test (AUT) are
placed far from each other, with a minimum distance, d, corresponding to the inner
boundary of the far-field region

d =
2D2

λ
, (2.1)

where D is the largest linear dimension of the antenna and λ is the wavelength [5].
This can be realized most easily in an outdoor environment, since this can require
very large distances. However, outdoors, there might be problems with reflections
from the ground and surrounding objects, as well as problematic weather conditions
impacting the measurement accuracy. Sometimes the required distances become even
too large for an outdoor range, and other methods are therefore required.

Two different examples of far-field ranges are the elevated free-space range and
the slant free-space range. The elevated free-space range, seen in Fig. 2.1, is designed
such that the antennas are mounted at a sufficient height, to reduce unwanted ground
reflections that can influence the measurement results. To further improve this, the
source antenna is mounted such that the first null in the radiation pattern is directed
towards the base of the tower [6]. In the slant free-space range, instead of elevating
the source antenna, it is placed on the ground, while the AUT is still elevated. The
source antenna is oriented such that the maximum of the radiation pattern points
towards the center of the AUT and the first null is pointed towards the base of the
AUT-tower to avoid the ground reflection.

Near-field to Far-field Transformation

Another way to get the far-field radiation pattern is to sample the near-field and then
transform it into far-field values by Fourier transformation [7]. Both the amplitude
and phase are sampled and it is usually done in a well defined grid with one of the
following three shapes: a plane, a cylinder or a sphere in front of or around the AUT.
The most complete is the spherical case, but it is also the most expensive one, since

6



2.1. Measurement Techniques

AUT

ℎ𝑡

Source

𝑑

ℎ𝑟

Figure 2.1: Elevated free-space range.

the positioning and probe equipment can become quite expensive. The measurements
can be performed either by fixing the probe and rotating the AUT, or moving the
probe around the fixed AUT [8]. Since the sampled near-field data has to be post-
processed with numerical integration and Fourier transformation, no real-time data
can be acquired by using a near-field to far-field transformation measurement method.

Compact Range

The far-field scenario requires that the AUT is illuminated by a plane wave. This
can be realized in a compact range chamber, where a parabolic reflector usually is
used to create a plane wave close to the AUT [9]. With this technique it is possible
to make smaller indoor ranges that can be used to measure radiation patterns with
high accuracy.

The reflector is illuminated by a feed antenna which, can be located directly in
front of or offset from the reflector. The diverging rays from the feed antenna are
collimated by the reflector and in front of the reflector the AUT is positioned [10]. A
perfect plane wave cannot be achieved, since the reflector is finite in size and has an
imperfect surface. The test zone where the AUT is placed in front of the reflector is
called the quiet zone. This is the area where the amplitude and phase variations are
small. Compact ranges typically provide a peak-to-peak phase variation of ±5 ◦ and
a peak to peak amplitude variation of ±0.5 dB in the quiet zone [11].

The reflector can operate in a large frequency band, as long as the feed is a
wideband antenna. The lower frequency limit is determined by diffractions from
the edges of the reflector, whereas the upper frequency limit is determined by the
imperfections of the surface [10].

7



Chapter 2. Background

Com.
-tester

Channel
Emulator

Figure 2.2: The Multiprobe Anechoic Chamber (MPAC) setup.

2.1.2 Mobile Phone Measurements

With the introduction of mobile phones there also came the need of testing their
active wireless communication performance. This means the testing is performed
on a system level, including the antenna and the device as a whole. Naturally, this
must be done by means of Over-the-Air (OTA) tests, where no measurement cables,
that can influence the antenna performance, are used. To perform a cable connected
measurement on the antenna integrated in a mobile phone can be problematic for
other reasons too. For example, there might not bee any designated or accessible
test-connectors for connecting RF-cables to the antenna. The most common tests for
evaluating the radiated performance of mobile phones are the ones that measure the
Total Radiated Power (TRP) in the uplink, the Total Isotropic Sensitivity (TIS) and
the data throughput in the downlink [12].

There are different methods used to test the active performance of mobile devices,
such as mobile phones, tablets and laptops. Among the most common methods are
the Multiprobe Anechoic Chamber (MPAC), the two-stage method and the Rever-
beration Chamber (RC).

Multiprobe Anechoic Chamber (MPAC)

The Multiprobe Anechoic Chamber (MPAC) setup is made up of a set of antenna
probes positioned around the DUT in an anechoic chamber, see Fig. 2.2. The probes
are usually placed in a 2D ring or 3D sphere, but can also be positioned in clusters [1].
The Device Under Test (DUT) is placed in a clearly defined test zone, which is in the
center of the probes. In order to perform the measurement, a communication tester
or base station simulator is connected to a channel emulator connected to the antenna
probes. It is possible to transmit signals form different directions as the probes are
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Figure 2.3: The radiating two-stage method. The first stage shows how the radiation
pattern is obtained and the second stage show how the channel model is applied to the
radiation pattern and fed to the DUT.

located in different positions. Different propagation and fading environments can be
realized by emulating different channel models [13].

The number of probe antennas depends on the number of fading channels (one for
each probe), the size of the test zone and whether the measurements are Single-Input
Single-Output (SISO) or Multiple-Input Multiple-Output (MIMO). As a minimum
amount, eight probes with a spacing of 45 ◦, are used for the ring solution, and at
least three clusters must be used for the cluster version [1,14]. Additional probes are
needed if dual polarization is desired. A multiprobe setup for cars has been studied
in [15].

Two-stage Method

The two-stage methods requires the execution of two subsequent measurement steps.
In the first stage, the radiation pattern of the DUT is measured, and in the second
stage, the desired channel model is applied to the radiation pattern. The resulting
signal is fed to the DUT to emulate the desired communication link, see Fig. 2.3 [1,16].

The radiation pattern, in the first stage, can be acquired by simulations or by
actual measurements performed on the device. To obtain the measured radiation
patterns of the device, a built-in testing mode, to measure relative phase and am-
plitude in the device itself is needed. By calibrating the incoming signal, it is then
possible to obtain the radiation pattern. These measurements are performed inside
an anechoic chamber with a communication tester [17].

9
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Com.
-tester

Figure 2.4: The reverberation chamber (RC).

In the second stage, the output of a communication tester is connected to the
input of a channel emulator. In the channel emulator, the desired channel model
is applied to the radiation pattern and this is then applied to the signal from the
communication tester. The connection between the channel emulator and the DUT
can be achieved either through a conducted or radiated mode. In the conducted case,
RF-cables from the channel emulator are connected to the internal antenna ports on
the DUT. On the other hand in the radiated case, the output of the channel emulator
is connected to two antenna probes which will connect wirelessly to the DUT [18].
In the radiated case, the effect of the wireless channel is removed by applying the
inverse of the channel transfer matrix to the output signal. In the radiated two-stage
case, the self-interference from the DUT is included in the measurements, whereas in
the conducted measurements they are not.

Reverberation Chamber (RC)

The Reverberation Chamber (RC) has been traditionally used for EMC testing. It
consists of a metal cavity that supports many modes at the operating frequency [19].
The chamber contains metal plates that are moved inside the chamber to excite
different modes. These plates are called mode stirrers, see Fig. 2.4. By placing the
DUT on a turntable and changing the polarization by switching between different
chamber antennas, more independent samples can be collected, and higher accuracy
can be achieved [20]. The chamber can emulate a RIMP environment, which will
be described more in detail in Section 2.2.1. Statistically, the emulated environment
can be described as a multipath Rayleigh fading environment. It means that the
amplitude variation of the received signals by the DUT follow a Rayleigh distribution,
while the phase is uniformly distributed [21].

The first step to perform a measurement is to do a calibration. At this step, the
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average power transfer function of the chamber, which is proportional to the radiation
efficiencies of the transmitting and receiving antennas, is measured [22]. Measure-
ments are then performed by connecting a communication tester to the chamber
antenna in the RC. A metal shield in front of the chamber antenna is placed to
makes sure that no LOS component is present. No channel emulator is needed if a
regular Rayleigh fading environment is desired. However, a channel emulator can be
used if additional variations, e.g., in Doppler and delay spread are wanted. There
exist no specific test zone inside the chamber, as long as the DUT is placed at least
0.5λ away from any metal wall/plate.

2.2 Real-world Hypothesis

There is no easy way to evaluate the performance of different user devices in all
possible, or even in most typical, environments. Ideally, it would be desirable to
make sure that the device works well in all real-world environments in which it will
be used in, but this is not feasible. However, in practice, typical channel models are
used to emulate different real-world scenarios. A different idea is presented in [2],
where a hypothesis is stated. It is formulated as follows “If a wireless device is
tested with good performance in both pure-LOS and RIMP environments, it will also
perform well in real-life environments and situations, in a statistical sense”. While
this hypothesis is yet to be proven, it provides an appealing and practical framework
within which many devices could be evaluated in a cost and time efficient way. The
two edge environments, RIMP and Random-LOS are presented more in detail in the
following sections and in Fig. 2.5.

2.2.1 Rich Isotropic Multipath (RIMP)

The Rich Isotropic Multipath (RIMP) environment is an ideal fading environment,
that does not exist in reality, but that has been proven to be very useful [19]. The first
word, Rich, refers to that there are many incoming waves simultaneously. Isotropic
refers to that the Angle of Arrival (AoA) of the incoming waves are uniformly dis-
tributed over the unit sphere, which means that the orientation of the DUT will not
matter. The last word multipath refers to that the waves have taken multiple paths
to the receiver. The RIMP environment can be emulated in a reverberation chamber.

Real multipath environments are seldom isotropic like assumed in RIMP; however,
if we consider a larger period of time and a number of mobile phone users, then the
environment will be approximately so [23]. The reason is that mobile devices can be
used in different orientations, e.g., in talk mode and surf-mode, and they are located
in different locations in respect to a base station.
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Random Line-of-Sight Real world Rich Isotropic Multipath

Waves One dominating ? Many simultaneously

Angle of Arrival Random ? Uniform distribution

Polarization Random ? Balance

Measurement 
method

Anechoic Chamber Real-world tests Reverberation Chamber

Figure 2.5: Comparison between Random-LOS and RIMP. The Random-LOS case is rep-
resented by a micro base station using massive MIMO and randomly oriented users. The
RIMP case is represented by an indoor environment with a lot of scatterers and no LOS to
the base station.

2.2.2 Random Line-of-Sight (Random-LOS)

The Random Line-of-Sight (Random-LOS) environment consists of a dominating
incoming wave, which most of the time is a LOS contribution, but it can also be
a strong diffracted or scattered wave [24]. The difference with the traditional LOS
environment is that at least one of either the transmitter or receiver is randomly
oriented. Usually it is the user device that is randomly oriented, since the base
station normally is placed in a fix position [25]. By introducing an ensemble of users
over time, the statistics of the DUT orientation will become increasingly random,
and thereby the randomness in the LOS component will increase.

The randomness in Random-LOS refers both to random AoA and random po-
larization. When a DUT is randomly oriented in a 3D environment, both the po-
larization (considering linear polarization) and the AoA of the incoming wave will
change relative to the DUT. Different user devices will experience either a 2D or a
3D Random-LOS, see Fig. 2.6. For example a small handset (i.e., a mobile phone
or tablet) can be oriented in any direction in space, since people are using them in
talk-mode, surf-mode, etc., see Fig. 2.7. Vehicles, on the other hand, will only be
oriented randomly in the horizontal plane with some slight elevation angles. This
corresponds to a 2D random AoA and one dominating polarization.
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Random-LOS

2D - Vehicles

3D – Handsets 

Figure 2.6: Realization of 2D and 3D Random-LOS. The 2D Random-LOS case is applicable
for vehicles, whereas the 3D Random-LOS is more useful for mobile handsets.
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Figure 2.7: Random AoA and random polarization due to the user behaviour.

Random-LOS Measurement Setup for Vehicles

An idea for realizing a Random-LOS test environment for testing the wireless com-
munication performance of vehicles was presented in [26]. The Random-LOS is a
relevant environment for vehicles, since vehicles often are used on highways and in
rural areas where there is often a LOS component to the base station. To emulate
a base station in Random-LOS, it is needed to perform measurements emulating the
far-field region of the base station. By generating a plane wave, the far-field can be
emulated. A plane wave can be realized by using for example a planar array [8,27,28].
In [29], simulations are shown for a planar array that can be used for a Random-LOS
testing. However, the solution in [29] becomes too complicated and expensive to
manufacture. Hence, a reflector with a linear array feed, similar to a compact range,
is presented in [30,31].

The reflector solution for the chamber antenna is shown in Fig. 2.8. The feed
of the reflector consists of a linear array feed of dual-polarized antenna elements.
In [31], dual-polarized bowtie antennas are used as antenna elements [32]. The an-
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Figure 2.8: Sketch of the final Random-LOS measurement setup solution with a reflector
and a linear array feed for creating a plane wave illumination of the car.

tenna elements in the array are combined using a beamforming network, where the
combination is done separately for each polarization. This results in two ports on
the chamber antenna, i.e., one for each polarization. By connecting a communication
tester to the ports, a base station in far-away LOS can be realized. When the vehicle
is rotated on a turntable, the performance can be evaluated for different rotation an-
gles or different AoAs. In this way, the 2D Random-LOS environment can be realized
for testing the system performance of vehicular wireless communication.

The reflector solution is modular and can easily be made wider by extending the
linear array feed and adding an extra piece to the reflector. The suggested reflector
in [31] has a height of 3m, a width of 4m and a depth of 1.5m.

2.3 Wireless Communication

With the development of the wireless communication, came also the use of several
antennas on both the transmitter (TX) and the receiver (RX) sides, see Fig. 2.9. This
can be divided into Single-Input Single-Output (SISO), Single-Input Multiple-Output
(SIMO), Multiple-Input Single-Output (MISO) and Multiple-Input and Multiple-
Output (MIMO) scenarios [33]. Input refers to the TX side and output refers to the
RX side and single means that only one antenna is used, whereas multiple means
that several antennas have been used.

A MIMO system can be described by

y = Hx + n , (2.2)

where y is the output of the channel, x is the input, H is the channel matrix and n
is the noise vector. It is possible to decompose the MIMO channel into independent
parallel channels. More independent channels can be achieved in a more rich scatter-
ing environment than in a LOS environment [34]. However, the maximum number
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Figure 2.9: MIMO system.

of independent channels depends also on the number of transmit Mt and receive Mr

antennas. The number of independent channels, R, is limited by R ≤ min(Mt,Mr),
and in general, on the rank of the channel matrix H. Multiplexing, where different
data is transmitted on every channel, can be used in a MIMO system to increase
the capacity. In order to separate the signals, different schemes can be used, e.g.,
singular value decomposition and zero forcing (ZF). In this thesis, we have used ZF
which relies on the pseudo-inverse of the channel matrix, to separate the signals at
the receiver [35].

Instead of increasing the capacity, diversity can be used, where several copies of
the same data is transmitted or received, which makes the system more stable and less
vulnerable to fading dips. There exist different combining schemes to combine data
at the receiver ports, e.g., selection combining (SC), equal-gain combining (EGC) and
maximal-ratio combining (MRC) [33]. In this thesis, we have used MRC for receive
diversity in several cases. In MRC, the received signals at all the ports are weighted
and summed together to obtain the maximum signal to noise ratio. The weights are
chosen proportionally to the signal to noise ratio at the ports.

2.3.1 The Threshold Receiver Model

In [3], the threshold receiver model is presented. It is a model for calculating the
throughput data rate for wireless LTE devices. The model is based on the group error
rate (GER), which contains the error rates that are used to measure the performance
of receivers. It has been noted that in a static environment, the GER changes quickly
from 100% to 0% at a certain threshold power, Pt. This can be written as

GERideal(P ) =

{
1, when P < Pt

0, when P > Pt
. (2.3)
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Figure 2.10: Threshold levels in a static environment.

The throughput TPUT, can then be straightforwardly expressed in terms of the
maximum throughput TPUTmax and the GER,

TPUT = TPUTmax ∗ (1−GER(P )) . (2.4)

The maximum throughput depends on parameters such as the modulation and cod-
ing.

Fig. 2.10 shows the single threshold levels measured for different orientations
of a DUT in a Random-LOS environment. It can be clearly seen that the data
throughput abruptly changes from full to zero in a static environment. For different
orientations, this change happens at different power levels, due to the non-isotropic
radiation pattern of the DUT. These threshold values are what we are interested in
measuring. Since the change is very steep, it is possible to represent the threshold
by the power level at which it occurs, as shown with a star (∗) in the figure. This is
also referred as level of detection threshold. A measurement in a static Random-LOS
environment behaves in the same way as a conducted measurement with respect to
the appearance of the threshold. The corresponding theoretical thresholds would be
a perfect step-like curve.

The average GER is expressed as a function of the average power level Pav as

GERav(Pav) =

∫ ∞
0

GERstatic(P )PDF(P/Pav)dP , (2.5)

where PDF is the Probability Density Function. This is valid for frequency flat fading,
which means that the bandwidth is much smaller than the coherence bandwidth.
Using Equation (2.3)-(2.5) we rewrite the average GER into

GERav(Pav) =

∫ Pt

0

PDF(P/Pav)dP = CDF(Pt/Pav) , (2.6)
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where CDF is the Cumulative Distribution Function. From this, we obtain the
throughput as

TPUT = TPUTmax ∗ [1− CDF(Pt/Pav)] . (2.7)

The probability of detecting a bitstream is thus related to the throughput thresh-
old [25]. When the received power is above the threshold level, the received data
will be of sufficient quality to detect and decode the received bitstream, whereas if
the power is below the threshold, it will not be detected. By counting the number of
times the received power level is above the threshold (the bitstream will be detected),
and divide it with the total number of samples, you get the Probability of Detection
(PoD). If the same modulation scheme and coding are used for all samples, the PoD
becomes equal to the relative throughput

PoD(Pav) =
TPUTav(Pav)

TPUTmax

= 1− CDF(Pt/Pav) . (2.8)
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Chapter 3
Characterization of the Test Zone

In a Random-LOS environment, one wants to evaluate the performance of a wireless
device in the far-field. This can be realized by creating a plane wave close to the
chamber antenna. The final Random-LOS measurement setup for vehicular appli-
cations will use a reflector with a linear array feed to realize the plane wave, see
Fig. 2.8. Another way to generate a plane wave is to use a planar array [8,28,36]. In
this chapter we consider three different types of chamber antennas, a single antenna
element (SAE), a horizontal uniform linear array (ULA) and a uniform planar array
(UPA). The three antennas are compared in terms of their capabilities of generating
a field emulating a plane wave in the test zone. The comparison is made both by
simulations and measurements performed in an AC at Chalmers.

The performance evaluation is done by looking at the power and phase spread,
which are defined below:

• Power spread: The sample standard deviation σdB is computed in dB, by
using [37],

σdB = 5 log

(
1 + σ

1− σ

)
, (3.1)

where σ is the standard deviation of the normalized power in linear units, i.e.,

σ =

√
VAR

{
P

MEAN{P}

}
, (3.2)

where VAR {.} and MEAN {.} are the sample variance and sample mean op-
erations, respectively. P is the power and is defined as P = |

∑
Ez|2 for the

simulations and by P = |
∑
S21|2 for the measurements.

• Phase spread: The variation of the phase φ is evaluated as the maximum
phase deviation from the mean

∆φmax = max |φ−MEAN{φ}| . (3.3)
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Figure 3.1: Setup for the three different chamber antenna test cases; the single antenna
element (SAE), the horizontal uniform linear array (ULA) and the uniform planar array
(UPA).

The phase φ is defined as φ = arg{
∑
Ez} for the simulations and by φ =

arg{
∑
S21} for the measurements, where arg{.} denotes the operation of taking

the argument of a complex number.

In this chapter we will also study how the performance differs for different chamber
antennas in the presence of a ground reflection, for example as in a semi-anechoic
chamber. This is studied both by simulations and measurements. The measurements
are done in a semi-anechoic chamber with a shark-fin antenna mounted on the roof
of a car. The frequency response is measured for two different chamber antennas, a
single antenna element and a vertical 8-element linear array. This chapter is based
on paper A and B.

3.1 Random-LOS Measurement Uncertainty

It is important to evaluate the measurement uncertainty in the Random-LOS mea-
surement setup to ensure that measurements can be performed with an acceptable
accuracy. This section, which is based on paper A, is a continuation of work done
in [29,30]. It shows the measurement accuracy for three different types of movement
patterns in a test zone in front of the chamber antenna. The investigations are per-
formed at f = 2.7 GHz and done along a parallel line, along the rim of a circle and the
area within a circular test zone, see Fig. 3.1. We are not interested in the absolute val-
ues of the field, but rather the relative variation of the power Pnorm = P/MEAN{P}
and phase φnorm = φ/MEAN{φ} within these areas, as indicated by Equation (3.1)-
(3.3). This means that all results in the figures are presented normalized to their
mean values.
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(a) (b)

Figure 3.2: Measurement setup in the anechoic chamber at Chalmers University of Tech-
nology. (a) Measurement setup for the three different chamber antennas; single bowtie
(SAE), horizontal ULA (partly) and UPA (partly). (b) The monopole with its ground
plane mounted on the turntable.

Simulations using a Method of Moments (MoM) software and measurements in an
AC at Chalmers were performed for three different types of chamber antennas. The
chamber antennas are defined by the number of antenna elementsN = Nv×Nh, where
Nv and Nh are the elements in the vertical and horizontal directions, respectively.
The three types consist of a single antenna element (SAE), a 1×24 horizontal uniform
linear array (ULA) and a 8 × 23 uniform planar array (UPA). Both the ULA and
UPA cases were realized in the measurements by using a smaller 8-element ULA,
to virtually create larger arrays. The smaller array was placed in different adjacent
positions and by combining the contributions from all the positions a virtual larger
array can be reconstructed, similar to a synthetic-aperture radar. As mentioned in
Section 2.2.2, a distribution network is used, one for each polarization, to combine the
contributions from all the antenna elements. In all the measurements, a monopole,
mounted on a circular ground plane with a radius of 0.28m, was used to sample the
field in front of the chamber antennas, see Fig. 3.2.

In the simulations the same scenario is reproduced as in the measurements, by
using reciprocity. Instead of measuring the field in front of the chamber antenna, a
transmitting z-oriented dipole is moved in a grid in front of the simulated chamber
antenna. The z-component of the E-field from the dipole is sampled, at the same
positions as the antenna elements in the chamber antenna array. By combining the
complex E-field values from different sample positions it is possible to reconstruct
the E-field from the virtual chamber antenna.

In Fig. 3.3, simulation results for the three different chamber antennas are pre-
sented. The power and phase variations for an area of size 5 m× 5 m in front of the
chamber antennas are shown.
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(a) (b) (c)

(d) (e) (f)

Figure 3.3: Simulated power variation in an area of 5 m × 5 m in front of three different
antennas placed in a free-space environment. The columns, from left to right, correspond
to the SAE (N = 1), the ULA (N = 1 × 24) and the UPA (N = 8 × 24), see Fig. 3.1.
The first row shows the normalized power variation and the second row shows the phase
variation.

Table 3.1: Uncertainty shown as power spread, σdB and phase spread, ∆φmax along a
parallel line with a length of 2R = 1 m, corresponding to the results in Fig. 3.4.

SAE ULA UPA

σdB, [dB]
Sim 0.02 0.60 1.02
Meas 0.63 1.00 0.83

∆φmax, [◦]
Sim 73 10 13
Meas 95 26 23

3.1.1 Line Uncertainty

To evaluate the plane wave behaviour it is important to study the the power and the
phase variation along a parallel line in front of the chamber antenna, see Fig. 3.1.
An ideal plane wave will in fact have no power and phase variations along this line.
Simulated data is shown together with measured data in Fig. 3.4. The power and
phase spread along this parallel line are summarized in Table 3.1.
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Figure 3.4: Power and phase comparisons between theoretical and measured data along
a parallel line in front of the chamber antenna, i.e., line uncertainty, see Fig. 3.1. The
columns, from left to right, correspond to the SAE (N = 1), the ULA (N = 1 × 24) and
the UPA (N = 8× 24).

Table 3.2: Power spread, σdB, for the different measurement and simulation cases. The
variation along the rim and within the circular test zone are both shown for a radius of
0.5m.

SAE ULA UPA

σdB, [dB]
Circle Sim 0.86 1.41 0.77

Meas 1.19 2.07 1.04

Test zone Sim 0.60 0.85 0.86
Meas 0.79 1.09 0.77

3.1.2 Circle Uncertainty

When the position of the antenna on the car is known and the car is rotated on the
turntable, it is important to consider how the amplitude can vary along the rim of
the test zone. How this vary for a rotation radius of 0.5m can be seen in Fig. 3.5 for
the three different chamber antennas. Good agreement is seen between the simulated
and measured data. This data is also summarized in Table 3.2.
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Figure 3.5: Power comparisons between theoretical and measured data for a rotation with
0.5 m radius. The columns, from left to right, correspond to the SAE (N = 1), the ULA
(N = 1× 24) and the UPA (N = 8× 24).

3.1.3 Test Zone Uncertainty

In order to somewhat relax the need to determine the exact location of antennas
within the test zone, or if multiple antennas on the car are tested at the same time,
it is important to ensure that, as long as the antennas under test are within the
predefined test zone, the standard deviation of the power spread will not exceed a
certain value. For different test zone sizes, different corresponding standard deviation
values can be calculated. In Fig. 3.6, simulated and measured power variations in
a test zone with radius 0.5m are shown. The power and phase spread is shown in
Table 3.2. The same data presented in Fig. 3.6 is used to create Fig. 3.7(a), where
the power spread is shown as a function of test zone radius.

3.2 Ground Reflection Suppression

The semi-anechoic chambers are a convenient option for the Random-LOS measure-
ment set-ups, especially for vehicular applications. In these chamber, the ceiling and
the walls are covered with RF absorbing materials, while the floor is made of metal.
In simulations, this could be realized by a perfect electric conductor (PEC) ground
plane. For an ideal Random-LOS environment, ground reflections are not desired,
since their contribution will vary depending on the distance to the test object [38].
This undesired effect on the reference signal variation in the test zone therefore needs
to be removed. Free-space simulations from Section 3.1 were compared to the same
three cases when a PEC was used as a ground plane. This is presented in Fig. 3.7(b).
It can be seen that the planar array performs the same, independent of the presence
of the ground plane. On the other hand, when the ground plane is added, a significant
degradation is seen in the permanence of the other cases.

To further investigate the ground reflection, measurements were done in a semi-
anechoic chamber, where the frequency response was measured for a roof mounted
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(a) (b) (c)

(d) (e) (f)

Figure 3.6: Power variations for the three investigated cases, both simulations and measure-
ments. The plotted area is shown as the black circle in Fig. 3.3. The columns, from left to
right, correspond to the SAE (N = 1), the ULA (N = 1× 24) and the UPA (N = 8× 24).
The first row shows the simulated and normalized power variation and the second row
shows the measured normalized power variation.

shark-fin antenna on a Volvo XC90, see Fig. 3.8. Two sets of measurements are
performed with the two antennas used as chamber antenna, i.e., see Section 3.1. The
first one is the single bowtie antenna, and the second is the 8-element bowtie array
placed in a vertical position (N = 8×1), i.e., one of the positions used for the virtual
planar array. The frequency response as a function of rotation angle is shown in
Fig. 3.9.

It can be seen that with an extension of the array in the vertical direction, i.e.,
the z-axis, one can suppress the contribution from the ground reflection and obtain a
more pure Random-LOS environment. The constructive and destructive interference
due to the ground reflection can be seen for the single chamber antenna cases for the
rotation angles around 180 ◦. This corresponds to the angles where the back of the
car is facing the chamber antenna, i.e., the shark-fin antenna is more directly exposed
to the ground reflection. The array figures in Fig. 3.9 have an overall higher power,
which is due to the array gain.
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Figure 3.7: Standard deviation within the whole test zone as a function of the test zone
radius. Results are shown for both single, horizontal and planar array antenna. (a) The
standard deviation for the simulated data and the corresponding measured data. (b) Stan-
dard deviation for the simulated free-space and PEC ground plane case.

Bowtie/
Array

Shark-fin

VNA

1.7m

6m

Figure 3.8: The Random-LOS measurement setup with a vertical bowtie array as a chamber
antenna and roof mounted shark-fin antenna, on a Volvo XC90, as antenna under test. The
front of the car facing the chamber antenna, as shown in the figure, corresponds to the
rotation angle α = 0 ◦.

3.3 Summary and Conclusions

The UPA is the chamber antenna that has the best over-all performance, in terms
of power spread and phase spread for both a free-space environment and an environ-
ment with a PEC as a ground plane, i.e., a semi-anechoic chamber. The measured
and simulated data match well and a standard deviation of less than 0.9 dB can be
achieved for the power within a test zone of radius R = 0.5 m for the UPA (8 × 23
elements). The results indicate that the desired Random-LOS reference environment
can be generated in both full- and semi-anechoic environments.
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Figure 3.9: The frequency response plotted as a function of frequency and rotation angle,
α.
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Chapter 4
Throughput Measurements in the
Random-LOS Environment

There exists the need to evaluate the communication system performance of con-
nected vehicles in a systematic way. However, currently, there are no standardized
solutions to fulfil this. Moreover, the available proposed ideas come from scaled
up versions, already used for mobile phone testing. This chapter shows how the
Random-LOS measurement setup could instead be used to test the communication
system performance of connected vehicles. To show the main ideas behind the con-
cept and to find out how testing can be performed practically, initial tests have been
performed with a simplified measurement setup.

In order to understand the Random-LOS environment, it is important to look into
and study the different parts in detail. In this chapter, both randomness in Angle of
Arrival (AoA) and polarization are studied (see Section 2.2.2). The testing is done
in terms of OTA data throughput for LTE. This chapter is based on papers C, D
and E.

4.1 Random Polarization

The random polarization effect in a pure Random-LOS environment was studied in
paper E. Two dual-polarized antennas were used, a quadridge horn antenna (ETS
Lindgren Open Boundary Quadridge Horn, Model 3164-05) and a dual-polarized 2-
port bowtie antenna [39]. By connecting one antenna to a base station simulator and
the other to an LTE modem it is possible to perform active testing in a polarization
Random-LOS environment. The polarization Random-LOS environment is realized
by placing both antennas in an anechoic chamber facing each other. The polarization
randomness is then created by rotating the chamber antenna, i.e., the quadridge horn,
around the z-axis, see Fig. 4.1.

By sweeping the power and measuring the data throughput for a range of rotation
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Communication
tester

Modem
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Test

(Bowtie)

Chamber antenna
(Quadridge Horn)

Anechoic chamber

𝑧

Figure 4.1: Polarization Random-LOS test setup.

angles it is possible to see how the active performance varies when there is a polar-
ization mismatch. In paper E, the impact of the amplitude imbalance of the two
orthogonal polarizations is shown to affect the measured throughput performance.
All the measurements were performed at f = 2.655 GHz.

The results for SISO, SIMO and MIMO are shown in Fig. 4.2. The markers
represent the level of detection threshold, see Section 2.3.1. Different markers are
used to represent three different measurement sequences. The theoretical SISO curve
corresponds to a polarization mismatch with a cos2φ-dependency. The theoretical
curves for the SIMO case are based on maximal ratio combining (MRC) receiver. In
this receive diversity mode, with a dual-polarized antenna with the same amplitude
on both ports, the signal can be detected equally well, regardless of the transmit
polarization [34]. However, if there is an amplitude imbalance, a degradation in
performance will be seen for some angles. This is visible in Fig. 4.2(e)-(f) when an
artificial 3 dB amplitude imbalance is introduced with an attenuator.

The 2×2 MIMO case will perform in the same way as SIMO when the ports have
equal amplitude and orthogonal polarizations, except that in theory, it will result in
a 3 dB degradation since the transmit power is divided on the two bitstreams, see
Fig. 4.2(g). An added amplitude imbalance of 3 dB can be seen as a 75% average
degradation of the performance, which corresponds to a degradation of 1.25 dB. The
MIMO measurements with a 3 dB amplitude imbalance, Fig. 4.2(h)-(i), thus has a
degradation of 0.7 dB ± 0.8 dB compared to the amplitude balanced MIMO case.
The measurement uncertainties seen in the figures may partly be due to the chamber
itself which is not well enough shielded for active measurements. However, it is still
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Figure 4.2: Polarization-Random-LOS measurements. (a) shows the measurement setup
in the AC together with the bowtie antenna and (b) shows the quadridge horn antenna,
corresponding to the antennas in Fig. 4.1. In (c) - (i) are the SISO, SIMO and MIMO
measurement results are shown.

possible to see that the measurement results follow the theoretical values.

4.2 Random AoA

The random AoA was investigated for a simplified Random-LOS measurement setup.
The simplified setup consists of a single dual-polarized chamber antenna and the
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Figure 4.3: PoD in a Random-LOS environment shown for a two port LTE shark-fin antenna
and a monopole mounted on the roof of a Volvo XC90.

quadridge horn antenna used in Section 4.1. The simplified measurement setup was
used to test the general concept and evaluate how well measurements can be per-
formed. This section is based on paper C and D.

Measurements in a semi anechoic chamber were performed at f = 2.655 GHz for
a two-port LTE shark-fin antenna and a monopole mounted on the roof of a Volvo
XC90. Additional measurements in a fully-anechoic chamber were performed on the
same shark-fin antenna mounted on a square groundplane. The measurement results
for the two cases can be seen in Fig. 4.3 and 4.4(a). The PoD curves were obtained
by taking the CCDF of the level of detection threshold for the throughput curves,
see Section 2.3.1. The measurements are all shown relative to a reference threshold,
which in this case corresponds to the threshold of the reference bowtie antenna with
a realized gain of 3 dBi. For this reason the power is shown in terms of dBref, i.e.,
dB relative to the reference threshold.

The difference in steepness between the results could be explained by a larger
variation in the radiation pattern, expected when including the car in the measure-
ments, which will result into a less steep PoD curve. The reason the SISO monopole
performs the best can be explained by the antenna efficiency, which is expected to
be higher than for the shark-fin. In fact the monopole is more narrowband, while
the shark-fin antenna is designed for a wider bandwidth, at the expense of lower
efficiency.

The throughput measurement results in the fully-anechoic chamber were comple-
mented with theoretical curves. The theoretical curves are based on the radiation
pattern of the shark-fin in the same measurement setup as for the active measure-
ments. It is possible to compute the CDFs of the received signal from the radiation
patterns of the AUT, by assuming uniformly distributed incident plane waves on the
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Figure 4.4: Measured and theoretical PoD curves for the shark-fin antenna in the two edge
environments. (a) Random-LOS measurements. The reference threshold corresponds to
the threshold of the reference bowtie antenna, with a realized gain of 3 dBi [40]. (b) RIMP
measurements. The reference threshold corresponds to the conducted reference threshold
of the LTE dongle.

AUT. From the CDF, the PoD can be calculated, see Equation (2.8). The PoDs were
then shifted according to the difference in the realized gain between the directive
bowtie antenna and the omnidirectional shark-fin antenna. The SIMO curve was ob-
tained by applying the Maximal Ratio Combining (MRC) algorithm to the radiation
patterns of the two shark-fin antenna elements.

4.3 Complementary RIMP Measurements

Complementary measurements in a RIMP environment, realized in a RC, were per-
formed for the shark-fin antenna mounted on a ground plane. It is interesting to
see how the two edge environments from the real-world hypothesis, see Section 2.2,
complement each other. This section is based on paper D.

The complementary RIMP results are presented in Fig. 4.4(b). The theoretical
RIMP curves were computed using the threshold receiver model, Section 2.3.1, as-
suming a MRC receiver according to [41] for the SIMO curve and Zero Forcing (ZF)
according to [42] for the MIMO curve.

By comparing the RIMP and the Random-LOS results in Fig. 4.4, it can be
seen that the main difference is the general shape of the curves and the MIMO
performance. It is hard to obtain MIMO performance in a LOS environment, since it
is difficult to provide multiple independent channels in a small volume using only one
polarization, see Section 2.3 [34]. To get MIMO performance in a LOS environment
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one need to use two orthogonal polarizations as MIMO channels. The shark-fin
antenna used in the measurements is single-polarized and the MIMO curve that is
visible in the Random-LOS plot therefore shows the cross-polarization level of the
antenna. The MIMO curves in the two figures have, in reality, higher throughput
compared to the SISO and SIMO curves. However, this is not shown in the figure,
since the curves are normalized to their maximum throughput.

4.4 Summary and Conclusions

Active measurements with the Random-LOS measurement setup can conveniently
be performed. Expected performance was achieved both for random polarization
and random AoA, both with antennas mounted on vehicles and on ground planes.
Even with the simplified Random-LOS measurement setup, reasonable results can be
obtained and the wireless communication performance of vehicles can be evaluated.
The simplified setup shows promising results for future developments.
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Chapter 5
Contribution and Future Work

The contributions are presented in this chapter as a summary of the appended papers,
which can be found in Part II. At the end of this chapter, the future work directions
are presented.

Paper A: Measurements and Simulations for Validation of the
Random-LOS Measurement Accuracy for Vehicular Applica-
tions

Three different types of chamber antennas are evaluated in simplified Random-LOS
measurement setups, a single antenna element, a 24 element horizontal uniform linear
array and an 8 × 23 element uniform planar array. The evaluation is performed at
f = 2.7 GHz in terms of power and phase variation of the field in different test zones in
front of the chamber antenna. Simulations are performed with a method of moments
software and are compared to measurements. The larger arrays are emulated by using
a technique similar to a synthetic aperture radar, i.e., the performance of a virtual
array antenna is measured. It was found that with the 8×23 uniform planar array it
is possible to obtain a standard deviation of less than 0.9 dB in power within a test
zone with radius 0.5m.

Paper B: Evaluation of a Simplified Random-LOS Measure-
ment Setup for Characterizing Antennas on Cars

The undesired ground reflection effect is evaluated on two different simplified Random-
LOS measurement setups, one with a single antenna and the other with a vertical
linear array as chamber antenna. The passive measurements were performed with a
shark-fin antenna mounted on the roof of a car. The evaluation was focused on the
dynamic range and delay spread of the received signal. The analysis considered each
of the two antenna elements of the characterized shark-fin antenna. The analysis
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shows that the ground reflection can be effectively removed by using an array an-
tenna. A much better reference environment can then be achieved for Random-LOS
OTA testing.

Paper C: Initial Measured OTA Throughput of 4G LTE Com-
munication to Cars with Roof-Mounted Antennas in 2D Ran-
dom-LOS

The active LTE throughput performances of different antennas mounted on a car
are evaluated in a simplified 2D Random-LOS measurement setup. A roof-mounted
shark-fin antenna with two antenna ports is measured for each port individually for
SISO performance. The receive diversity (SIMO) of the 2-port antenna system was
also evaluated. As reference, the performance of a roof-mounted monopole antenna
was also measured. The evaluation is done in terms of the detection threshold and
the probability of detection. The best antenna at 2.655GHz was found to be the
roof-mounted monopole antenna, which had the highest total radiation efficiency at
the current frequency. Hence, the proposed Random-LOS OTA testing method was
able to discern the performance of different antennas.

Paper D: Measured Probabilities of Detection for 1- and 2
Bitstreams of 2-port Car-roof Antenna in RIMP and Random-
LOS

The same shark-fin antenna as in Paper C, but now mounted on a small square ground
plane, is evaluated in both a RIMP and a simplified 2D Random-LOS environment.
The LTE data throughput is measured and results are compared and presented as
PoDs. Corresponding theoretical curves were calculated for the RIMP case by using
the digital threshold receiver model together with maximal ratio combining and zero
forcing receiver. Theoretical Random-LOS curves were obtained by measuring the
radiation pattern and post processing the SIMO data using maximal ratio combining.
As a result of the study, it was experimentally confirmed that in order to obtain two
bitstreams in Random-LOS, dual-polarized antennas are required in compact shark-
fin antennas.

Paper E: Measured LTE Throughput for SISO, SIMO and
MIMO in Polarization-Random-LOS

In this paper, the random polarization is further investigated in a simplified Random-
LOS environment. Two dual-polarized antennas are mounted facing each other. One
of the antennas is rotated to study the polarization imbalance and its impact on data
throughput. One of the antennas is connected to an LTE modem and the other to a
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base station simulator. SISO, SIMO and MIMO LTE throughput measurements are
presented as a function of the polarization mismatch. The behaviour is analyzed and
compared with theoretical curves. The MIMO LTE was shown to be less sensitive to
the polarization mismatch between the transmit and the receive antenna.

5.1 Future Work

The Random-LOS technology opens up for a huge number of opportunities in the
era of the Internet of Things, when everything will be connected. The final design
of the chamber antenna, i.e., the reflector with the linear array feed in Fig. 2.8,
needs to be completed and manufactured. When the final prototype of the whole
chamber antenna is manufactured it will need to undergo extensive verification. The
performance needs to be measured to ensure that the simulated performance can be
reached. This includes both active and passive measurements for a larger frequency
range than has been studied until now. It would also be of interest to investigate the
possibilities to extend the Random-LOS measurement solution to higher frequencies.

Moreover, the repeatability of the system needs to be investigated. Special at-
tention will need to be given to the evaluation of the achievable accuracy within the
test zone, for example by means of a thorough error budget analysis. The test zone
should be extended not only to a circular plane in front of the antenna, but to a
cylinder. It is also important to compare the performance with other methods in
order to evaluate the performance more thoroughly.

It would also be interesting to further investigate the accuracy of the real-world
hypothesis, by means of comparing measurements and simulations in real-life scenar-
ios. Several challenges and research opportunities lies ahead to achieve affordable
and practical antenna measurements for vehicular applications.
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