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Abstract

For many years, communication systems that use beamforming technology to improve
system performance in radio networks are evolving. Beamforming enables a mobile com-
munication system to utilize the bandwidth efficiently and gain better coverage. Smart
antenna-based beamforming technology can expand existing communication capacity by
improving the Signal to Interference plus Noise Ratio (SINR). Advanced Antenna System
(AAS) is a great example of smart antenna system that combines the antenna array and
many multi-antenna features (such as beamforming) that can be implemented on the radio
unit.

With the development of AAS, the requirement for its accuracy becomes stricter. The
performance of AAS should be tested before being put into use, such as beamforming
performance. Therefore, an efficient test system can effectively help the design of smart
antennas. In this work, a beam simulation system based on the Butler matrix structure
for beamforming testing was evaluated and verified. The assessment is carried out in two
parts. The first part is the theoretical analysis and simulation of the expected measure-
ment result. The second part is to measure the device and compare the results with the
theoretical result. The target of this thesis is to evaluate the accuracy of this beam simula-
tion system and make a proposal for improving Multiple Input Multiple Output (MIMO)
feature verification.
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Popular Science Summary

Since the 1980s, commercial wireless communications have rapidly evolved from simple
voice systems to mobile broadband multimedia systems. The development of wireless
communications has had a significant impact on daily lives. Due to the upgrade of mobile
applications, the amount of data traffic and the number of wireless devices continue to
increase. Current communication systems require complex signal processing techniques
and flexible transmission schemes to achieve higher transmission speed in various environ-
ments. Compared to previous generation technologies (3G, 4G), 5G New Radio (NR) has
significantly different performance criteria, including gigabit-per-second data rates, high
traffic density, and millisecond-level low latency.

From the perspective of electromagnetic wave resources, the millimeter-wave frequency
band has a large amount of unoccupied spectrum to transmit the data, making it a main
frequency band for 5G NR. In the process of realizing 5G communication, the problem
is that in the high-frequency band, especially the millimeter-wave band, the propagation
loss of signal is large, which will lead to the reduction of the received signal power. The
5G radio equipped with multiple antennas can greatly ease this problem. In conventional
radio system, the signal propagation is omnidirectional. By using multiple antennas, the
signal can be concentrated to a direction, i.e., beamformed, to improve spatial coverage
and power efficiency.

The performance of a radio system has to be comprehensively verified before deploy-
ment. Because beamforming technology needs to be implemented with high precision and
reliability, beamforming testing is an important part of radio system verification. As an
essential component of the beamforming test system, the beam simulation system has
become a popular tool and research topic in the industry. In this thesis, we propose an
innovative method to assess the validity of a beam simulation system and discuss how 5G
verification can be benefited from this method.
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Acronyms

3GPP 3rd Generation Partnership Project
AAS Advanced Antenna System
BS Base Station
CCN Cellular Coaxial Network
CDM Code-Domain Sharing
CSI Channel State Information
CSI-RS Channel State Information Reference Signal
FDM Frequency-Domain Sharing
DCI Downlink Control Indicator
LTE Long-Term Evolution
MAC-CE Media Access Control Control Elements
MIMO Multiple Input Multiple Output
MU Multi-User
NR New Radio
OTA Over-The-Air
PA Planar Array
PDSCH Physical Downlink Shared Channel
PPRE Power per Resource Element
RF Radio Frequency
RB Resource Block
Rx Receiver
SER Symbol Error Rate
SINR Signal to Interference plus Noise Ratio
SISO Single Input Single Output
SRS Sounding Reference Signal
SSB Synchronization Signal Block
SU Single-User
TDM Time-Domain Sharing
Tx Transmitter
ULA Uniform Linear Array
UE User Equipment
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1

Introduction

With the development of mobile communication technology, the number of User Equip-
ment (UE) has risen significantly, which leads to severe spatial interference. The previous
generation of communication system can no longer meet the demands of users. The new
application scenarios require the communication system to have a higher transmission data
rate, lower latency, and optimized power consumption. Therefore, the upgrade of the com-
munication system has become a priority. The 3rd Generation Partnership Project (3GPP)
has launched the latest 5G NR standard in its Release 16 to supplement the 5G standard
in many aspects. And Release 17 is almost completed and expected to be launched in 2022.

Beamforming is a key technology for the 5G network. For the MIMO beamforming verifi-
cation in the corresponding development stage, it is a mandatory part to test the MIMO
system on the external field channel. However, field testing is a time-consuming task. It
requires a detailed test plan and experienced technicians to achieve comprehensive network
verification. Therefore, the simulation of realistic channels in the laboratory has become
an important and efficient test means in the early stage of the beamforming verification
test. To improve the effectiveness of laboratory testing, many studies have been carried
out in the past decade. For lab Over-The-Air (OTA) testing, [1] and [2] introduced a
comparison test for MIMO OTA measurement methods standardization. In terms of test
equipment, many researchers have proposed new OTA test system designs, such as [3].
Another common lab test is the conducted test. All the equipment of this system is con-
nected by cables, which makes conducted test simpler and more economical than the OTA
system. The core of conducted test is channel simulation. The 5G channel simulation tool
provides a flexible and powerful Radio Frequency (RF) test environment that can simulate
real beamforming field testing.

In this master thesis, the validity of a beam simulation system for MIMO system testing
will be discussed along with the physical layer of the latest 5G standard.

1.1 Background

5G is a necessary prerequisite for emerging services and applications. First, 5G can further
improve data rates and user experience based on existing mobile broadband service sce-
narios. 5G also makes new services possible, such as autonomous driving and Telehealth,
that have extremely high requirements for latency and reliability. In addition, 5G can
also support the large-scale Internet of Things. For example, it can meet the application
requirements of smart home, environmental monitoring, etc. aiming at sensing and data
collection.
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1. INTRODUCTION

To achieve reliable 5G communication, many performance requirements need to be consid-
ered. Some important performance parameters are mentioned in [4]. In signal transmission
between Base Station (BS) and UE, high data rate and wide coverage area will be regarded
as key requirements and top priorities. Communication at millimeter-wave frequency is
the key technology of wireless transmission and can be used to effectively increase the
data rate. For current 5G deployments, many of the devices operate on frequencies below
6 GHz, that is also known as the Sub 6G or FR1 band. This frequency band is suitable
for wide area coverage. In short-range data traffic, in order to achieve higher-speed data
transmission and larger channel capacity, 5G transmission will be carried out in the mil-
limeter wave-frequency band FR2. FR1 ranges between 400 MHz and 7.125 GHz, and
FR2 ranges between 24.250 GHz and 52.6 GHz.

With the advent of standards supporting faster data rates, wireless transmission systems
have to be further modified to meet the new requirements. MIMO and Massive MIMO
technologies are key techniques for improving the capacity and spectrum utilization of
communication systems.

MIMO. MIMO system can implement multiple transmit and receive antennas at the
transmitter and receiver, respectively. Signals are transmitted and received through mul-
tiple antennas at the transmitter and receiver, thereby improving communication quality.
It can make full use of spatial diversity and achieve multiple transmissions and multiple
receptions through multiple antennas, which can increase the system channel capacity
without increasing bandwidth resource usage and power transmitted by the antenna. The
space-time coding can help the MIMO system to achieve high power gain in signal trans-
mission by transmitting different signal flows with time intervals larger than the time co-
herence of the channel. These signals are distributed over different frequencies and times.
From the perspective of the radiation pattern, the radiation pattern of a multi-antenna
system is the combination of the patterns from each single antenna element. Signal trans-
mission is done using different polarization settings based on multi-path propagation of
the MIMO system so that the receiver can receive individual signals. Therefore, with
the benefit of space-time coding and spatial multiplexing, the MIMO system can achieve
high-speed wireless communication [5] with a low Symbol Error Rate (SER).

Massive MIMO. The term “Massive MIMO” refers to an extension of MIMO which
expands beyond the legacy system by equipping the base station with a much larger num-
ber of antennas. It can also be implemented at user terminals in some scenarios. The
“massive” number of antennas helps the system focus energy in the target direction, en-
abling an extremely narrow beam, which brings a great boost in efficiency and throughput.
As the number of antennas increases, both network devices and mobile devices implement
more advanced designs to coordinate MIMO system operation. Under ideal conditions,
every user equipment can share the same proportion of transmission power transmitted
by the antennas at the BS. Antennas in Massive MIMO systems are digital antennas that
can be used to provide diversity in BS and UE. The improvement of capacity requires the
reduction of fading and interference. To achieve this goal, beamforming techniques can be
deployed at the transmitter and receiver for signal transmission [6].

Beamforming is a technology that can help the system to generate a special radiation
pattern to optimize system efficiency and energy consumption. It can be implemented at
both transmitter and receiver with multiple antennas. The radiation pattern can be con-
trolled within the capacity of beamforming. For example, the antenna array can generate
a narrow, strong beam pointing toward the desired direction to provide the gain required
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1. INTRODUCTION

by UE. The principle of beamforming is to process the signal on each antenna according
to the needs of the transmitter or receiver, including changing the amplitude and phase
of the signal for each antenna. To make the antenna array focus the signal in certain
directions and reduce the distribution of the signal in unwanted directions at the same
time.

There are two types of beamforming: analog and digital. In analog beamforming, phased
array circuits play an important role. Components in the circuit like phase shifters are
used to control what signal the base station ultimately transmits. Digital beamforming
is also known as precoding. In digital beamforming, multiple data streams are applied
to each antenna with independent and appropriate weighting by the controller, better
flexibility is achieved because different powers and phases can be assigned to the same an-
tennas for different scenarios. This allows digital beamforming to play a key role in spatial
multiplexing, where we want a superposition of transmitted signals, each with individual
directivity. Digital and analog beamforming can be used together in the system, this is
called hybrid beamforming. A MIMO system can generate a variety of beams by using
beamforming such as precoding. These beams can be used to transmit data streams in
different scenarios, such as Single-User (SU) MIMO and Multi-User (MU) MIMO. Both
SU-MIMO and MU-MIMO improve system performance with multi-path propagation. A
smart radio unit is required for the beamforming of the MIMO system. The radio unit
we use is called Advanced Antenna System (AAS), which is powered by various multiple
antenna technologies and algorithms.

AAS. AAS radio consists of an antenna array sophisticatedly integrated with the hard-
ware and software required for transmitting and receiving radio signals, as well as signal
processing algorithms to support the execution of the AAS features. Those are the com-
binations of many radios and their architectures [7]. The baseband unit of the AAS sends
the signal to the antenna array for the final step of beamforming. Compared to conven-
tional systems, AAS provides much greater flexibility and beamforming ability, in terms
of adjusting the antenna radiation patterns to rapidly time-varying traffic and multi-path
radio propagation conditions. In addition, multiple signals may be simultaneously received
or transmitted with different beamforming patterns.

One of the important features of AAS is beamforming. Based on this technology, AAS can
generate customized beams according to the information of UE position, so that the user
can receive stronger signals. For the design of AAS, feature testing is one of the important
tasks. The accuracy of beamforming pattern generation is an important requirement for
AAS applications. In order to determine whether the result of specific beamforming is
consistent with the expectation, a reliable and convenient beamforming test system needs
to be proposed and established. The OTA or conducted test system in the laboratory can
effectively help engineers verify the beamforming performance. There are many types of
test instruments that can be used in the beamforming test system for simulating channel.
One of them is the Butler matrix-based [8] beam simulation system.

Beam simulation system. In the beamforming test system, the Butler matrix-based
beam simulation system is the core component that simulates the channel in different
directions. With phase shifters and hybrid junctions, a beam simulation system can pre-
cisely add the fixed phase shift to the input signal. It usually works with a programmed
attenuation system that can modulate the channel amplitude to realize the simple air
interface simulation of the test channel between the BS and the UE. After connecting
the test channel to the AAS and the UE simulator, this automatic test system can help
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1. INTRODUCTION

engineers evaluate the beamforming performance of AAS.

1.2 Motivations and Project Problem

As the core component of the beamforming test system, the beam simulation system needs
to operate with high accuracy. Therefore, the verification of beam simulation system is
an important prerequisite to ensure the precision of the beamforming test system. A test
is needed to verify the reliability of the system and it is required to be time-efficient and
accurate. An additional requirement is that the test needs to provide some information
that can help engineers locate the faulty component within the circuit diagram when the
system is verified to be faulty.

This thesis verifies a beam simulation system and summarizes the characteristics of this
system. An innovative and efficient test method is used for assessing the beam simulation
system. This method can identify the possible faulty parts of the system circuit by exe-
cuting a simplified test scheme. One advantage of this method is that it can utilize the
existing resources, i.e., CSI-RS signals as the reference signal for beamforming verifica-
tion. In short, the validity of the beam simulation system is evaluated by CSI-RS signals
simulation and measurement.

This thesis work have evaluated the validity of this beam simulation system. It includes
the following steps [4].

1. A system that is built in the laboratory for realizing beamforming signal transmission
test is investigated. The 5G physical layer protocol, especially the CSI-RS codebook
standard is reviewed.

2. After the simulation, the theoretical performance of the device is derived. Based
on the combination of different CSI-RS codebooks and beam simulation system,
the theoretical received power for different directions can be derived by using the
MATLAB simulation tool.

3. A series of measurements on this beamforming test system is conducted by using
different configurations, specifically different precoding schemes, measurement result
which collected from the spectrum analyzer is compare with the simulation result.

4. Based on the comparison study of the system performance, the conclusion is given
whether the beam simulation system is working within the expected performance
range.

In the actual environment, spectrum resources are scarce. Therefore, the lack of resources
leads to an evolution of the current communication system. AAS has a hardware radio
unit that comprises an antenna array, radio chains as well as parts of the baseband, and a
multi-antenna feature (such as beamforming and MIMO) that can be executed in the AAS
radio and baseband unit [9]. Compared with reciprocity-based beamforming which has a
large amount of received data to be processed at the BS, codebook-based beamforming
has great potential in the future development of beamforming technology [10] because it
can effectively reduce the complexity and improve beamforming efficiency.

The development of technology can help us solve the lack of spectrum resources, so the
evaluation of some technologies is also an important part of the development process. For
beamforming verification, the RF network beamforming test system can simplify the field
test to the lab test. It can save a lot of time and reduce the cost of testing compared with

13



1. INTRODUCTION

traditional field tests. The beam simulation system is the core module of the beamforming
test system. Therefore, validating the beam simulation system is an important prereq-
uisite for implementing this beamforming test system. If the beam simulation system is
faulty, the measurement results given by the system will not correspond to the real per-
formance of the beamforming. Analysis based on these results is also untenable. Testing
this beam simulation system can not only verify the correctness of the device but also give
the exact deviation between the actual performance and theoretical performance of the
beam simulation system. Afterward, technicians can perform beamforming verification
more efficiently based on this assessment. At the same time, the innovative test scheme
can also help engineers to reduce the iteration of tests to find the faulty parts of the circuit
in a short time.

1.3 Outline of the Thesis

Each of the following chapters corresponds to a different topic.

Chapter 2 focuses on basic concepts and technology theory. Antenna array and MIMO
system are firstly described. AAS is discussed in the second part of chapter 2.

Chapter 3 gives an overview of the beamforming test system, including the introduc-
tion of hardware blocks.

Chapter 4 describes the CSI-RS, the assessment methodology and procedure of simu-
lation and actual measurement are also included.

Chapter 5 gives an interpretation to the simulation methodology and describes the simu-
lation results for different CSI-RS precoding configurations.

Chapter 6 includes measurement results for different CSI-RS codebooks and a comparison
study to give a comprehensive performance image of this beam simulation system.

In Chapter 7, the conclusions and future work are discussed.
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2

Basic Concepts and Techniques

This chapter introduces primarily technical knowledge to help understand the measure-
ment and simulation results. More detailed knowledge can be obtained by referring to
relevant papers [11]. MIMO and beam simulation system based on Butler matrix are
mainly described because the following chapters will focus on the analysis of these two
techniques. As the technologies implemented and devices used in this project, the fol-
lowing definitions can help to understand the purpose of the assessment and assessment
result.

2.1 Multi-beam Antenna

Multi-beam antenna is an antenna device that can generate multiple beams. It adds
more features to the systems that it is a part of, boosts the capacity of communications
systems, preserves the limited frequency spectrum and other limited assets, and reduces
interference from environments. Based on these characteristics, the multi-beam antenna
is the fundamental part of the MIMO system that requires flexibility. These beams can
be combined into one or several shaped beams to cover a specific space. There are three
basic types of multi-beam antennas, lens antenna, reflective antenna, and phased array.
Compared with reflective multi-beam antenna and lens multi-beam antenna, which rely
on optical beam generation principles, a phased array with multiple antennas is a more
straightforward approach that can be integrated with the antennas on a single substrate.

A phased array antenna is a grid of antenna elements assembled, where the radiation
pattern of each element is structurally combined with the radiation patterns of adjacent
antennas to form an effective radiation pattern called the main lobe that radiates power
to the desired direction. Another purpose of the phased array design is to create nulls and
side lobes in the undesired directions. In short, the phased array is designed to maximize
the power radiated to the main lobe while reducing the power radiated to the side lobes
to acceptable levels.

Another critical aspect of phased array antenna design is the spacing of the antenna
elements. Once the system goal has been determined by setting the number of elements,
the physical array diameter is mainly determined by the size constraints of each element,
which should be less than one-half wavelength to prevent grating lobes. Grating lobes
radiate power in unwanted directions.
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Figure 2.1: Phased array

2.2 Beamforming

Next-generation antenna technologies take advantage of the capacity provided by multi-
beam antenna. The so-called beamforming is the technology that can achieve good per-
formance in different environments by focusing radio power through the radio channel
toward a specific receiver. With beamforming technology, the radio system can adjust its
radiation pattern by processing the signal amplitude and phase and applying them to the
antenna element. The beamforming-supported radio system consists of a signal controller
and an array antenna, which realizes spatial steering by adjusting the signal amplitude
and phase of the array elements. The benefits of beamforming are that it can realize large
channel capacity, low power consumption, and strong anti-interference ability.

Figure 2.2: Generalized beamforming
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In mobile communication implementations, the radio system like AAS uses an antenna
array to generate a narrow beam with high gain in the direction of a user, while not gener-
ating a beam in the direction of a non-user. At the same time, beamforming can also help
the receiver side to collect the signal power from a specific transmitter or direction. In ad-
dition, transmitting power in only one direction does not always show the optimum result.
Many scenarios in real transmission are multi-path scenarios, where the radio channel
comprises multiple propagation paths from the transmitter to receiver through diffraction
around corners and reflections against large objects, it is beneficial to transmit the same
signal in several different propagation paths with phases and amplitudes controlled in a
way that they add constructively at the receiver. This is referred to as generalized beam-
forming, as shown in Fig. 2.2. As part of generalized beamforming, it is also possible to
reduce interference signal to other UEs. This is achieved by controlling the transmitted
signals to make them cancel each other out at the non-user.

2.3 MIMO

Conventional mobile communication systems use single-antenna transceivers so-called Sin-
gle Input Single Output (SISO) system. In the SISO system, both the transmitter and
receiver of the data stream are equipped with only one antenna. Compared with the SISO
system, the MIMO system has significant advantages such as high transmission rate and
stable transmission. Therefore, MIMO technology has been widely used in many modern
wireless communication standards, especially in the consumer field. MIMO technology
means that a data stream is transmitted into the channel by more than one antenna and
received by more than one antenna when it leaves the channel. Multiple antennas at the
transmitter and receiver introduce signal degrees of freedom that are not present in SISO
systems. This refers to the spatial degrees of freedom of the signal which can be obtained
by spatial multiplexing and spatial diversity. Overcome adverse effects in the wireless
channel to achieve the goal of improving communication quality.

In the MIMO system, multi-path fading improves the spatial freedom of the wireless
system. If the path gain fading between each transceiver antenna is relatively indepen-
dent, a complex parallel spatial channel will be formed. Assuming that different data
can be transmitted in sub-channels, the data transmission speed of the entire system can
be greatly improved. This technology is called spatial multiplexing. Spatial multiplexing
plays an important role in high signal-to-noise ratio regions in systems with limited degrees
of freedom. The measure of its performance is the maximum capacity that the system can
provide.

On the other hand, MIMO systems can also achieve spatial diversity to counteract channel
fading. The MIMO system can ensure the reliability of wireless transmission by improving
the diversity gain. The target of this technology is to provide multiple independent fading
copies of data for the receiver to reduce the probability that all signals are affected by
deep fading at the same time. For example, assuming that the received signals of the two
receive antennas are interfered by noise, a signal of higher quality can be reconstructed by
combining the two sets of received signals. Space diversity is mainly used to compensate
for the randomness of channel fading. The most common examples of diversity include
space-time coding and beamforming.
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2.4 MIMO Communication

The MIMO system refers to a communication system using multiple antennas at the trans-
mitter and receiver simultaneously, which effectively utilizes random fading and possible
multi-path propagation to multiply the service transmission rate. Its core technology is
space-time signal processing, that is, using the combination of multiple time and space
domains distributed in space for signal processing.

MIMO channel is the intermediate process through which a signal is transmitted from
a transmitter to a receiver. Between the transmitter and the receiver, there needs to be
some kind of medium to transmit the signal, this medium can be a wired medium or
wireless medium. This medium with attenuation and interference is called a channel. For
deployed 5G base stations, signals are usually transmitted over a wireless medium. In our
test system, the signal propagates through a wired medium. But the test equipment in
the test system can simulate a real wireless channel. Consider a MIMO system in which
the BS has M antennas and MRF RF chains [12]. When the base station transmits the
data stream to users, the number of users is U and served by MS data streams. The uth
user is equipped with Nu antenna elements and NRF,u RF chains, respectively, and NS,u

data streams are applied for this user. The data symbol will firstly go through a baseband

Figure 2.3: MIMO channel representation

precoder and then an RF precoder, which all have a matrix for precoding. Therefore, the
transmitted signal ST [13] is defined as

ST = FRFFBS (2.1)

For this equation, FB and FRF are the baseband digital precoding matrix and RF precod-
ing matrix respectively. S is the symbol vector at the BS side. On the UE side, after the
signal has passed through the channel, the received signal SR at the antenna ports of UE
is

SR = HST +N (2.2)

H is the MIMO channel transfer matrix and N is the white Gaussian noise. After the
signal is received by UE, an RF combiner is firstly used to decode the received signal
by RF combining matrix WRF . Next, the received signals are combined in the baseband
domain with the digital combining matrix WB. Then the received data symbol ZR is

ZR = WBWRFHFRFFBS +WBWRFN (2.3)

This is the processed data symbol in downlink transmission. The parameters of the symbol
will be displayed on the spectrum analyzer. The adaptiveWRF and FRF make reproducing
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the MIMO channel matrixWRFHFRF incapable, e.g., using the radiated two-stage method
[14]. The feasible solution for hybrid massive MIMO should be reproducing H.

2.5 MIMO Channel and Antenna Array

The wireless propagation environment and the antenna radiation patterns of transmitter
and receiver are factors that determine channel transfer matrix H. To derive a comprehen-
sive geometrical channel model, the time-dependent dynamic channel should be involved
with the complex polarimetric gains, angles, Doppler frequencies, propagation delays, and
so on of multi-path components. For subcarrier f and time t, the H(f, t) is

H(f, t) =

L(t)∑
l=1

GRx(f,−kRx
l (t))Al(f, t)G

T
Tx(f, k

Tx
l (t))

× exp

{
j2π

∫ t

vl(t
′)dt′

}
exp {−j2πfτl(t)}

(2.4)

Al(f, t) is the polarimetric amplitude matrix

Al(f, t) =

[
aaal (f, t) aabl (f, t)
abal (f, t) abbl (f, t)

]
(2.5)

where, τl and vl stand for propagation delay and Doppler frequency for lth path, L is the
number of paths, a and b stand for the polarization pair of the antenna at Tx and Rx,

respectively. In addition, k
Tx/Rx
l represents the wave vector in the departure or arrival

direction at the Tx/Rx side for the lth path. The GTx and GRx are the polarimetric
antenna pattern matrices for Tx and Rx.

MIMO channels are described in above. For the path with a specific angle, GRxGTx

can be represented by a M ×N manifold matrix G (steering vector matrix).

G =
[
g1(ω0) g2(ω0) g2(ω0) ... gN (ω0)

]
(2.6)

This thesis mainly involves line array and planar array. In this subsection, two spatial
array delay expressions are derived to calculate the corresponding steering vectors. The
basic expression of the steering vector is

gi(ω0) =


e−jω0τ1i

e−jω0τ2i

...
e−jω0τNi

 i = 1, 2, ...,M (2.7)

ω0 = 2πf = 2π c
λ , λ is wavelength and c is the speed of light. If the delay τ between

the array elements is known, the steering vector for a specific array can be derived. The
following part shows the calculation of steering vectors for two kinds of array.

1) Uniform Linear Array (ULA)

As shown in Fig. 2.4, there are l elements arranged linearly on the z-axis, and the distance
between the two array elements is d. Take the leftmost array element as the origin. The
direction angle θ is the angle between the received signal and the y-axis. The coordinate
vector of l array elements is [0, d, 2d, ..., (l-1)d]. The assumption is that there is only
one signal direction. According to the geometric principle, the time delay of the signal
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Figure 2.4: Uniform linear array

received by the second array element relative to the reference array element can be derived
as

τ1 =
d sin θ

c
(2.8)

c is the speed of light. Then

φ(τ1) = e−jω0τ1 = e−jω0
d sin θ

c (2.9)

Set ω0 = 2πf = 2π c
λ . Then

φ(τ1) = e−j2π c
λ

d sin θ
c = e−j2π d sin θ

λ (2.10)

Substitute the assumption d = λ/2 into the above equation, and simplify it

φ(τ1) = e−jπ sin θ (2.11)

Extending the above derivation to the l array element, the relative delay of the received
signal relative to the reference element is

τ1 =
xl sin θ

c
=

(l − 1)d sin θ

c
(2.12)

Therefore, the signal received by the l element relative to the reference array element is

φ(τ1) = e−j(l−1)π sin θ (2.13)

From Equation 2.7 and Equation 2.13, it can be derived that the steering vector of the
uniform linear array received signal for M elements is

g =


e−jπ sin θ

e−j2π sin θ

...

e−j(M−1)π sin θ

 (2.14)

2) Planar Array (PA)

In Fig. 2.5, take the four-element array as an example. It is assumed that the signal
only comes from a single direction. The distance between elements on an axis is d. Taking
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Figure 2.5: Planar array

the element at the origin as the reference element, the vector formed by the position com-
ponents of each element in the x-axis direction is xp = [0, 0, d, d]. The vector formed by
the position components of each array element in the y-axis direction is yp = [0, d, 0, d].
θ is the azimuth angle of the signal and φ is the elevation angle of the signal. The delay
vector of each element relative to the reference element is

τ =
1

c
(xp cos θ cosφ+ yp sin θ cosφ) (2.15)

Combining Equation 2.7 and Equation 2.16, the received signal of each element relative
to the reference element is

φ(τ) = e−jω0τ = e−jω0
1
c
(xp cos θ cosφ+yp sin θ cosφ) (2.16)

when ω0 = 2πf = 2π c
λ (f is carrier frequency) and d = λ

2 , the steering vector of the
received signal is

g =


1

e−jπ sin θ cosφ

e−jπ cos θ cosφ

e−jπ(sin θ cosφ+cos θ cosφ)

 (2.17)

The above derivation connects the steering vector to the signal angle. In the following con-
tent, the calculation of beamforming gain at a specific location is based on this theoretical
derivation.

2.6 Multiple Antenna System

For network services, linear arrays and planar arrays are widely used because the struc-
tural characteristics of these two arrays are conducive to the directional coverage of the
BS. The radio unit and antenna array in the conventional base station system are sep-
arated. With the development of 5G, the number of antennas is increasing, and there
are more feeder interfaces on the radio unit, and the complexity of the process is getting
higher and higher. In addition, the feeder cable itself has attenuation, which also affects
the system performance. For this reason, in 5G, the radio unit and passive antenna array
are integrated into one device, resulting in a compact multiple antenna system. AAS is an
outstanding development example that successfully integrates multi-antenna technology
and antenna arrays in a relatively small device.
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Figure 2.6: A typical antenna array is made up of individual dual-polarized antenna elements

AAS is the recent technology developments that have made AAS a viable option for
large-scale deployments in existing 4G and future 5G mobile networks [15]. AAS enables
the latest beamforming and MIMO techniques that are advanced tools for improving the
quality of service, capacity, and signal coverage. As a consequence, AAS significantly
boosts wireless communication performance in both uplink and downlink.

Nowadays, the methods to realize the miniaturization of AAS include reducing the number
of elements, reducing the element spacing, and dual-polarization design. While keeping
the element spacing constant, reducing the number of elements usually results in a de-
crease in array gain. Reducing the element spacing will also lead to this undesired result
because the coupling between the elements will become severe.

In order to further improve the miniaturization design of AAS, the orthogonal dual-
polarization design of array elements is widely adopted (Fig. 2.6). Using dual-polarization
array elements instead of single-polarization array elements reduces the number of array
elements by half while the number of ports remains the same. As a result, the size of the
array is decreased. Dual-polarization array elements can utilize polarization diversity to
achieve the same result as space diversity antennas. Because the two polarization direc-
tions are orthogonal, the signals sent out have irrelevant fading characteristics, which in
turn realize polarization diversity.

AAS usually uses ±45◦ dual-polarized array elements. Therefore, using a dual-polarized
array allows the system to realize polarization diversity receiving technology, and the di-
versity gain effectively compensates for the array gain loss caused by the reduction of the
array antenna aperture.
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Lab Test System

This chapter primarily gives a detailed description of the beamforming test system, which
includes the BS part, the channel part, and the mobile station part. Usually, the purpose of
this system is to assess the validity of the base station. In this thesis, the beam simulation
system under test is the module within the channel part.

3.1 Structure of Testing System

The conventional field test has been proven to be the most accurate MIMO measurement
method. However, the field test is time-consuming and difficult to implement. A test often
takes engineers a lot of time to draw up and implement a detailed test plan. The develop-
ment of test equipment has made it possible to conduct MIMO testing in the laboratory
and successfully convert field testing to laboratory testing. Compared to field testing, the
characteristic of laboratory testing is that it uses channel simulation equipment to simulate
the real channel. In the testing process, the theoretical results of the received signal are
simulated first and then compared with the actual test results to verify the performance
of the MIMO system. Fig. 3.1 shows the basic framework of the test system.

The diagram of the beamforming test system is shown in Fig. 3.2. The base station
consists of a baseband unit, radio with antenna array, and beam simulation system. For
the specific description of applied devices, the beamforming test system consists of a base-
band unit controlled by MOSHELL which is a Linux-based bash shell, and a radio (with
4x8 sub-arrays) works with the baseband unit to generate the signal and then fed it into
the beam simulation system for direction simulation. The 8 output RF chains are pro-
cessed by the Cellular Coaxial Network (CCN) and received by the UE. CCN is an RF
switch that can control which output will be observed and add attenuation. During the
study, different CSI-RS codebook configurations for the radio system are implemented.
These operations are performed remotely on the device through the Citrix workspace.

The channel scenario that the test system can simulate is the Line-of-Sight channel. In
addition, the system supports single-user and multi-user MIMO testing. In this thesis,
the assessment of beam simulation system is conducted in the single-user scenario.
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Figure 3.1: Beamforming test system

Figure 3.2: Diagram of the beamforming test system built in lab

3.2 Butler Matrix and Beam Simulation System

The beamforming circuit enables the integration of antenna arrays onto a substrate. The
phase shifter and the coupler are connected to form a feed network through the microstrip,
so as to realize the phase distribution [16]. Due to the dispersion of the beamforming
network, the angle of the beam and its associated beamwidth will vary with frequency.
Various beamforming circuits have been proposed and studied, the most typical of which
is the Butler matrix [17] and the Blass matrix [18].

The circuit shown in Fig. 3.3 is a typical 4×4 Butler matrix structure consisting of two
cross-couplers, two −45◦ phase shifters, and four 3 dB bridges. It has four input ports and
four antenna ports. After each component in the Butler matrix performs power division
and phase shift operations on the input signal, four-phase distributions can be achieved at
the four output ports to generate four beams pointed at different angles. When the signal
is input from P1, the signal amplitude and phase at the output port can be derived as

A1 =
1

4
P1∠135◦ (3.1)

A2 =
1

4
P1∠90◦ (3.2)

A3 =
1

4
P1∠45◦ (3.3)

A4 =
1

4
P1 (3.4)

From the equation, it can be seen that the output power of each antenna is a quarter
of the total input power, and the phase difference of the output ports is −45◦. On the
other hand, when the input ports are P2, P3, and P4 respectively, the phase difference of
corresponding output ports is shown in Table 3.1.
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Figure 3.3: Structure of 4×4 Butler matrix

Table 3.1: Phase difference corresponding to different ports

Input port Phase difference between adjacent output ports

P1 −45◦

P2 135◦

P3 −135◦

P4 45◦

With the help of the Butler matrix structure, a fixed beam simulation system is designed
to apply the phase shift to the input signal and then achieve directional simulation at
the output port. The fixed beam simulation system is a test device applied between the
BS and mobile terminal. It is a multi-input multi-output matrix network, which can form
multiple beams through a fixed beam matrix using an antenna beamforming network com-
posed of hybrid joints and fixed phase shifters. The beam simulation system is suitable
for multiple frequency bands and has a variety of input and output configurations, such
as 32 inputs and 8 outputs, 32 inputs and 16 outputs, etc. This system efficiently reduces
the complexity of BS testing and saves a lot of time compared to traditional field testing.

Based on this beam simulation system, the received signal power of the UE in several
different directions can be simulated. In our system, the received signal power is mea-
sured at 8 locations.

3.3 Structure of Antenna Array

Usually, the test object of this test system is AAS, but in this paper, the test object is
beam simulation system. Therefore, the AAS is a part of test system and is considered
flawless. There are normally 16 or 32 antenna sub-arrays in the AAS we usually design.
The sub-array may involve 2 to 4 cross-polarized antennas, all with two connections, one
for each antenna polarization. Each sub-array is connected to one Transmitter (Tx) and

25



3. LAB TEST SYSTEM

one Receiver (Rx) branch per antenna polarization so in total there are 32 or 64 receiver
branches and 32 or 64 transmitter branches in the AAS. The sub-array works as one
antenna but with a larger area for better antenna gain. The AAS in our test system
has 32 sub-arrays and each sub-array consists of 3 cross-polarized antennas. This AAS is
calibrated and verified. See below Fig. 3.4.

Figure 3.4: Antenna arrays with 4×8 sub-arrays

In real applications and field testing, the cross-polarized antennas transmit signals at the
same time. In our test system, however, two polarization (polarization 0 and polarization
1) were connected to two beam simulation systems via cables respectively. That is the
reason why there are only 32 RF chains instead of 64. The beam simulation system we
assessed was connected to the antenna with polarization 0. Some of the parameters of this
AAS are in Table 3.2

Table 3.2: AAS product description

Frequency range 2496 to 2690 MHz

NR tilt range -3 to 11 degrees

Antenna 64Tx 64Rx

Sub-array 3

The antenna system operates at frequencies of 2496 - 2690 MHz and supports digital tilt
-3 to 11 degrees.

3.4 Interpretation of Beam Simulation System

Based on the Butler matrix architecture, the beam simulation system can help demonstrate
the beamforming performance of the antenna system with cost efficiency. The output port
of the antenna system is connected to the input port of the beam simulation system with
cables. With hybrid junctions and fixed phase shifters, the beam simulation system can
adjust the signal phase of each input port and combine them at the output port to simulate
the signal power of the antenna for multiple directions. For example, if we consider a simple
beam simulation system (Fig. 3.5) with 4 input and 4 output ports. The physical angle
of each output port is determined by the frequency. The signal power in the B4 direction
can be measured if the A1 signal has 90 degrees phase shift before A0, the A2 signal has
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Figure 3.5: Simple beam simulation system for vertical direction

90 degrees phase shift before A1, A3 signal has 90 degrees phase shift before A2. As
illustrated in Fig. 3.6, the distance between the center of A0 and the center of A1 is δ.
Then the gap of propagation distance between A0 and A1 is d = δ × sin(θ). For our
system, the carrier frequency is 2625 MHz and then the wavelength is 11.4 cm. The 90
degrees phase shift corresponds to a quarter of the wavelength, so the d is around 2.85
cm. If δ is 3×0.058 m (because AAS has 3 sub-arrays in the column), then the physical
angle of B4 = -9.30 degrees can be derived by

θ = arcsin
d

δ
(3.5)

The 180 degrees phase shift corresponds to half of the wavelength, so the delay is around
5.7 cm. If the delta is 3×0.058 m (because AAS has 3 sub-array in the column), then the
physical angle of B7 = 19.12 degrees. The real beam simulation system has 32 input ports
and 16 output ports. In this thesis, only 8 out of 16 output ports are measured. B1 (Left),
B2 (Up Left), B4 (Down), B5 (Boresight), B6 (Up), B9 (Right), B10 (Up Right), B13
(Very Left/Right). Table 3.3 shows the phase shift added to different input ports. The
validity of this beam simulation system can be effectively assessed by measuring the results
of these eight ports. The numbering scheme between the AAS antenna element and the
input port of the beam simulation system is shown in Fig. 3.7. Because each output port
of the beam simulation system represents a simulated channel, the accuracy of the beam
simulation system has a critical impact on the AAS testing. If the beam simulation system
has a large error, the simulated channel will not match the real channel, causing engineers
to give a wrong assessment of the AAS performance. Therefore, the beam simulation
system needs to be tested and calibrated before this test system is put into use.
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Figure 3.6: Physical angle interpretation for vertical direction

Figure 3.7: AAS antenna elements numbering scheme
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Table 3.3: Beam simulation system description

Antenna element

Output port
B1 B2 B4 B5 B6 B9 B10 B13

A0 1 -i 1 1 -i -i -1 1

A4 -i -1 1 1 -i 1 -i -1

A8 -1 i 1 1 -i i 1 1

A12 i 1 1 1 -i -1 i -1

A1 1 1 -i 1 1 -i -i 1

A5 -i -i -i 1 1 1 1 -1

A9 -1 -1 -i 1 1 i i 1

A13 i i -i 1 1 -1 -1 -1

A2 1 i -1 1 i -i 1 1

A6 -i 1 -1 1 i 1 i -1

A10 -1 -i -1 1 i i -1 1

A14 i -1 -1 1 i -1 -i -1

A3 1 -1 i 1 -1 -1 i 1

A7 -i i i 1 -1 1 -1 -1

A11 -1 1 i 1 -1 i -i 1

A15 i -i i 1 -1 -1 1 -1

A16 1 -i 1 1 -i -i -1 1

A20 -i -1 1 1 -i 1 -i -1

A24 -1 i 1 1 -i i 1 1

A28 i 1 1 1 -i -1 i -1

A17 1 1 -i 1 1 -i -i 1

A21 -i -i -i 1 1 1 1 -1

A25 -1 -1 -i 1 1 i i 1

A29 i i -i 1 1 -1 -1 -1

A18 1 i -1 1 i -i 1 1

A22 -i 1 -1 1 i 1 i -1

A26 -1 -i -1 1 i i -1 1

A30 i -1 -1 1 i -1 -i -1

A19 1 -1 i 1 -1 -1 i 1

A23 -i i i 1 -1 1 -1 -1

A27 -1 1 i 1 -1 i -i 1

A31 i -i i 1 -1 -1 1 -1
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Methodology for Calibrating the
Beam Simulation System

This chapter gives an interpretation of CSI-RS which is the test signal, and method of
beam simulation system assessment. Because each antenna port of the CSI-RS will be
transmitted by different sets of antenna elements, the input ports of the beam simulation
system can be divided into several groups for testing based on this characteristic. With
the help of CSI-RS, the time required for assessment is effectively reduced.

4.1 Channel State Information Reference Signal

Current radio access technologies can utilize channel information to optimize radio trans-
mission. The specific implementation method is that the base station transmits the ref-
erence signal, and optimizes the subsequent downlink based on the acquired channel in-
formation. This observation process is called “Channel Sounding”. It requires that the
receiver can measure the channel characteristics of a specific reference signal. There are
two kinds of support for channel sounding in NR. Downlink CSI-RS and uplink Sounding
Reference Signals (SRS). This thesis presents a new exploration of the use of CSI-RS by
evaluating the beam simulation system based on CSI-RS signal measurement.

4.1.1 CSI-RS Structure

The reason for introducing CSI-RS [19] is the extension of Long-Term Evolution (LTE) to
support spatial multiplexing with more than four layers. CSI-RS is considered valuable in
NR and is further extended to a more detailed channel sounding. For example, to provide
support for beam management and mobility as a complement to the synchronization signal
block (SSB).

Each port in CSI-RS represents a sounding channel and can support up to 32 ports.
CSI-RS is configured individually for different antenna devices. But this does not mean
that the transmitted CSI-RS is only used by a single device. CSI-RS is shared among
devices in real-world scenarios.
As illustrated in Fig. 4.1, a single resource element within a block corresponds to one
resource block in the frequency domain and one slot in the time domain is occupied by a
single port of the CSI-RS. Regarding the location of CSI-RS, there are some restrictions
to avoid collision with other downlink signals. For example, configured control resource
set signals, SSB, and demodulation reference signals associated with Physical Downlink
Shared Channel (PDSCH) transmissions scheduled for the device. For multi-port CSI-RS,
a set of resource elements is transmitted orthogonally. This transmission is based on the
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Figure 4.1: A single resource element within a slot/resource block for one port CSI-RS

integration of

Time-Domain Sharing (TDM). Different CSI-RS for each antenna port are trans-
mitted in different OFDM symbols within a slot.

Frequency-Domain Sharing (FDM). Different CSI-RS for each antenna port are trans-
mitted on different subcarriers within an OFDM symbol.

Code-Domain Sharing (CDM). Different CSI-RS for each antenna port are trans-
mitted on the same set of resource elements with different orthogonal modulations.

Regarding CDM, for different scenarios, different CDM structures can be implemented
for CSI-RS of antenna ports.

Figure 4.2: 2×CDM and 4×CDM structures for multi-port CSI-RS

As shown in Fig. 4.2, for 2×CDM, CDM is implemented on adjacent subcarriers, which
means that code domain sharing is achieved between two CSI-RS ports. For 4×CDM, the
time domain is also involved. CDM on two adjacent subcarriers and two adjacent OFDM
symbols realizes code domain sharing between four CSI-RS ports.

As illustrated in Fig. 4.3, a two-port CSI-RS consists of two adjacent subcarrier resources
in the frequency domain, which are shared by using CDM. The different CDM structures
can be combined with FDM and TDM to configure different multi-ports CSI-RS struc-
tures. For the case where the CSI-RS corresponds to more than two antenna ports, the
port configuration has flexibility. For a given number of ports, there are various CSI-RS
structures based on different combinations of CDM, TDM, and FDM. As an example,
there are two different structures for a sixteen-port CSI-RS, see Fig. 4.4.
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Figure 4.3: Two ports CSI-RS based on 2×CDM and the orthogonal patterns of each port

Figure 4.4: Two structures for 16 ports CSI-RS

The left part of the figure shows frequency-domain CDM over two resource elements
(2×CDM) in combination with frequency and time multiplexing. The overall CSI-RS
resource thus consists of eight subcarriers within two OFDM symbols. The right part of
the figure shows time and frequency-domain CDM over four resource elements (4×CDM)
in combination with frequency and two-time multiplexing. The overall CSI-RS resource
thus consists of eight subcarriers within two OFDM symbols.

Figure 4.5: One structure for 32 ports CSI-RS

The maximum number of ports supported by CSI-RS is 32. Fig. 4.5 shows one of three
32-port CSI-RS configurations. This example shows that separate CSI-RS ports do not
necessarily occupy consecutive OFDM symbols. In addition, separate CSI-RS ports do not
necessarily occupy consecutive subcarriers. For multi-port CSI-RS, the correlation between
CSI-RS and port number is first realized by CDM. Then FDM, and finally TDM. As shown
in the 16-port example of Fig. 4.4, CDM separates the CSI-RS ports for consecutive port
numbers. In addition, for the case of the right part, ports 0 to 3 are transmitted within one
OFDM symbol, and ports 4 to 7 are transmitted within another OFDM symbol. These
two sets of ports are separated by means of TDM.
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4.1.2 CSI-RS Structure in Frequency Domain

The configuration of CSI-RS in the frequency domain is flexible. For a given bandwidth
range, the CSI-RS can be configured to cover the full bandwidth or just cover a part
of the bandwidth. For the case that the CSI-RS only covers a part of the bandwidth,
the CSI-RS bandwidth and the starting position of the frequency domain are included in
the configuration as parameters. Within a given CSI-RS bandwidth, the CSI-RS density
is equal to 1 if the CSI-RS is configured to be transmitted on each resource block. If
the CSI-RS is configured to be transmitted on every second resource block, the CSI-RS
density is equal to 1/2. For 4-port, 8-port, and 12-port CSI-RS configurations, the 1/2
CSI-RS density is not supported. Meanwhile, the information about the set of resource
blocks to which the CSI-RS will be transmitted should be included as the part of CSI-RS
configuration for 1/2 CSI-RS density.

4.1.3 CSI-RS Resource Set in Time Domain

The CSI-RS structure also has multiple configurations in the time domain to provide flex-
ibility. There are three configurations to define the transmission characteristics of the
CSI-RS resource set, namely, periodic, semi-periodic, and aperiodic.

For periodic transmission, the CSI-RS is transmitted according to a predefined period
N . The minimum number of N is 4 and the maximum number of N is 640. That is,
the CSI-RS transmission occurs every N slot. In addition, the offset is also defined for
periodic transmission to adjust the slot location of CSI-RS.

Figure 4.6: Examples of periodic CSI-RS and slot offset

For semi-periodic transmission, the periodicity of CSI-RS and slot offset are configured
in the same way as for periodic transmission. The difference between periodic and semi-
periodic transmission is that the latter has a switch mechanism called Media Access Con-
trol Control Elements (MAC-CE). When the transmission is activated, the CSI-RS signal
will be transmitted according to the configured period and slot offset. When the transmis-
sion is deactivated, there will be no CSI-RS transmission until it is activated again. For
aperiodic transmission, the device instantly knows the CSI-RS transmission by receiving
a signal within the Downlink Control Indicator (DCI).

The periodic transmission is implemented for our test system, the CSI-RS periodicity
is 40 slots. It needs to be clear that this periodicity is not a property of CSI-RS itself, but
the property of the CSI-RS resource set.

4.1.4 Physical Antenna Mapping of CSI-RS

Multi-port CSI-RS corresponds to a set of antenna ports, and each antenna port is mapped
to a set of antenna elements. However, antenna ports are usually not directly mapped
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to a single physical antenna. In fact, the number of physical antennas to which CSI-RS
is mapped is often larger than the number of antenna ports. Because for smart antenna,
there will be multiple physical antennas on one antenna port. Sometimes an antenna
element can be mapped on multiple antenna ports. For the CSI-RS codebooks used in
this thesis, one antenna element will only be mapped to one antenna port. Fig. 4.7 shows
how antenna elements are assigned to antenna ports of CSI-RS by a simple antenna array.

Figure 4.7: Example of physical antenna mapping of CSI-RS

When a UE executes channel sounding based on CSI-RS, the signal received by the UE
will be M channel information corresponding to the M antenna ports. The power of
the signal depends on the beam of each CSI-RS in direction of UE. Different antenna
ports generate beams in different directions, and this difference is usually due to different
precoding matrices. As illustrated in Fig. 4.8, the device can measure CSI-RS and report
the recommended precoder matrix to the BS. The BS may then use the recommended
precoding matrix for antenna mapping and weight implementation.

4.1.5 Precoder Matrix Mapping

Firstly, the CSI-RS signal transmits all precoding matrices (antenna port) for beam scan-
ning. The recommended precoding matrix is then used according to the CSI report from
the UE. The precoding matrix contains the information that which antenna elements are
used and the weights for each antenna element. The weight is a complex vector with
amplitude and phase that determines the signal fed to antenna elements.

Figure 4.8: Precoding using CSI report

For our radio system, the combination of these precoding matrices is called Wp2a. Accord-
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ing to the Wp2a matrix, the activated antenna ports and corresponding antenna weights
for different antenna elements can be determined. For an antenna system, there are mul-
tiple Wp2a matrices to be implemented according to the scenarios and the number of
antenna ports. For example, for the codebook with 8 antenna ports, the corresponding
Wp2a also involves 8 antenna ports. For different deployment scenarios of the BS, there
are corresponding optimized Wp2a matrices for CSI-RS beamforming. CSI reporting is not
discussed in this thesis because the point of this thesis is the CSI-RS signal transmitted by
the BS. The CSI-RS signal is fed to the input port of the beam simulation system through
the coaxial cable.

4.2 CSI-RS Simulation and Measurement

CSI-RS signal is usually used to realize beamforming in wireless transmission. In this
thesis, the CSI-RS signal is used as a tool to verify the validity of the beam simulation
system. Because each antenna port of CSI-RS corresponds to a specific part of the antenna
elements, the corresponding beamforming system input ports can be isolated for testing.
If a large deviation between the simulation and measurement results of an antenna port
is observed, it means that the problem originates from the components involved in these
ports. The codebook of CSI-RS is the grid of all antenna ports used for channel sounding.
For a specific codebook, the sounding signal transmitted from each antenna port can be
extracted and measured individually. This is the fundamental principle of why CSI-RS can
be used to isolate the beam simulation system input port for testing, since each antenna
port corresponds to a group of input ports. For different codebooks, the group of beam
simulation system input ports corresponding to each antenna port will also be different.
Testing multiple codebooks can help us find the source of the failure more accurately.
Meanwhile, the selection of the codebook will greatly affect the test efficiency and accu-
racy. Therefore, there should be certain differences between the selected codebooks, but
they cannot be fully unrelated. In the thesis, the selected codebooks are given in Table
4.1. For instance, the CSI-RS 0 of 8 ports (4,1) codebook is transmitted by the antenna
elements 0, 1, 4, and 5. The CSI-RS 15 of 16 ports (4,2) codebook is transmitted by the
antenna elements 15 and 16.

Figure 4.9: Wp2a matrix

8 ports (4,1), 8 ports (2,2), 16 ports (4,2), and 32 ports (4,4) codebooks are selected
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Table 4.1: Selected CSI-RS configurations

for comprehensive testing. The number of antenna ports can be derived by

PCSI−RS = 2N1N2 (4.1)

where 2 corresponds to two polarization, N1 is the size of the horizontal dimension and
N2 is the size of the vertical dimension. The weight allocation of each antenna port is
determined by the Wp2a matrix. For the Wp2a matrix, one column corresponds to one
antenna port, and one row corresponds to one antenna element. Therefore, for different
codebooks, the size of the Wp2a matrix is also different. For example, the Wp2a matrix of
the 8 ports CSI-RS codebook consists of 8 columns and 64 rows. The Wp2a matrix of the
16 ports CSI-RS codebook consists of 16 columns and 64 rows. The reason why there are
64 rows in the matrix is that antennas for two polarization are included in Wp2a. Only the
first 32 rows are considered since the beam simulation system connects with the antenna
elements in Pol0. θtilt is the angle of digital tilt which is fixed at 3 degrees in this thesis.

Regarding the methodology for the assessment of the beam simulation system, measure-
ments of CSI-RS signals were conducted for different CSI-RS codebooks in this thesis, and
the gap between the B5 port (boresight) and other output ports was calculated. Then
the theoretical received powers were derived by simulation. If there is an unacceptable
deviation between the measured signal power and the simulated signal power, it means
that the beam simulation system is not working as expected. At the same time, CSI-RS
successfully isolates the input ports of the beam simulation system into several sets accord-
ing to the codebook and then the combination of input and output ports corresponding
to this CSI-RS signal can be identified.
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Simulation Results

This chapter shows the steps involved in the simulation part using MATLAB and gives
the simulation results. The 8 ports (4,1) codebook, 8 ports (2,2) codebook, 16 ports (4,2)
codebook, and 32 ports (4,4) codebook were simulated in this thesis.

5.1 Steps of MATLAB Simulation

Step 1: Calculate the Wp2a matrix for selected CSI-RS codebooks. For example, the Wp2a

matrix of 8 ports (4,1) codebook is given in Fig. 4.1.

Figure 5.1: The antenna weight calculation for 8 CSI ports, (4,1) codebook

As shown in the figure, antenna elements 0-3 are used to transmit CSI-RS of antenna port
0 (CSI-RS 0), while antenna elements 4-7 are used to transmit CSI-RS 1, and so on. If
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the digital tilt is set to 0, all antennas will have the same weight. This conclusion holds
for all selected codebooks except 8 ports (2,2) codebook.

Step 2: Map the Wp2a matrix to the antenna array with 32 antenna elements.

Step 3: Combine the antenna array with the steering vector of the beam simulation
system, and then derived beamforming gain, which is used to calculate the gap.

Step 4: Calculate the gap between the B5 (boresight direction) port and the other output
ports.

Figure 5.2: Simulation flowchart to calculate the gap between the B5 (boresight direction) port and
the other output ports of beam simulation system

5.2 Simulation Result

Firstly, the physical angles of measured output ports are calculated by Equation 3.1. The
calculation results are shown in Table 5.1. For each output port, the data observed on
the spectrum analyzer are the signal power received by the UE at these locations. The
simulation results of each CSI-RS configuration are shown in Tables 5.2-5.5. In fact, for
most selected CSI-RS codebooks, the theoretical results for each antenna port are the
same. Because in this thesis, the antenna elements are connected with the input ports of
the beam simulation system by using cables. The physical distance between the antennas
assigned to different antenna ports has no effect on the results. On the other hand, CSI-
RS can be used to support the assessment of beam simulation system because of the
consistency of antenna ports. The 8 ports (2,2) codebook is the exception here, because,
for this codebook, the weight design of ports 0-3 is different from the weight design of
ports 4-7.
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Table 5.1: The physical angle of each position

Output port Horizontal position (degree) Vertical position (degree)

B1 Left -25.68 0

B2 Up Left -25.68 9.30

B4 Down 0 -9.30

B5 Boresight 0 0

B6 Up 0 9.30

B9 Right 25.68 0

B10 Up Right 25.68 9.30

B13 Very Left/Right 59.90 0

Table 5.2: Simulation results of antenna port 0-7, 8 CSI ports, (4,1) codebook

Output port Theoretical gain(dB) Gap to B5(dB)

B1 Left 10.63 0

B2 Up Left -0.18 -10.81

B4 Down 4.36 -6.27

B5 Boresight 10.63 0

B6 Up -0.18 -10.81

B9 Right 10.63 0

B10 Up Right -0.18 -10.81

B13 Very Left/Right 10.63 0

Table 5.3: Simulation results of antenna port 0-3, 8 CSI ports, (2,2) codebook

Output port Theoretical gain(dB) Gap to B5(dB)

B1 Left 11.13 0.13

B2 Up Left 5.56 -5.44

B4 Down 9.97 -1.03

B5 Boresight 11.00 0

B6 Up 5.43 -5.57

B9 Right 3.03 -7.97

B10 Up Right -2.54 -13.54

B13 Very Left/Right 3.78 -7.22

Table 5.4: Simulation results of antenna port 4-7, 8 CSI ports, (2,2) codebook

Output port Theoretical gain(dB) Gap to B5(dB)

B1 Left 3.03 -7.97

B2 Up Left -2.54 -13.54

B4 Down 9.97 -1.03

B5 Boresight 11.00 0

B6 Up 5.43 -5.57

B9 Right 11.13 0.13

B10 Up Right 5.56 -5.44

B13 Very Left/Right 3.78 -7.22
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Table 5.5: Simulation results of antenna port 0-15, 16 CSI ports, (4,2) codebook

Output port Theoretical gain(dB) Gap to B5(dB)

B1 Left 5.75 0

B2 Up Left 0.17 -5.58

B4 Down 4.71 -1.04

B5 Boresight 5.75 0

B6 Up 0.17 -5.58

B9 Right 5.75 0

B10 Up Right 0.17 -5.58

B13 Very Left/Right 5.75 0

The simulation results for the CSI 32 ports, (4,4) codebook do not need to be presented
with the help of a table, since the beamforming gain is zero in all directions for each
antenna port. Because only one antenna element is assigned to each antenna port and
the antenna element is assumed to be omnidirectional in this thesis. The beamforming
gain image of different CSI-RS codebooks can be easily observed from the simulation
results. For example, for the 8 ports (4,1) codebook. The gain of the CSI-RS signal
is omnidirectional in the horizontal direction, but the gain varies with vertical angle.
Because the four antenna elements assigned to each antenna port are arranged vertically.
A graphical representation of the antenna allocation is shown in Fig. 5.3. The simulation
results give a preliminary image of the directivity pattern. For example, which directions
should have high beamforming gain, and which directions should have the same gain so
the measurements are expected to give the same result.

Figure 5.3: Graphical representation of the antenna allocation
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Measurement Results

After getting the simulation results in the previous chapter, the report has reached the
measurements part of this thesis work. For the selected CSI-RS codebook configurations,
the laboratory test results are summarized in this chapter. Added to that, a comparison
study between simulation and measurement results is introduced to assess the validity of
beam simulation system. The 8 ports (4,1) codebook, 8 ports (2,2) codebook, 16 ports
(4,2) codebook, and 32 ports (4,4) codebook were measured in this thesis.

6.1 Lab Measurement

When the base station starts transmitting data, the CCN can be remotely controlled
through the Citrix workstation to select which output port of beam simulation system will
be measured. By moving the UE and Spectrum analyzer to the different output ports.
This operation corresponds to the user moving to different locations in field testing. As
shown in Fig. 6.1, the eight circles correspond to the eight output ports to be measured. To
measure the received signal power in that direction, move the UE and spectrum analyzer
to the center of the circle. The power per resource element (PPRE) of the signal will then
be displayed on the spectrum analyzer.

Figure 6.1: CCN interface with representatives of directions and UE
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Figure 6.2: Spectrum analyzer interface, the PPRE can be observed on ”Frame summary”

6.2 Measurement Result and Comparison Study

As the core part of this thesis, the evaluation of this beam simulation system can be car-
ried out after the comparison study. If for a specific output port and antenna port, a large
deviation between the measurement result and the simulation result is found, it means
that there may be problems with the intermediate part of the input port and the output
port. Components connected to this set of antenna ports and output ports provide incor-
rect phase shift. This assessment method can effectively narrow the scope of fault search
and does not require the development of special test signals and methods. Evaluation can
be conducted using existing CSI-RS to save the cost of design and time.

For the comparison study, we commented on deviations based on two borders that are
green and red border. For MIMO testing, We usually have tolerance of ±1 dB. If the
deviation between the measurement value and the simulation value is less than 1 dB, the
result is confirmed as perfect. If the deviation between the measurement value and the
simulation value is greater than 1 dB and less than 2 dB. We need to mark the input
and output ports corresponding to this result. In future testing, when the combination of
these input and output ports is involved, it is necessary to consider adding a compensation
value to it to deal with this deviation. In this case, the beam simulation system is still
recognized to be correct, although there is an obvious error. If the deviation between the
measurement result and the theoretical value is beyond 2 dB, the beam simulation system
is considered faulty. The corresponding input and output ports should be marked because
the faulty components may be in the intermediate circuit between these input and output
ports.

The measurement of 32 ports (4,4) codebook is done as the first stage of measurement.
The spectrum analyzer displayed the same result in every direction for every antenna port.
After measurement, the measured PPRE is around -56 dBm and the deviations are less
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than 1 dB for every CSI-RS signal and direction. The beam simulation system proved to
work as expected with only one input antenna element. After that, the measurement of
selected CSI-RS configurations is conducted and the results are shown in Tables 6.1-6.16.
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6.2.1 Measurement result, 8 CSI ports, (4,1)

Table 6.1: Measurement results of antenna port 0-1, 8 CSI ports, (4,1) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -45.97 0.55 0 0.55

B2 Up Left -58.08 -11.56 -10.81 -0.75

B4 Down -51.31 -4.79 -6.27 1.48

B5 Boresight -46.52 0 0 0

B6 Up -57.26 -10.74 -10.81 0.07

B9 Right -46.28 0.24 0 0.24

B10 Up Right -57.45 -10.93 -10.81 -0.12

B13 Very Left/Right -46.47 0.05 0 0.05

By comparing the PPRE with the simulation results, the deviation between the actual
performance and the ideal performance of the beam simulation system can be obtained.
For antenna ports 00 and 01 of 8 CSI, (4,1) codebook (Table 6.1), the maximum deviation
1.48 dB appears at the B4 output port. This deviation is not within the ideal range, but
it is feasible for compensation to counteract this error in future testing.

Table 6.2: Measurement results of antenna port 2-3, 8 CSI ports, (4,1) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -46.17 -0.07 0 -0.07

B2 Up Left -57.54 -11.44 -10.81 -0.63

B4 Down -50.49 -4.39 -6.27 1.88

B5 Boresight -46.10 0 0 0

B6 Up -56.80 -10.70 -10.81 0.11

B9 Right -46.49 -0.39 0 -0.39

B10 Up Right -56.98 -10.88 -10.81 -0.07

B13 Very Left/Right -46.12 -0.02 0 -0.02

For antenna ports 02 and 03 of 8 CSI, (4,1) codebook (Table 6.2), the maximum deviation
1.88 dB appears at the B4 output port. The deviation of other output ports is less than
1 dB.

Table 6.3: Measurement results of antenna port 4-5, 8 CSI ports, (4,1) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -45.79 0.23 0 0.23

B2 Up Left -58.32 -12.30 -10.81 -1.49

B4 Down -51.75 -5.73 -6.27 0.54

B5 Boresight -46.02 0 0 0

B6 Up -57.78 -11.76 -10.81 -0.95

B9 Right -46.14 -0.12 0 -0.12

B10 Up Right -57.64 -11.62 -10.81 -0.81

B13 Very Left/Right -46.53 -0.51 0 -0.51

For antenna ports 04 and 05 of 8 CSI, (4,1) codebook (Table 6.3), the maximum deviation
1.49 dB appears at the B2 output port. The deviation of other output ports is less than
1 dB.
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Table 6.4: Measurement results of antenna port 6-7, 8 CSI ports, (4,1) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -45.90 0.56 0 0.56

B2 Up Left -57.99 -11.53 -10.81 -0.72

B4 Down -51.45 -4.99 -6.27 1.28

B5 Boresight -46.46 0 0 0

B6 Up -57.34 -10.88 -10.81 -0.07

B9 Right -45.21 1.25 0 1.25

B10 Up Right -57.48 -11.02 -10.81 -0.21

B13 Very Left/Right -46.04 0.42 0 0.42

For antenna ports 06 and 07 of 8 CSI, (4,1) codebook (Table 6.4), the maximum deviation
1.28 dB appears at the B4 output port. The deviation of other output ports is less than
1 dB expect B9 (1.25 dB).

Figure 6.3: For each output port, the deviation between the simulation result and the measurement
result, 8 CSI ports, (4,1) codebook

For 8 ports (4,1) codebook, the range of deviation is 0.05 to 1.88 dB. The largest deviation
1.88 dB is observed on the B4 output port (Down) and the corresponding antenna ports
are 02 and 03. Based on this conclusion, it can be confirmed that when the B2 output port
value of the beam simulation system is determined by the input ports A16-A19 (Antenna
port 4) or A20-A23 (Antenna port 5), the compensation value is needed to intervene to
offset this deviation. Meanwhile, when the value of the B4 output port depends on A0-
A3 or A4-A7 or A8-A11 or A12-A15 or A24-A27 or A28-A31, the compensation value is
needed to intervene to offset this deviation. When the B9 output depends on A24-A27 or
A28-A31, the compensation value is needed to intervene to offset this deviation.
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6.2.2 Measurement result, 8 CSI ports, (2,2)

Table 6.5: Measurement results of antenna port 0-1, 8 CSI ports, (2,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -45.38 0.7 0.13 0.57

B2 Up Left -51.49 -5.41 -5.44 0.03

B4 Down -46.54 -0.51 -1.03 0.52

B5 Boresight -46.08 0 0 0

B6 Up -51.76 -5.68 -5.57 0.11

B9 Right -53.79 -7.71 -7.97 0.26

B10 Up Right -59.01 -12.93 -13.54 0.61

B13 Very Left/Right -52.96 -6.88 -7.22 0.34

For antenna ports 00 and 01 of 8 CSI, (2,2) codebook (Table 6.5), The deviation of all
output ports is less than 1 dB.

Table 6.6: Measurement results of antenna port 2-3, 8 CSI ports, (2,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -45.45 0.13 0.13 0

B2 Up Left -51.61 -6.03 -5.44 -0.59

B4 Down -46.06 -0.48 -1.03 0.55

B5 Boresight -45.58 0 0 0

B6 Up -51.28 -5.70 -5.57 -0.13

B9 Right -54.12 -8.54 -7.97 -0.57

B10 Up Right -59.32 -13.74 -13.54 -0.20

B13 Very Left/Right -52.32 -6.74 -7.22 0.48

For antenna ports 02 and 03 of 8 CSI, (2,2) codebook (Table 6.6), The deviation of all
output ports is less than 1 dB.

Table 6.7: Measurement results of antenna port 4-5, 8 CSI ports, (2,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -53.41 -7.49 -7.93 0.48

B2 Up Left -58.97 -13.05 -13.54 0.49

B4 Down -46.36 -0.44 -1.03 0.59

B5 Boresight -45.92 0 0 0

B6 Up -51.61 -5.69 -5.57 -0.12

B9 Right -45.63 0.29 0.13 0.16

B10 Up Right -50.97 -5.05 -5.44 0.39

B13 Very Left/Right -53.63 -7.71 -7.22 -0.49

For antenna ports 04 and 05 of 8 CSI, (2,2) codebook (Table 6.7), The deviation of all
output ports is less than 1 dB.
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Table 6.8: Measurement results of antenna port 6-7, 8 CSI ports, (2,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -53.87 -8.34 -7.93 -0.41

B2 Up Left -58.30 -12.77 -13.54 0.77

B4 Down -46.08 -0.55 -1.03 0.48

B5 Boresight -45.53 0 0 0

B6 Up -50.92 -5.39 -5.57 0.18

B9 Right -45.80 -0.30 0.13 -0.17

B10 Up Right -51.12 -5.59 -5.44 -0.15

B13 Very Left/Right -52.78 -7.25 -7.22 -0.03

For antenna ports 06 and 07 of 8 CSI, (2,2) codebook (Table 6.8), The deviation of all
output ports is less than 1 dB.

Figure 6.4: For each output port, the deviation between the simulation result and the measurement
result, 8 CSI ports, (2,2) codebook

For 8 ports (2,2) codebook, the range of deviation (absolute value) is 0.03 to 0.77 dB.
The largest deviation 0.77 dB is observed on the B2 port (Up Left). The beam simulation
system has good performance for this CSI-RS configuration.
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6.2.3 Measurement result, 16 CSI ports, (4,2)

Table 6.9: Measurement results of antenna port 0-1, 16 CSI ports, (4,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -50.73 1.00 0 1.00

B2 Up Left -56.56 -4.83 -5.58 -0.75

B4 Down -52.11 -0.38 -1.04 0.66

B5 Boresight -51.73 0 0 0

B6 Up -57.42 -5.69 -5.58 -0.11

B9 Right -50.99 0.74 0 0.74

B10 Up Right -56.28 -4.55 -5.58 1.03

B13 Very Left/Right -51.24 0.49 0 0.49

For antenna ports 00 and 01 of 16 CSI, (4,2) codebook (Table 6.9), the maximum deviation
1.03 dB appears at the B2 output port. The deviation of other output ports is less than
1 dB expect B1 (1.00 dB).

Table 6.10: Measurement results of antenna port 2-3, 16 CSI ports, (4,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -50.72 0.35 0 0.35

B2 Up Left -56.85 -5.78 -5.58 -0.20

B4 Down -51.43 -0.36 -1.04 0.68

B5 Boresight -51.07 0 0 0

B6 Up -56.68 -5.61 -5.58 -0.03

B9 Right -51.05 0.02 0 0.02

B10 Up Right -56.54 -5.47 -5.58 0.11

B13 Very Left/Right -51.55 -0.48 0 -0.48

For antenna ports 02 and 03 of 16 CSI, (4,2) codebook (Table 6.10), The deviation of all
output ports is less than 1 dB.

Table 6.11: Measurement results of antenna port 4-5, 16 CSI ports, (4,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -50.94 0.23 0 0.23

B2 Up Left -57.13 -5.96 -5.58 -0.38

B4 Down -51.43 -0.26 -1.04 0.78

B5 Boresight -51.17 0 0 0

B6 Up -57.17 -6.00 -5.58 -0.42

B9 Right -51.32 -0.15 0 -0.15

B10 Up Right -56.90 -5.73 -5.58 -0.15

B13 Very Left/Right -50.76 0.41 0 0.41

For antenna ports 04 and 05 of 16 CSI, (4,2) codebook (Table 6.11), The deviation of all
output ports is less than 1 dB.
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Table 6.12: Measurement results of antenna port 6-7, 16 CSI ports, (4,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -50.87 -0.56 0 -0.56

B2 Up Left -56.74 -6.42 -5.58 -0.85

B4 Down -50.93 -0.62 -1.04 0.42

B5 Boresight -50.31 0 0 0

B6 Up -55.76 -5.45 -5.58 0.13

B9 Right -51.16 -0.85 0 -0.85

B10 Up Right -56.42 -6.11 -5.58 -0.53

B13 Very Left/Right -50.92 -0.61 0 -0.61

For antenna ports 06 and 07 of 16 CSI, (4,2) codebook (Table 6.12), The deviation of all
output ports is less than 1 dB.

Table 6.13: Measurement results of antenna port 8-9, 16 CSI ports, (4,2) codebook, and comparison
with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -50.70 1.02 0 1.02

B2 Up Left -56.36 -4.64 -5.58 0.94

B4 Down -52.21 -0.49 -1.04 0.55

B5 Boresight -51.72 0 0 0

B6 Up -57.32 -5.60 -5.58 -0.02

B9 Right -51.00 0.72 0 0.72

B10 Up Right -56.12 -4.40 -5.58 1.18

B13 Very Left/Right -51.16 0.56 0 0.56

For antenna ports 08 and 09 of 16 CSI, (4,2) codebook (Table 6.13), the maximum devia-
tion 1.18 dB appears at the B10 output port. The deviation of other output ports is less
than 1 dB expect B1 (1.02 dB).

Table 6.14: Measurement results of antenna port 10-11, 16 CSI ports, (4,2) codebook, and com-
parison with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -50.62 0.36 0 0.36

B2 Up Left -56.63 -5.65 -5.58 -0.07

B4 Down -51.42 -0.44 -1.04 0.60

B5 Boresight -50.98 0 0 0

B6 Up -56.56 -5.58 -5.58 0

B9 Right -50.95 0.03 0 0.03

B10 Up Right -56.37 -5.39 -5.58 0.19

B13 Very Left/Right -51.48 -0.50 0 -0.50

For antenna ports 10 and 11 of 16 CSI, (4,2) codebook (Table 6.14), The deviation of all
output ports is less than 1 dB.
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Table 6.15: Measurement results of antenna port 12-13, 16 CSI ports, (4,2) codebook, and com-
parison with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -50.90 0.28 0 0.28

B2 Up Left -56.76 -5.58 -5.58 0

B4 Down -51.59 -0.41 -1.04 0.63

B5 Boresight -51.18 0 0 0

B6 Up -56.77 -5.59 -5.58 -0.01

B9 Right -51.27 -0.09 0 -0.09

B10 Up Right -56.58 -5.40 -5.58 0.18

B13 Very Left/Right -50.71 0.47 0 0.47

For antenna ports 12 and 13 of 16 CSI, (4,2) codebook (Table 6.15), The deviation of all
output ports is less than 1 dB.

Table 6.16: Measurement results of antenna port 14-15, 16 CSI ports, (4,2) codebook, and com-
parison with the simulation results

Output port PPRE(dBm) Gap to B5(dB) Simulation(dB) Deviation(dB)

B1 Left -50.92 -0.54 0 -0.54

B2 Up Left -56.43 -6.05 -5.58 -0.47

B4 Down -51.02 -0.64 -1.04 0.40

B5 Boresight -50.38 0 0 0

B6 Up -55.63 -5.25 -5.58 0.33

B9 Right -51.22 -0.84 0 -0.84

B10 Up Right -56.40 -6.02 -5.58 -0.44

B13 Very Left/Right -50.97 -0.59 0 -0.59

For antenna ports 14 and 15 of 16 CSI, (4,2) codebook (Table 6.16), The deviation of all
output ports is less than 1 dB.
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Figure 6.5: For each output port, the deviation between the simulation result and the measurement
result, 16 CSI ports, (4,2) codebook

For 16 ports (4,2) codebook, the range of deviation is 0 to 1.18 dB. The largest deviation
1.18 dB is observed on the B10 port (Up Right) and the corresponding antenna ports are 08
and 09. Based on this comparison study, it can be confirmed that when the B1 output port
value of the beam simulation system is determined by the input ports A0-A1 or A2-A3,
the compensation value is needed to intervene to offset this deviation. Meanwhile, when
the value of the B10 output port depends on A0-A1 or A2-A3 or A16-A17 or A18-A19,
the compensation value is needed to intervene to offset this deviation.

6.3 Final Remarks

The conclusion is that the validity of this beam simulation system is verified when a de-
viation of less than 2 dB is considered acceptable. In future testing, when the signal is
transmitted into following input ports and measured at following output ports, compen-
sation values need to be involved.

1) Output B1, Input A0-A1 or A2-A3;

2) Output B2, Input A16-A19 or A20-A23;

3) Output B4, Input A0-A3 or A4-A7 or A8-A11 or A12-A15 or A24-A27 or A28-A31;

4) Output B9, Input A24-A27 or A28-A31;

5) Output B10, Input A0-A1 or A2-A3 or A16-A17 or A18-A19;
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7

Conclusions and Future work

7.1 Conclusions

In this thesis, we have assessed the validity of a Butler matrix-based beam simulation
system. This thesis covers the CSI-RS protocol and antenna mapping, and how we used
CSI-RS as a tool to test the beam simulation system. The thesis also discussed the struc-
ture of the beamforming test system and the parameters of the device involved in the test
system such as the AAS. A series of measurement and simulation plans were proposed
and executed. The comparison study between the measurement results and the simula-
tion results was presented as the core content of the thesis. For each configuration, the
corresponding measurement and simulation results were introduced.

The CSI-RS is very useful for the assessment. Instead of developing a specific testing
tool, we use existing resources. In addition, this is an innovative extension of the CSI-RS
usage scenario. The characteristic of CSI-RS successfully helped us isolate the specific
input and output ports of the beam simulation system so that we could locate the faulty
components in a small range.

7.2 Future work

The purpose of this thesis was to draft an assessment method and verify the validity of
the beam simulation system. Therefore, future work is to modify the assessment method
to increase the efficiency of assessment. For example, optimize the scheme of the CSI-
RS codebook selection to locate faulty components more precisely and reduce the time
required for simulation and measurement. In addition, the assessment can be further
extended to the component of beam simulation system. For example, if a component is
confirmed as damaged, the exact phase offset of the damaged component can be derived
through comparison study.
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Appendix A

(Beam simulation system
description, full version)

Table A.1: Beam simulation system description, full version

B0 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15

A0 1 1 -i 1 1 1 -i 1 -i -i -1 -i 1 1 -i 1

A4 -i -i -1 -i 1 1 -i 1 1 1 -i 1 -1 -1 i -1

A8 -1 -1 i -1 1 1 -i 1 i i 1 i 1 1 -i 1

A12 i i 1 i 1 1 -i 1 -1 -1 i -1 -1 -1 i -1

A1 -i 1 1 -1 -i 1 1 -1 -1 -i -i i -i 1 1 -1

A5 -1 -i -i i -i 1 1 -1 -i 1 1 -1 i -1 -1 1

A9 i -1 -1 1 -i 1 1 -1 1 i i -i -i 1 1 -1

A13 1 i i -i -i 1 1 -1 i -1 -1 1 i -1 -1 1

A2 -1 1 i 1 -1 1 i 1 i -i 1 -i -1 1 i 1

A6 i -i 1 -i -1 1 i 1 -1 1 i 1 1 -1 -i -1

A10 1 -1 -i -1 -1 1 i 1 -i i -1 i -1 1 i 1

A14 -i i -1 i -1 1 i 1 1 -1 -i -1 1 -1 -i -1

A3 i 1 -1 -1 i 1 -1 -1 1 -1 i i i 1 -1 -1

A7 1 -i i i i 1 -1 -1 i 1 -1 -1 -i -1 1 1

A11 -i -1 1 1 i 1 -1 -1 -1 i -i -i i 1 -1 -1

A15 -1 i -i -i i 1 -1 -1 -i -1 1 1 -i -1 1 1

A16 1 1 -i 1 1 1 -i 1 -i -i -1 -i 1 1 -i 1

A20 -i -i -1 -i 1 1 -i 1 1 1 -i 1 -1 -1 i -1

A24 -1 -1 i -1 1 1 -i 1 i i 1 i 1 1 -i 1

A28 i i 1 i 1 1 -i 1 -1 -1 i -1 -1 -1 i -1

A17 -i 1 1 -1 -i 1 1 -1 -1 -i -i i -i 1 1 -1

A21 -1 -i -i i -i 1 1 -1 -i 1 1 -1 i -1 -1 1

A25 i -1 -1 1 -i 1 1 -1 1 i i -i -i 1 1 -1

A29 1 i i -i -i 1 1 -1 i -1 -1 1 i -1 -1 1

A18 -1 1 i 1 -1 1 i 1 i -i 1 -i -1 1 i 1

A22 i -i 1 -i -1 1 i 1 -1 1 i 1 1 -1 -i -1

A26 1 -1 -i -1 -1 1 i 1 -i i -1 i -1 1 i 1

A30 -i i -1 i -1 1 i 1 1 -1 -i -1 1 -1 -i -1

A19 i 1 -1 -1 i 1 -1 -1 1 -1 i i i 1 -1 -1

A23 1 -i i i i 1 -1 -1 i 1 -1 -1 -i -1 1 1

A27 -i -1 1 1 i 1 -1 -1 -1 i -i -i i 1 -1 -1

A31 -1 i -i -i i 1 -1 -1 -i -1 1 1 -i -1 1 1
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APPENDIX A. (BEAM SIMULATION SYSTEM DESCRIPTION, FULL VERSION)

Table A.2: The direction represented by each outlet

Output port Direction

B0 Down Left

B1 Left

B2 Up Left

B3 Very Up Left

B4 Down

B5 Boresight

B6 Up

B7 Very Up

B8 Down Right

B9 Right

B10 Up Right

B11 Very Up Right

B12 Down Very Right/Left

B13 Very Right/Left

B14 Up Very Right/Left

B15 Very Up Very Right/Left

56


	Introduction
	Background
	Motivations and Project Problem
	Outline of the Thesis

	Basic Concepts and Techniques
	Multi-beam Antenna
	Beamforming
	MIMO
	MIMO Communication
	MIMO Channel and Antenna Array
	Multiple Antenna System

	Lab Test System
	Structure of Testing System
	Butler Matrix and Beam Simulation System
	Structure of Antenna Array
	Interpretation of Beam Simulation System

	Methodology for Calibrating the Beam Simulation System
	Channel State Information Reference Signal
	CSI-RS Structure
	CSI-RS Structure in Frequency Domain
	CSI-RS Resource Set in Time Domain
	Physical Antenna Mapping of CSI-RS
	Precoder Matrix Mapping

	CSI-RS Simulation and Measurement

	Simulation Results
	Steps of MATLAB Simulation
	Simulation Result

	Measurement Results
	Lab Measurement
	Measurement Result and Comparison Study
	Measurement result, 8 CSI ports, (4,1)
	Measurement result, 8 CSI ports, (2,2)
	Measurement result, 16 CSI ports, (4,2)

	Final Remarks

	Conclusions and Future work
	Conclusions
	Future work

	Bibliography
	(Beam simulation system description, full version)

