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Sammanfattning
Basstationer med flera antenner kan aktivt styra signalenergi mot en mottagare
med hjälp av lobformning, vilket ger högre datatakt och lägre strömförbrukning
än med en enda antenn. Lobformning kräver dock att kanalen skattas till varje
antenn och i ett fdd-system måste denna skattning återkopplas till basstationen
från mottagaren, vilket innebär en opraktiskt stor overhead, speciellt när loberna
blir smalare. Differentiell lobformning är en robust teknik som med begränsad
overhead möjliggör smala och välriktade lober genom differentiella justeringar av
lobformen. Med hjälp av två förkodade referenssignaler från basstationen skattar
mottagaren kanalen och rapporterar iterativt hur lobformningen ska förbättras så
att sinr hos den mottagna signalen ökar. Den här uppsatsen utvecklar en algoritm som utökar differentiell lobformning till användandet av tvådimensionella
antennuppställningar, vilket möjliggör justering av lobformen i två dimensioner
och därmed potentiellt sett ökar mottagen signalstyrka. Algoritmen alternerar
mellan att differentiellt justera lobformen horisontellt och vertikalt, utan ökad
overhead. Algoritmen har testats för olika antennuppställningar i ett stadsscenario och ett landsbygdsscenario med horisontell användarfördelning, vilken dock
har visat sig vara en begränsande faktor för att påvisa de potentiella vinster som
differentiell lobformning i två dimensioner för med sig. Resultatet visar att det
är viktigare att kunna erhålla en smal lob i den dimension där det finns många
användare, i detta fall den horisontella dimensionen, än i den ortogonala dimensionen.
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Abstract
Base stations with multiple antenna elements can actively direct signal energy
towards a user by means of beam-forming, which results in higher data rates
and lower energy consumption compared to a single antenna element. However,
beam-forming requires channel state estimates to each antenna element and in
an fdd system, these estimates must be fed back to the base station from the user.
This feedback infer an inconvenient amount of overhead, especially as the beam
gets narrow. Differential beam-forming is a robust technique that, through differential adjustments to the beam shape, allows for narrow and well-directed beams
at a low overhead cost. By means of two precoded reference signals from the
base station, the user estimates the channel and iteratively reports how the beamforming should be improved in order to increase the sinr of the sent signal. This
thesis develops an algorithm that extends differential beam-forming to the usage
of two-dimensional antenna arrays, which allows for adjustments of the beam in
two dimensions. Thereby, the received signal strength is potentially increased.
The algorithm alternates between differential adjustments to the beam horizontally and vertically, without increased overhead. The algorithm is simulated with
different array sizes using an urban and a rural scenario with a horizontal user
distribution. However, the biased user distribution has proven to constitute a
limiting factor in order to demonstrate the potential benefits of differential beamforming in two dimensions. The result shows that it is more important to obtain
a narrow beam in the dimension where many users are located, in this case the
horizontal dimension, than in the orthogonal dimension.
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Notation
R+
C
NT
nT
NR
nR
NT,v
nT,v
NT,h
nT,h
d
NP
nP
s
r
h
x
y
b
w
pn P
anT,v
F
PnP
B
H

Description
The set of all non-negative real numbers, 0 ∈ R+
The set of all complex numbers
Integer, number of transmit antennas at the transmitter
Integer, index of a generic transmit antenna, nT ∈
[1, NT ]
Integer, number of receive antennas at the receiver
Integer, index of a generic receive antenna, nR ∈
[1, NR ]
Integer, number of rows in an antenna array
Integer, index of a row in an antenna array, nT,v ∈
[1, NT,v ]
Integer, number of columns in an antenna array
Integer, index of columns in an antenna array, nT,h ∈
[1, NT,h ]
Real number ∈ R+ , the distance between antenna elements in an antenna array
Integer, number of antenna ports
Integer, index of a generic antenna port, nP ∈ [1, NP ]
Complex number, symbol to be sent at the transmitter
Complex number, symbol received at the receiver
Complex number, channel coefficient
Complex-valued vector, input to the channel
Complex-valued vector, output from the channel
Complex-valued vector, the beam-vector
Complex-valued vector, the precoder
Complex-valued vector, port to antenna mapping for
port nP
Complex-valued vector, port to antenna mapping for
row nT,v in PnP
Complex-valued matrix, port to antenna mapping for
all antenna ports
Complex-valued matrix, port to antenna mapping for
port nP
Complex-valued matrix, beam-matrix
Complex-valued matrix, channel realization
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Abbreviations
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Description
3rd Generation Partnership Project
Third Generation
Fourth Generation
Fifth Generation
Base Station
Cumulative Distribution Function
Channel Quality Indication
Cell-specific Reference Signal
Channel State Information
csi Reference Signal
Differential Beam-Forming
Discrete Fourier Transform
DeModulation Reference Signal
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Long Term Evolution
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Orthogonal Cover Code
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Physical Downlink Shared CHannel
Precoder-Matrix Indication
Rank Indication
Signal-to-Interference-and-Noise Ratio
Signal-to-Noise Ratio
Single User mimo
Time Division Duplex
Transmission Time Interval
User Equipment
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Introduction

This chapter presents the purpose of the thesis and how the scope of the thesis
relates to previous research in the field of mobile communications.

1.1

Motivation

Communication, the ability to make oneself understood by transmitting information, is essential for creating connections between people and to understand the
world we live in. This has been true through all times and what has differed is
how, and by what means, the communication has occurred. Early human communication consisted of physical face-to-face speech and body language, which can
be seen as the basic and natural way to communicate. Later the way to communicate was extended to distant signaling through smoke signals, the sound of field
drums and trumpets on the battlefield and to written letters. The signaling, and
the natural way the human being communicates, finally transformed into today’s
highly technical wired and wireless communication systems, which are used to
transfer data such as speech and text messages.
With today’s communication systems, wireless access to data networks such
as the Internet, mobile connectivity and high data rates are taken for granted
in most people’s everyday life. As a matter of fact, to always be connected and
reachable wherever we are has become a natural part of our lives and therefore
our communication systems have affected the way we live and what we can expect
from one another. Moreover, the development towards an even more connected
community, where even machines are connected, has already started and it continues in a rapid pace [8]. How an even more connected community will affect us
as human beings is hard to tell, however it is easy to conclude that the number of
connected devices will increase and that future communication systems, such as
the fifth generation of mobile communication systems, 5G, must be designed to
1
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serve a massive amount of connected equipment. Ericsson [4] mentions billions
of connected devices for the use cases envisioned for 5G and stresses the focus on
system capabilities such as high data rates, low latency, high reliability and the
ability to handle extreme device densities.
Before going any further into how the requirements of future mobile communication systems can be met, it should be noted that whenever a wireless connection is used instead of a wired, two fundamental challenges occur, that is
fading and interference. Fading concerns the time and frequency variation of
the channel strength due to multipath fading and path loss, through attenuation
and shadowing [3, p.1]. Interference means disturbance between transmitted signals, intended for different users, since there is no point-to-point communication
when using wireless transmissions [3, p.1]. Traditionally, wireless systems have
tried to increase the reliability of the air interface, meaning that fading and interference have been seen as troublesome phenomena that must be countered. This
focus has shifted, though, and nowadays the focus is put on spectral efficiency,
that is increasing the utilization of the available bandwidth, and the effects of
fading are seen as an opportunity to exploit rather than an effect to counteract [3,
p.2].
One way of serving a huge number of users in a mobile communication system is to use a multi-antenna technique called beam-forming. The goal of beamforming is to improve the signal-to-interference-plus-noise ratio at the user, eventually improving the system capacity and the coverage [5, p.100]. The idea of
beam-forming is to transmit signals, intended for a certain user, from the base
station in the direction of the user, or rather along the path to the user since there
might not be Line-Of-Sight (los). A signal with a certain directivity is achieved
by means of applying phase shifted versions of the same signal on multiple transmit antennas. This results in that the signals sent from the antenna array add up
constructively and destructively in space, such that a radiation pattern is created.
To be clear, when an antenna is fed with an alternating current, a electromagnetic field is created. This field can have different intensities in different directions and is referred to as the antenna radiation pattern [7, p.110]. As antennas
are combined in an antenna array, the radiated electromagnetic waves are added
up, resulting in the radiation pattern of the antenna array. For the purpose of
beam-forming, the radiation pattern is created in such a way that its main lobe
is directed towards the target user. This therefore allows for directing signals to
individual users and beam-forming thereby has the potential of suppressing user
interference and increasing the received signal strength.
However, in order to shape the beam, i.e. the radiation pattern, such that it
is directed towards a specific user, the transmitter needs information concerning
the downlink channel. As the wireless channel varies over time, the challenge
with beam-forming is to get correct channel estimates. Since the channel estimates constitute the basis for deciding how to shape the beam, essentially what
phase shifts that should be applied to the signals sent over the antennas in the antenna array, it is of great importance to get correct channel state information, and
to have an effective way to estimate the channel. One way to achieve downlink
channel state information is by letting the user measure downlink reference sig-

1.1

Motivation

3

nals and then report the channel state to the base station. Then the base station
can perform beam-forming based on the reported channel state. However, when
using highly focused beams, in order to suppress interference, the importance of
having correct channel estimates increases. More detailed channel state information can be acquired by increasing the number of channel state reports, but this
unfortunately results in increased overhead.
The challenge of performing highly focused beam-forming at a low overhead
cost has therefore gathered recent research interest. The authors in [9] propose a
method where a multilevel codebook is designed in an environment with a low
number of multipaths. The codebook is created off-line according to the coverage requirements of a certain cell and an iterative beam scheduling is proposed
that searches through the codebook to choose the beam giving the highest signal strength for a given user. This is shown to increase performance in terms
of throughput and power consumption for the studied scenarios. The method is
also well adapted to frequency division duplex systems (fdd), which usually require a large amount of feedback to perform highly focused beam-forming, since
the method limits the feedback from the user.
Another method that focuses on accurate downlink channel estimation at a
low overhead cost is proposed in [11], with the particular interest of allowing
massive mimo in systems using fdd. mimo refers to antenna deployments where
there are multiple transmit and receive antennas and massive implies an excessive number of antennas at the base station. In [11] the idea of a codebook-based
feedback framework is presented, where the coverage area of an fdd massive
mimo system is divided into sub-sectors in azimuth and elevation. In each subsector there are multiple narrow beams, which together cover the area of the subsector. The codebook-based feedback process then is applied and limited to the
beams in the sub-sector to which the user belongs. The method is shown to provide a substantial performance improvement for large two-dimensional antenna
arrays compared to today’s existing lte systems.
This thesis concerns a method called Differential Beam-Forming (dbf), which
at the time of writing still is under development by researchers at Ericsson Research. Unlike [9] and [11], dbf iteratively and dynamically creates beams intended for certain users, thereby having the potential of increasing the robustness
against channel estimation errors. The creation of a beam is realized through iterative and dynamical adjustments to its shape and directivity, based on channel
state information reported by the user. As part of this information, the user reports a codeword from a fixed codebook that is used to create a new, even more
adapted beam, in the next iteration together with successive activation of antenna
elements in the array. Through this procedure, the feedback from the user is limited and the ability to further narrow or widen the beam after each report makes
dbf an interesting and efficient version of beam-forming, especially for fdd systems, since highly focused beams can be achieved at a low overhead cost.
It should be noted that there are no publications available for the dbf, since
the method is still under development, and this thesis has been carried out in conjunction with an investigation of dbf at Ericsson Research. What distinguishes
this thesis from the parallel study on dbf, is the dimension of the antenna ar-
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rays used. Outside the scope of this thesis, dbf has only been investigated for
one-dimensional antenna arrays, while this thesis conducts an investigation concerning how dbf should be applied on two-dimensional antenna arrays. Since
the radiation pattern of an antenna array can only be adjusted in the same dimension as the antenna array spans, beams for one-dimensional antenna arrays can
only be shaped in one dimension. This means that the radiation pattern can be
made really narrow in one dimension, but still be very wide in the orthogonal
dimension. This can be seen as a waste of signal energy since the aim is to target
a user that has a certain spatial location, therefore it would be even better to have
a beam that targets the user like a flashlight. That is, using a beam that is equally
wide in the horizontal and vertical dimension.
In order to create a flashlight beam, also known as pencil beam [7, p.117], or
any other beam shaped in two dimensions, the antenna array must be extended
to two dimensions. With beams made narrow in two dimensions, there is potential for further interference suppression and together with dbf it should also
be possible to increase robustness against channel estimation errors. How dbf
should be applied on two-dimensional antenna arrays is therefore an interesting
problem to investigate, not only due to its potential benefits but also since it is a
non-trivial issue whether antenna elements in the two-dimensional array should
be activated horizontally or vertically. That is, if the beam should be narrowed
horizontally or vertically.
Finally the question may arise, why dbf, or any other of the related techniques,
is needed at all in order to perform highly focused beam-forming. Would it not
be easier to estimate the angle of arrival based on uplink signals, i.e. signals sent
from the user, and then use that estimate in order to direct the beams sent in the
downlink? This method would certainly be simpler than dbf and the methods
proposed in [9] and [11]. For time division duplexing (tdd), where the same frequency is used in uplink and downlink, and for fdd having los, the approach
using angle of arrival for deciding beam direction would possibly be accurate
since there is no strong influence of multipaths and scattering to the angle of
arrival. However, for fdd having non-line-of-sight (nlos), meaning that multipaths and scattering are present, the signals in uplink and downlink may have
different propagation paths due to the use of different frequencies. Therefore it is
not straightforward to use angle of arrival estimations in order to shape the downlink beam. Thus, dbf instead relies on downlink channel state reports from the
user, allowing for shaping of the downlink beams along the strongest propagation
path to the user. Thereby, dbf has the potential of covering users experiencing
nlos.

1.2

Objective and Novel Contributions

This thesis constitutes an investigation concerning how differential beam-forming
should be extended in order to be applied on two-dimensional antenna arrays. Especially an algorithm for antenna activation in two dimensions is developed. A
comparison between one- and two-dimensional dbf is conducted, where interfer-

1.3

Problem Formulation

5

ence suppression and user throughput are studied in particular. This research is
performed within the context of fdd lte, but also addresses future communication systems since the potential benefits of two-dimensional dbf face the forecast
of an increased number of connected devices.

1.3

Problem Formulation

The extension of differential beam-forming from one to two dimensions has several challenging aspects. The two main questions that this thesis is aimed to
answer are further specified below.
1. How should differential beam-forming be applied on two-dimensional antenna arrays?
(a) Is there a measure that can be used to decide whether antenna elements in a two-dimensional antenna array shall be activated horizontally or vertically, i.e. whether the beam shall be narrowed horizontally
or vertically?
(b) What is the best iterative method to update the antenna radiation pattern in two dimensions?
2. Does differential beam-forming using two-dimensional antenna arrays perform better than differential beam-forming using one-dimensional antenna
arrays?
(a) How does the interference suppression differ in terms of sinr?
(b) How does the user throughput differ?
(c) How does the antenna array size affect overall performance?

1.4

Assumptions and Limitations

This thesis is limited to downlink beam-forming in an fdd lte system, where
the dbf realization is close to the concepts of non-codebook-based precoding [5,
p.169] as well as closed-loop codebook-based precoding [5, p.167]. Moreover, this
thesis only treats rank-one transmissions. That means that no spatial multiplexing is used and all data transmitted within a certain time-frequency resource is
intended for a single user only. It is also assumed that no frequency is reused in
the same cell, which means that interfering signals for a certain user may only
originate from neighboring cells.
The antennas at the base station are assumed to be placed in rectangular antenna arrays with an inter-antenna distance of half a wavelength in both dimensions. Moreover, the antenna arrays used in this thesis have fixed sizes. That
is, the algorithm for antenna activation takes array size constraints into account,
meaning that the array size limits how narrow the beam can be made in the horizontal and vertical dimension. If merely the number of antennas was fixed during the antenna activation procedure, and not the size of the antenna array, the
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algorithm might be designed differently. Another assumption is that the antenna
arrays at the base station, used for dbf, have sizes where the number of antenna
elements in each dimension is a power of two. This is due to the design of dbf,
described in chapter 5.

1.5

Thesis Structure

The introductive chapters 2, 3, 4 and 5 cover related theory for studying differential beam-forming using two-dimensional antenna arrays in an lte fdd system.
Chapter 6 presents the investigation method and chapter 7 contains the results.
The last chapters 8, 9 and 10 cover discussion, conclusions and further research
respectively. In more detail:
• Chapter 2 presents the system that is studied in this thesis as well as parameters that affect the system. Multi-antenna configurations are discussed
and antenna radiation patterns are described briefly. The chapter also introduces the notation used throughout the report and covers some important
properties of wireless channels. The channel model is presented and some
metrics are defined.
• Chapter 3 gives an overview of lte, starting from a system perspective,
then describing the protocol architecture. The focus of the lte chapter lies
on procedures related to get channel state information and the physical
layer.
• Chapter 4 covers basics about antenna weighting that makes precoding and
beam-forming possible. Also, codebook-based and non-codebook-based precoding are discussed.
• Chapter 5 presents differential beam-forming for one-dimensional antenna
elements. That is, the overall idea is presented and the potential strengths
are described. The chapter also includes a thorough description of how
differential beam-forming can be realized in an lte fdd system.
• Chapter 6 describes the method used to study and develop an algorithm
for dbf using two-dimensional antenna arrays. The chapter is divided into
three parts, covering the pre-study, the algorithm design and the simulator
setup respectively.
• Chapter 7 presents the results from the three different parts in the investigation. First the findings of the pre-study is presented, then the dbf algorithm used in the simulations is described. Finally, the results from the
simulations are presented.
• Chapter 8 comments and discusses the simulation results and also analyses
the investigation in general to find shortcomings in the method described
in chapter 6.
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• Chapter 9 answers the problem formulation and thereby concludes the investigation concerning differential beam-forming using two-dimensional
antenna arrays in an lte fdd system.
• Chapter 10 proposes further research for the differential beam-forming
technique using two-dimensional antenna arrays.

2

System Model

This chapter presents the wireless channel and the system studied in the thesis
as well as parameters affecting multi-antenna configurations.

2.1

The Wireless Channel

This thesis studies a wireless channel between a transmitter and a receiver. As
mentioned in the introduction, one defining characteristic of a wireless channel
is that it varies over time and frequency. These variations can be divided into two
different types of fading, that is large-scale fading and small-scale fading. Largescale fading is due to path loss, that is attenuation of a signal as a function of the
distance, and shadowing by large hills and buildings. The small-scale fading, on
the other hand, relates to constructive and destructive interference of signals due
to multiple signal paths between the transmitter and the receiver [3, p.10]. Wireless channels are often categorized as fast fading or slow fading. This relates to
the coherence time, the time for which the channel does not change significantly.
The authors in [3] refer to a fast fading channel as the coherence time is much
shorter than the delay requirement of the application using the channel. Similarly, a slow fading channel is referred to as the coherence time is longer than the
delay requirement of the application [3, p.31]. Concretely this means that coded
symbols can be transmitted over multiple realizations of the channel in a fast fading channel, but not in a slow fading channel. The channel fading can also be
either frequency flat or frequency selective. A channel is said to be flat fading
if the coherence bandwidth of the channel, that is the bandwidth for which the
frequencies are faded essentially the same, is greater than the bandwidth of the
transmitted signal. The other way around, a channel is said to be frequency selective if the coherence bandwidth is smaller than the bandwidth of the transmitted
signal [3, p.33].
9
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Another characteristic of a wireless channel is the disturbance of signals due
to noise and interference. This thesis assumes universal frequency reuse, meaning that the full bandwidth available for the system is reused in each cell [3,
p.122]. As a matter of fact, no frequencies within the same cell will interfere,
only inter-cell interference exists since neighboring cells use the same frequencies. That is, the frequency reuse factor is one, implying that all cells use the
same frequencies. For better understanding, figure 2.1 shows a cellular antenna
network with a hexagonal 3-site deployment having 3-sector sites. This means
that each site, also known as a base station (bs), is responsible for three sectors,
that is three cells. The bs has a set of antennas, e.g. antenna arrays, directed to
cover each entire cell. The user, referred to as the user equipment (ue), located
in cell A is served by the bs covering cell A, D and E, and the signals transmitted
from neighboring base stations are perceived as interference. According to the
schematic figure, most of the interference would originate from the base station
antennas directed to cover cell B, C, F and G since they somewhat face cell A.
The antennas covering cell D, E, H and I, on the other hand, would not interfere
much, since they are not at all directed towards cell A.

D
E

C
BS

I

A
BS

B

F

UE

G
BS

H

Figure 2.1: A cellular network showing the base station deployment as well
as a user, served by the base station covering cell A.

2.1.1

Channel Model

This thesis studies the downlink between a bs with NT transmit antennas and a
ue with NR receive antennas, see figure 2.2. The thesis considers all signals in
an equivalent, time-discrete baseband model [3, p.25]. The impulse response of
the channel between nthe nT :th antenna element at the
o bs and the nR :th antenna
at the ue is denoted hnR nT [`] ∈ C, ` = 0, . . . , L − 1 . The integer L denotes the
number of taps in the channel. Assume that xnT [n] denotes the signal transmitted
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hNR

hNR

NR

hNR
NR

Figure 2.2: A single-user mimo channel model.
at antenna element nT at time instance n, then the received signal at antenna nR
at time instance n is given by:
ynR [n] =

NT X
L−1
X

hnR nT [`]xnT [n − `].

(2.1)

nT =1 `=0

By assuming that the transmissions occur in blocks of N data symbols and
that the bs adds a cyclic prefix, that is
xnT [n] = xnT [N + n],

n = −L + 1, . . . , −1,

∀nT ,

(2.2)

the received signal can be seen as a cyclic convolution:
ynR [n] =

NT 
X

hnR nT [n] ~ xnT [`] [n].

(2.3)

nT =1

Since a cyclic convolution in the time-domain can be seen as a multiplication
in the frequency-domain, the received signal can be seen as N frequency flat
subchannels:
ỹnR [v] =

NT
X

h̃nR nT [v]x̃nT [v],

v = 0, . . . , N − 1,

nT =1

where
ỹnR [v] =

NP
−1
n=0

e−j2πnv/N ynR [n],

∀nR ,

(2.4)
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e−j2πnv/N hnR nT [n],
e−j2πnv/N xnT [n]

are the Fourier-transforms of the signals in the time-domain. To consider transmissions in the frequency-domain, in the aforementioned way, is called orthogonal frequency division multiplexing (ofdm). In this thesis, the simplified assumption that the channel in equation 2.1 is frequency flat is used. However, in
equation 2.4 it is shown that all frequency selective channels can be seen as N
frequency flat channels. Thus, the assumption about frequency flatness does not
restrain the generality.
This thesis assumes that L = 1. Therefore, the received signal can be expressed
using matrix notation:
y = Hx + n,
(2.5)
where y is a complex-valued column-vector containing ỹnR [v], ∀nR , H is a complexvalued matrix with NR rows and NT columns comprising the fading coefficients
h̃nR nT [v], ∀nR nT , x is a complex-valued column-vector containing x̃nT , ∀nT and n
is a complex-valued column-vector with noise components for all receive antennas.
The channel model described is a single-user mimo model, figure 2.2. The
symbol s ∈ C is to be transmitted over the channel and the received symbol can
be denoted r ∈ C. As can be seen in figure 2.2, the symbol s is fed to a complexvalued beam-vector b = (b1 , b2 , . . . , bNT )T , which can be said to weight the individual transmit antenna elements, and the channel input vector x is created, x = bs.
Weighting signals can be referred to as precoding and when the antenna weights
are chosen such that a pronounced beam direction is created, the precoding can
be considered as beam-forming. At the receiver, y is received and the received signals are combined, using a combiner C ∈ C1×NR , such that r = Cy. The combiner
uses an interference rejection combination algorithm based on a Minimum Mean
Square Error (mmse) filter. This means that linear receive-antenna combining is
used to suppress strong interferers to get a high signal-to-interference-plus-noise
ratio.
The transmitter side of the studied system is further described by figure 2.3.
The beam-vector b is built up by a complex-valued precoder w and a complexvalued port-to-antenna mapping matrix F, such that b = Fw. The precoder w constitutes a weight-mapping between the symbol s and NP so called antenna ports.
The antenna ports can be thought of as logical units over which s is sent. The precoder w = (w1 , . . . , wNP )T allows for introducing phase shifts between the antenna
ports, meaning that the transmitted signal energy can be focused in a certain direction. The weighted antenna ports can be described by t = (t1 , . . . , tNP )T = ws.
The purpose of the port-to-antenna mapping matrix F is to map the NP antenna
ports to NT physical antenna elements. Thus, each column in F comprises a linear
combination of NT antenna elements, forming one antenna port represented by
a port vector pnP . Consequently, F has NT rows and NP columns and the relation
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Figure 2.3: A model of the transmitter, presenting what the beam-vector
comprises.

x = Ft holds. Worth noting is that elements in F very well may have zero-valued
weights, meaning that the corresponding antenna elements are inactive. Equation 2.6 summarizes the transmitter side relation between a symbol s and the
channel input x.
x = Fws
(2.6)
Considering the whole system, the relation between the transmitted symbol s
and the received symbol r can now be expressed according to equation 2.7.
r = C (HFws + n)

2.1.2

(2.7)

Precoders

In this thesis NP = 2. That is, there are two antenna ports. The precoders therefore have two elements, one for each antenna port. Since it is the relative phase
shift between the antenna ports that makes a difference for directing signal energy, only one of the elements in the precoder possibly introduces a phase shift
to its antenna port. Relation 2.8 shows four precoders that can be used in the
transmitter and this set of precoders is used in many examples throughout the
report. The four precoders can be said to constitute a fixed codebook Cf , which
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consequently has four codewords. Consecutive codewords differ by π/2 radians.
π T
1 
wi = √ 1, e j 2 i ,
2

i ∈ {0, 1, 2, 3}

(2.8)

Relation 2.9 describes another fixed codebook with eight codewords. This
codebook has a higher resolution, meaning that the beam-direction can be chosen with higher precision. The codebook with eight codewords are used in the
simulations run in the thesis. In this codebook consecutive codewords are only
separated by π/4 radians.
π T
1 
wi = √ 1, e j 4 i ,
2

i ∈ {0, 1, 2, 3, 4, 5, 6, 7}

(2.9)

The number of elements in a codebook, that is the number of codewords, can
be referred to as the cardinality of the codebook. Mathematically, the cardinality
can be achieved using the cardinality operator # on the set C. As the cardinality increases, so does the granularity of the codebook. The granularity is the
resolution of the codebook in terms of what directions can be achieved with the
different codewords. The codebook in (2.9) therefore has a higher granularity
than the codebook in (2.8).
In addition to the fixed codebook, used for the precoders wi , a virtual codebook Cv may be defined. The virtual codebook can be said to comprise all beamvectors that can be created using the precoders in Cf and different port-to-antenna
mappings F. Therefore, the virtual codebook comprises codewords containing explicit weights for the antenna elements.

2.2

Multi-Antenna Configurations

The NT antenna elements at the base station together constitute an antenna array.
In this thesis the antenna elements are placed such that a rectangular antenna
array is created. Thus, the size of an array may be described according to the
notation NT,v × NT,h , where NT,v denotes the number of rows and NT,h denotes
the number of columns of antenna elements in the array. Consequently, the total
number of antenna elements in an array is NT = NT,v NT,h . Throughout this thesis,
it is assumed that the antenna array is aligned such that the rows in the array correspond to antenna elements in the horizontal dimension and that the columns
correspond to antenna elements in the vertical dimension.
In order to explain the mapping between a certain antenna element in an
antenna array of size NT,v ×NT,h and the same element in each antenna port vector
pnP in F, consider an antenna port matrix PnP that have the same size NT,v ×NT,h as
the antenna array. The antenna port matrix PnP holds weights for each antenna
element in the antenna array, non-zero weights for those elements that belong
to antenna port nP and zeros for remaining elements. Each row in PnP can be
represented by a row vector anT,v . Therefore, each column vector pnP in F can
be described by pnP = (a1 , . . . , anT,v )T . Thus, the elements in an antenna array
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map row-wise to each column vector in F. Introducing the notation with antenna
port matrices, representing each antenna port, will ease the understanding of
certain calculations since the antenna port matrices have the same size as the
actual antenna array.
Since the antenna elements in an antenna array have different spatial locations, the signals transmitted from the antenna elements can be assumed to experience different fading. How similar this fading is between individual antenna
elements, that is the extent to which signals transmitted from two antenna elements experience the same channel, can be described using the mutual correlation, in terms of fading between antenna elements. If there is high mutual
correlation, the antennas are assumed to experience essentially the same channel.
On the other hand, if there is low mutual correlation, the antennas can be said to
experience different channels. Whether an antenna array has high or low mutual
correlation depends on some antenna array properties, covered in the subsequent
paragraphs, but clearly the mutual correlation has an impact on what the antenna
array can be used for. For example, an antenna array with high mutual correlation is appropriate for directional beam-forming whereas low mutual correlation
is better for achieving diversity [5, p.60]. Therefore, the mutual correlation becomes a defining characteristic of any antenna array [5, p.59].
One of the properties, affecting the mutual correlation, is the relation between the distance between individual antenna elements and the wavelength
used, where the wavelength of course translates to the frequency used. A large
distance between antenna elements, such as several wavelengths, results in low
mutual correlation whereas a short distance, such as fractions of a wavelength,
causes high mutual correlation. Another factor that affects the mutual correlation between antennas is the polarization of the antennas. By applying different
polarization to the antennas, it is possible to achieve an antenna array with short
distance between the antenna elements, while at the same time having low correlation [5, p.60]. As will be presented later in this chapter, this thesis treats
antenna arrays where all antenna elements have the same polarization and an
inter-antenna distance of half a wavelength. Therefore, if just considering the
antenna geometry, the individual antenna elements can be assumed to have high
mutual correlation.
Except for the mutual correlation between antenna elements in an antenna
array, the antenna types used in the antenna array affect the properties of the
multi-antenna configuration. That is, the antenna array radiation pattern is directly affected by the choice of antenna types. There are several different types of
antennas, e.g. isotropic and directional antennas. An isotropic antenna has a uniform radiation pattern in all directions. That is, it transmits equal signal power
in all directions [7, p.38]. However, this is hard to achieve in reality and thus
a perfect isotropic antenna only exists in theory. An omni-directional antenna
is similar to an isotropic antenna but spreads the signal power uniformly in only
one plane, meaning that the signal power can vary in other planes [7, p.110]. Typically the power decreases as the angle to the plane with constant transmit power
increases. The radiation pattern of an omni-directional antenna can be said to be
“doughnut shaped”. There also exist even more directed antenna types, so called
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directional antennas, where the radiation pattern is concentrated to a specific direction [1, p.33], only covering a certain sector in space [7, p.116]. Thus, these
antennas are appropriate for deployments where the signals sent are intended
for a certain direction. In this thesis, both isotropic and directional antennas
have been used.

2.2.1

Antenna Gain

In practical multi-antenna configurations it is common to use omni-directional or
directional antenna elements. That is, often the purpose is to transmit signals in
a certain spatial direction and therefore it is waste of signal energy to spread the
signals in all directions [7, p.112]. For directed antenna elements, the radiation
pattern consists of lobes of different sizes, as shown in figure 2.4. The main lobe
corresponds to the direction of maximum transmit power. Opposite to the main
lobe the back lobe is located. Between the main lobe and the back lobe several
side lobes are located, which are separated by so called nulls where there is no
radiation at all [7, p.111]. The width of the main lobe, the beamwidth, is generally
defined as the angular separation between two identical points on opposite side
of the radiation pattern maximum [1, p.42]. More specifically, for a radiation
pattern there is a set of beamwidths defined, where the most common is called the
half-power beamwidth, ω3dB . This beamwidth is defined to be the angle between
the two directions, for which the radiation intensity is one-half of the maximum
radiation intensity of the beam [1, p.42]. The conceptual radiation pattern of
a directional antenna in two dimensions, shown in figure 2.4, also presents the
directions indicating the half-power beamwidth.
In order to maximize the received signal strength at the intended spatial location, the antenna element is aligned such that the main lobe is directed towards
the spatial location of interest. The gain in received signal strength, compared
to the received signal strength using an isotropic antenna, is referred to as the
antenna gain. The antenna gain is often expressed in dB or dBi, to indicate that
an isotropic antenna is used as reference [7, p.112]. It should be noted that the
antenna gain is defined for an individual antenna and should therefore not be
mistaken for the array gain, also known as power gain, which is explained later
in this chapter.

2.2.2

Linear Antenna Arrays

Multi-antenna configurations where the antenna elements are aligned next to
each other in a line are referred to as linear antenna arrays, or one-dimensional
antenna arrays, and can be seen as special cases of rectangular antenna arrays.
Linear antenna arrays used for beam-forming purposes often have a uniform distribution of the individual antenna elements. That is, the antenna elements are
equally spaced in the array, often with a fraction of a wavelength, since high mutual fading correlation is appropriate for beam-forming purposes. The antenna
elements in the array can be of different types, but in most cases all elements in
the array are of the same type [1, p.283]. In this thesis, the inter-antenna distance
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ω3dB

Figure 2.4: Radiation pattern of a directional antenna in two dimensions [7,
Figure 3.8].
d in the arrays used is half a wavelength and all antenna elements in the array
are of the same type. The wavelength is generically denoted λ. Figure 2.5 shows
a linear antenna array of size 1 × NT,h .

d=λ/2
NT,v=1
1

2

3

NT,h-1 NT,h

Figure 2.5: A linear antenna array with an inter-antenna distance of half a
wavelength.
As several antenna elements are used to transmit a signal in an antenna array, the antenna array radiation pattern is determined by the sum of the patterns
radiated from the individual antenna elements. That is, vector addition of the
electromagnetic fields, emitted by the antenna elements, yields the resulting antenna array radiation pattern [1, p.283]. In other words, the signals transmitted
from the antenna elements are added more or less constructively or destructively
at all spatial locations, resulting in an antenna array radiation pattern. Similar to
an individual antenna element, the antenna array has a main lobe, side lobes and
a back lobe. The antenna array can therefore be thought of as a single antenna,
which has an increased “antenna gain” and directivity compared to a single antenna element. For antenna arrays, the antenna gain is known as the array gain
or the power gain. The array gain is affected by the number of transmit antennas
as well as the number of receive antennas. As the number of transmit antennas
increases, so does the received signal strength assuming coherent transmission.
The received signal power increases linearly with the number of transmit antennas in the array if the signals add up constructively at the receiver. Therefore, a
doubling of antenna elements in the array possibly corresponds to a 3dB greater
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array gain, under the assumption that the inter-antenna distance is kept constant
[3, p.72].
The direction of the main lobe of an antenna array can be altered, by means
of transmitting phase shifted versions of a signal from the antenna elements in
the array. However, for a linear antenna array, it is only possible to change the
direction of the main lobe in the same dimension that the array spans, under the
assumption that all antenna elements in the array are of the same type. Also the
width of the main lobe can be altered, but only in the same dimension that the
antenna array spans. As a rule of thumb, the more antenna elements in the array
the narrower the beam can be made, if the inter-antenna distance in the array is
constant.

2.2.3

Planar Antenna Arrays

Planar antenna arrays, also known as two-dimensional antenna arrays, span two
dimensions. Clearly, the rectangular antenna arrays mentioned earlier are twodimensional antenna arrays. As for the linear antenna arrays, the inter-antenna
distance is half a wavelength, this time in both dimensions, and the same type of
antenna elements is used throughout the whole antenna array. Figure 2.6 shows
a planar antenna array with size NT,v × NT,h . As can be observed in the picture,
the planar antenna array can be thought of as a grid of antenna elements.

1

2

3

NT,h-1

NT,h

1
2
d=λ/2
3

NT,v-1
NT,v
Figure 2.6: A planar antenna array with an inter-antenna distance of half a
wavelength.
The advantage of two-dimensional antenna arrays, compared to one dimensional, is that the direction of the main lobe can be altered in both dimensions
[7, p.117]. How narrow the beam can be made in each dimension is related to
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the size of the antenna array. For an antenna array of size 2 × 8, the main lobe
can be made narrower horizontally than vertically since there are more antenna
elements in the horizontal dimension. On the other hand, for an antenna array
of size 8 × 2 there are more antenna elements in the vertical dimension, allowing
for a main lobe made narrower vertically than horizontally. Therefore, in order
to create a so called pencil beam or flashlight beam, that is creating a main lobe
having the same narrow beamwidth in both dimensions, a quadratic antenna array is required. Due to the highly focused radiation pattern of a pencil beam, this
beam has a pronounced directivity and therefore becomes interesting for beamforming purposes. It should be noted that the array gain, mentioned in 2.2.2, is
also applicable for two-dimensional antenna arrays.

2.3

Signal-to-Interference-Plus-Noise-Ratio

In the field of communication, signal-to-interference-plus-noise-ratio (sinr) is
commonly used to get a measure of the quality of the received signal. High sinr
imply that the signal received is of good quality. sinr is the ratio between the
power of the intended signal and the interference plus noise experienced by the
channel. In this thesis, the only interference originates from other cells. Therefore, if there are K cells and a certain user belongs to cell k, the intended signal
for a user in cell k can be written as Hk xk . Also, the interference experienced by a
K
P
user in cell k can be written as
Hj xj . Thus, the sinr for a user in cell k can be
j,k

described according to equation 2.10.
sinr =



E 

h
i
E kHk xk k2
2
K

P


Hj xj  + E knk2

j,k

(2.10)

3

LTE Overview

Long-Term Evolution (lte) is a mobile communication standard, targeting high
spectral efficiency, high peak data rates and flexibility in frequency and bandwidth. In 2008 the first release of lte, Release 8, was frozen by the global
standards-developing organization Third Generation Partnership Project (3GPP)
and since then enhancements have been added to the standard in subsequent releases [10]. With the additions introduced in Release 10, the standard was also
named lte-Advanced.
In terms of generations for mobile communication technologies, lte and lteAdvanced are known as the Fourth Generation (4G). However, some claim that
the true 4G was first reached in lte-Advanced, and that Release 8 and 9 therefore
should be labeled 3.9G [5, p.1]. Anyhow, this is all about labeling and what is
interesting is the technique behind the labels. Therefore, it should be pointed
out that lte and lte-Advanced, in this context, are the same technology. That
is, lte and lte-Advanced are not separate systems, but one that is being further
developed and standardized by 3GPP [5, p.1].
lte is, unlike its predecessors, designed for packet-switched services only [5,
p.95] and provides old circuit-switched services over ip, e.g. Voice-over ip. In earlier generations the packet-switched services have merely been seen as add-ons
to the circuit-switched services. In 1G, the radio system was analog and there
were no data services available. In 2G, the first digital mobile systems were introduced. gsm was designed for circuit-switched services and could offer low-rate
circuit-switched data services. gprs then introduced packet-switched services
and could be seen as an add-on to gsm. Then edge, sometimes referred to as
2.5G, enhanced the data rates for the packet-switched services in gprs, since the
demands on data applications increased. In 3G there was both circuit-switched
and packet-switched services and this was the first mobile system handling broadband data. It was not until 3G Evolution into hspa, and eventually lte, that
21
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packet-switched services became the primary design target [5, p.7].
The design choice of making lte packet-switched reflects today’s demands
and strong focus on data services rather than voice services. As a result, some
of the drivers for lte were, and still are, high data rates, low latency and high
capacity, which all have the potential of meeting the ever increasing demands on
data services. This thesis makes an attempt to contribute to the evolution of 4G
and has been conducted and simulated in an lte fdd context. Therefore, this
chapter provides an overview of lte, with the aim of providing the context in
which this thesis has been performed. Thus, all information in this chapter is
not needed to understand the thesis but may ease the understanding of the lte
framework.

3.1

System Architecture

lte is a radio-access technology, specifying the Radio-Access Network (ran).
This includes all radio-related functionality. However, in order to provide any
services there must also be a Core Network (cn). lte ran is used together with
the so called Evolved Packet Core (epc) and together they constitute the Evolved
Packet System (eps) [5, p.109].

3.1.1

Core Network

The epc only provides a packet-switched domain and has no connection to any
circuit-switched domain. Some of the nodes are the Mobility Management Entity
(mme), the Serving Gateway (s-gw), the Packet Data Network Gateway (p-gw)
and the Home Subscriber Service (hss) [5, p.110], seen in figure 3.1.

Figure 3.1: epc architecture [5, Figure 8.1].
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The mme constitutes the control-plane node of the epc, therefore having responsibility for procedures such as connection/release of bearers to a terminal.
The s-gw is the user-plane node and makes up for the connection between epc
and the ran. It also acts as a mobility anchor when the terminals move between
base stations and it is also in charge of collecting information and statistics. The
p-gw connects the epc to the Internet and also provides the terminals with ipaddresses. Finally, the hss handles subscriber information [5, p.110].

3.1.2

Radio-Access Network

In the lte ran there is essentially one type of node, the eNodeB. The eNodeB
handles all radio-related functions in one or several cells and should be thought
of as a logical unit, not a physical implementation. Often an eNodeB is divided
into a three-sector site, where the base station is handling transmissions in three
cells. The eNodeB is not limited to a single base station implementation though
[5, p.111]. In figure 3.2 some eNodeBs can be seen, together with some lines
showing how they are connected to the epc and to each other.

Figure 3.2: ran architecture [5, Figure 8.2].
An eNodeB is connected to the s-gw by means of the S1 interface user-plane
part and to the mme through the S1 interface control-plane part. The interface
between the eNodeBs is called the X2 interface and is mainly used to support
mobility [5, p.111]. An entity served in a cell is often referred to as a terminal or,
if using the terminology of 3GPP, a User Equipment (ue) [5, p.106].

3.1.3

Radio-Protocol Overview

The radio-protocol in lte specifies how information shall be sent in the ran,
essentially how ip-packets are mapped on radio bearers and sent between the
bs and the ue. Transmissions from the bs to the ue are referred to as downlink
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transmissions and when transmitting the other way around, that is from the ue
to the bs, the transmissions are referred to as uplink transmissions. This thesis
mainly concerns downlink transmission.
One of the protocol entities found in lte is the Packet Data Convergence
Protocol (pdcp) that is responsible for compressing the ip header to reduce the
number of bits sent over the radio interface. It also handles ciphering. Another
protocol entity is the Radio-Link Control (rlc) that is responsible for segmentation, concatenation, retransmissions and in-sequence delivery to higher layers. The rlc provides the pdcp with radio bearers and there is one rlc entity
per radio bearer. The Medium-Access Control (mac) provides services to the
rlc in terms of logical channels and is therefore responsible for multiplexing
of logical channels, retransmissions and uplink/downlink scheduling. Finally
the Physical Layer (phy) handles functions such as coding/decoding, modulation/demodulation and multi-antenna mappings. The phy provides the mac
with transport channels [5, p.113]. Figure 3.3 shows the lte protocol architecture.

Figure 3.3: Protocol architecture in lte [5, Figure 8.4].
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ofdm is the basic transmission scheme in both downlink and uplink. For uplink
data transmissions, though, a Discrete Fourier Transform (dft) precoder is applied, resulting in dft-spread ofdm. This is done in order to get a more efficient
transmit power amplifier at the ue [5, p.127]. With background in section 2.1.1,
ofdm can be seen as a multi-carrier transmission scheme where several hundreds
of subcarriers are sent over the same radio link to the same receiver. In lte, the
subcarrier spacing is set to 15KHz for both downlink and uplink [5, p.127].
Due to the fact that ofdm is block based, it is natural to define the smallest
physical resource as one subcarrier during one ofdm symbol. This is called a
resource element. The resource elements are grouped into resource blocks, which
consists of 12 consecutive subcarriers in the frequency domain and one slot, with
duration 0.5ms, in the time domain [5, p.129]. A result of this is that the physical
resource can be seen as a time-frequency grid. Figure 3.4 shows the resource
structure.

Figure 3.4: Overview of the resource structure in lte [5, Figure 9.2].
As stated in the section above, one slot in the time domain has a duration of
0.5ms and consists of a number of ofdm symbols. The lte transmissions are
further organized in the time domain. Two slots constitute a subframe and ten
subframes create a frame, which consequently has a duration of 10ms [5, p.128].

3.2.1

Duplexing

lte supports both Frequency Division Duplex (fdd) and Time Division Duplex
(tdd). In fdd two different carrier frequencies are used, one for downlink transmission and another for uplink transmission. The frequencies used are separated
by a sufficiently large duplex distance and since two different frequencies are
used, there will be ten downlink subframes and ten uplink subframes during
one frame. Therefore fdd has the potential of full-duplex. That is, that reception
and transmission can be carried out at the same time. However, this requires
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that the terminal has the ability to handle transmissions and receptions simultaneously [5, p.136]. If the terminal is not capable of simultaneous transmission
and reception, only half-duplex can be used.
For tdd the uplink and downlink use the same frequency for transmission.
The bs and the ue therefore take turns to use the physical resource. That means
that between some subframes the transmission direction should change. In order
to make this transition work smoothly, a sufficiently long guard period is needed
such that the uplink and downlink transmissions do not interfere. In lte this is
solved with a so called special subframe that is only used for this purpose when
using tdd [5, p.139].
A difference between fdd and tdd, interesting for this thesis, concerns how
the channel can be estimated. As tdd use the same frequency for both uplink
and downlink transmission, it is possible to assume channel reciprocity. That is,
assuming that the downlink and uplink channels affect the transmitted signals
in the same way. Thus, the bs can measure signals sent from the ue and achieve
knowledge about the downlink channel. For fdd systems this can not be done
and the bs must rely on reports from the ue about the downlink channel state.
This thesis is performed under the assumption that an lte fdd system is used,
therefore reports about the downlink channel state must be received from the ue.

3.3

Multi-Antenna Techniques

One way to face the main challenges of the wireless channel, that is fading and
interference, is to make use of multi-antenna configurations. Multiple antennas
used at the bs, at the ue or at both allow for techniques such as diversity, beamforming and spatial multiplexing to be employed [5, p.59]. lte can make use of
all these techniques but for this thesis beam-forming is the most relevant technique. Thus, beam-forming is presented separately in chapter 4.

3.3.1

Diversity

Diversity can be obtained through multiple transmit antennas, then referred to
as transmit diversity, or through multiple receive antennas, also known as receive diversity. Diversity is used to counteract fading and therefore the antennas
should have low mutual correlation, since they should experience as different
channels as possible [5, p.60]. When using receive diversity, techniques such as
Maximum Ratio Combining (mrc) can be used to combine the received signals
in order to overcome the channel fading.
For transmit diversity there are a few different approaches, where one of them
is delay diversity [5, p.65]. A radio channel is often subject to time dispersion,
since the signals propagate different paths with different delays to the receiver.
This results in multi-path diversity that can be beneficial in order to overcome
channel fading. By using delay diversity, the transmit antennas can be configured to send the same signal with different delays to create artificial time dispersion of the channel and thereby increase the possibility of strong reception at
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the receiver. Another method is called Cyclic-Delay Diversity (cdd) where cyclic
shifts are applied block-wise to the different antennas [5, p.66]. This method can
be applied to a block-based transmission scheme, such as ofdm, and results in
an artificial frequency selectivity seen by the receiver.
Transmit diversity can also be obtained through space-time coding and spacefrequency coding, where the modulation symbols are mapped in the time and
spatial domain and the frequency and spatial domain respectively. The spatial
domain here refers to the positions of the transmit antennas in the array, the antenna domain. These methods capture the multi-antenna diversity gain at modulation symbol level, in contrast to cdd, which in case of ofdm, must rely on both
channel coding and frequency-domain interleaving to provide diversity [5, p.68].

3.3.2

Spatial-Multiplexing

Another technique, facing the challenges of fading and interference, is called spatial multiplexing. Spatial multiplexing can be used if there are multiple-antennas
at both the transmitter and the receiver side. This allows for more efficient utilization of the multiplicity of antennas and provides higher data rates in such
cases [5, p.71].
The basic idea for spatial multiplexing is to create multiple parallel channels,
allowing for more data to be transmitted at the same time. The number of channels that can be created between transmitter and receiver is limited by the minimum number of transmit or receive antennas. It is only efficient to perform spatial multiplexing in case of good channel conditions, since the parallel channels
will get lower individual snr. This is because the signal power is split among the
parallel channels [5, p.72].

3.4

Physical-Layer Processing

As described in section 3.1.3, the physical layer is the layer handling coding and
decoding, modulation and demodulation and multi-antenna mappings. The phy
provides the mac with transport channels, which are defined by how and with
what characteristics the signals are sent over the radio interface [5, p.116]. There
are four different transport channels, the Broadcast channel (bch), the Paging
Channel (pch), the Downlink Shared Channel (dl-sch) and the Multicast Channel (mch). This thesis concerns the dl-sch and therefore this section briefly describes the processing steps applied to the dl-sch. However, essentially the same
steps are performed for pch and mch, but with additional constraints [5, p.143].
The steps for bch are on the other hand quite different and are not mentioned
in this thesis. In the steps described below, it should be noted that especially the
antenna mapping step is relevant for this thesis.
An overview of the processing steps for the dl-sch in the phy is presented
in figure 3.5. As can be seen, one or two transport blocks are delivered from the
mac and transmitted by the phy each Transmission Time Interval (tti), which
equals one subframe (1ms). Whether one or two transport blocks are delivered
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depends on the multi-antenna scheme in use. If there is no spatial multiplexing,
only one transport block is delivered each tti. Two transport blocks are delivered
in case of spatial multiplexing and multiple layer transmissions [5, p.144].

Figure 3.5: Overview of the processing steps for the dl-sch in the phy [5,
Figure 10.1].
The first processing step is insertion of a Cyclic Redundancy Check (crc),
which is calculated and appended to the transport block. Insertion of a crc allows for detection of errors in the decoded transport block at the receiver-side.
The second step makes sure that the transport block, that in this step can have an
arbitrary size, gets a size that fits the available block sizes in the channel coding
step. This is called segmentation and means that the transport blocks are divided
into code blocks, each code block getting another crc [5, p.145]. The third step
handles the channel coding and is based on Turbo coding. The encoding has an
overall code rate of 1/3 and is applied together with an interleaving scheme. The
result is therefore an interleaved, and three times longer, version of the code block
delivered from the segmentation step. The fourth step consists of rate matching
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and physical-layer hybrid-ARQ functionality. That means that the fourth step
chooses the exact bits that are going to be sent over the radio interface. What bits
are chosen depends on the redundancy version used, which is determined by the
scheduler assignment [5, p.147].
The fifth processing step is scrambling, where each block delivered from the
rate matching is multiplied with a scrambling sequence. The scrambling sequence has the purpose of allowing the receiver to properly suppress interference
from other signals. By applying a scrambling sequence, the interfering signals are
merely perceived as noise when decoding [5, p.148]. In the next step the block
of scrambled bits are converted to complex modulation symbols. In lte downlink transmissions qpsk, 16qam and 64qam constitute the available modulation
schemes. They map two, four and six bits per modulation symbol, respectively.
The second last step is the antenna mapping step. In this step the transport
blocks are mapped to different antenna ports. An antenna port should be thought
of as a logical port, with an arbitrary number of underlying antenna elements.
This means that multi-antenna techniques, such as beam-forming, can be applied
at the bs without the ue knowing that several antenna elements are used, since
the ue only is aware of the number of antenna ports. How the antenna mapping
is configured depends on the multi-antenna transmission scheme in use. An antenna port can also be said to correspond to a certain reference signal, explained
in section 3.6. That means that if there are two identical reference signals sent
from two different sets of antennas, they still constitute one antenna port. With
the same reasoning, two different reference signals sent from the same set of antenna elements corresponds to two different antenna ports [5, p.148].
The last step in the processing is the resource-block mapping. This is where
the symbols to be transmitted on each antenna port are mapped to the resource
elements in the resource blocks, that is the time-frequency grid. How this mapping is performed, i.e. to which resource elements in the resource blocks the symbols to be transmitted should be mapped to, is decided by the mac scheduler [5,
p.149].

3.4.1

Transmission Modes

The multi-antenna transmission schemes in lte correspond to different transmission modes. The transmission modes cover single-antenna transmission as
well as different multiple-antenna techniques such as transmit diversity, beamforming and spatial multiplexing. The transmission modes therefore differ in the
antenna mapping but also in reference signals used for demodulation and how
the bs gets information of the downlink channel state [5, p.162].
In this thesis transmission mode 9 is used to represent the performance of
lte. Transmission mode 9 was introduced in lte Release 10 and has support for
transmissions on up to eight layers simultaneously. This is the maximum number
of layers that can be used in today’s lte networks. However, in this thesis transmissions with only one layer are performed, that is rank-one transmissions. To be
able to use transmission mode 9 anyway it is virtualized by using eight antenna
ports, representing the eight layers, and one port correspond to one antenna el-
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ement. Transmission mode 9 uses a precoding technique called non-codebookbased precoding, discussed in section 4.3.

3.5

Channel-State Reports

In order to schedule data and signaling traffic, as well as providing multipleantenna techniques such as beam-forming, information concerning the channel
state is required. This information, known as Channel State Information (csi),
can be reported through channel-state reports from the terminal to the base station [5, p.282]. It should be noted though that the channel-state reports should
merely be seen as recommendations for how the downlink transmission should
be performed. The actual transmission rank and precoder matrix that should be
used is always decided by the bs, and communicated in the downlink scheduling assignment. If the recommended indications are used, only a confirmation
bit needs to be signaled in the downlink scheduling assignment, otherwise the
indications are explicitly signaled [5, p.284].
Predefined reference signals, further discussed in section 3.6, constitute the
input for calculating the csi, included in the channel-state reports [5, p.287]. csi
consists of up to three measures; rank indication, precoder-matrix indication and
channel quality indication [5, p.282].

3.5.1

Rank Indication

The Rank Indication (ri) recommends the appropriate transmission rank to use
when transmitting to the terminal. That is, the number of layers that should be
used in a downlink transmission [5, p.283]. Since multiple layers are only available for transmission modes supporting spatial multiplexing, ri is only required
to be reported when those schemes are used. Note that since each layer uses the
same physical resource there is only one ri even though several layers are used
[5, p.283]. This thesis only concerns single layer transmissions, why the ri is of
minor importance.

3.5.2

Precoder-Matrix Indication

The Precoder-Matrix Indication (pmi) indicates which of the precoder matrices
to use for downlink transmission [5, p.283]. Precoding will be further discussed
in section 4.2 and section 4.3, but for now think about precoding and precodermatrices as something that weights the signal being sent from an antenna array.
The pmi and the ri together decide which precoder to use and in contrast to the
ri, there can be different precoders reported for different downlink frequencies
[5, p.283]. The pmi is used frequently in this thesis.

3.5.3

Channel Quality Indication

The quality of the channel is measured through the Channel Quality Indication
(cqi), which represents the highest modulation-and-coding scheme that would
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mean that transmissions on the physical downlink control channel were received
with a block-error rate of at most 10%, using the reported ri and pmi [5, p.283].
It would be possible to use snr as metric for the channel quality, however using
cqi has a twofold advantage. That is, cqi accounts for different receiver implementations and it becomes easy to test and fail terminals that have a block-error
rate above 10% [5, p.283].

3.6

Reference Signals

lte provides a set of reference signals, that is predefined signals occupying a
specific time-frequency resource [5, p.152]. There are reference signals for both
uplink and downlink, allowing for calculating csi. However, only some of the
downlink reference signals will be covered below since this thesis focuses on the
downlink channel state, which is reported through channel-state reports from
the terminal to the base station based on downlink reference signals. The reference signal used in the thesis is the csi Reference Signal.

3.6.1

Cell-Specific Reference Signals

The Cell-specific Reference Signal (crs) is the most basic reference signal in lte.
It is transmitted in every downlink subframe and in every resource block, that
is it covers the whole available bandwidth [5, p.152]. By measuring the crs, the
terminal can calculate csi, estimate the channel for coherent demodulation and
get basic data for cell-selection and handover decisions. In a cell there can be one,
two or four crs, corresponding to one, two or four antenna ports [5, p.153].
The structure of a single crs can be seen in figure 3.6, where it becomes clear
that a crs is built up by reference symbols. Reference symbols are predefined
values that are placed into certain resource elements, however the values of the
reference symbols may vary depending on reference-symbol position and cell
used [5, p.153].

Figure 3.6: The structure of a single crs [5, Figure 10.8].
What is outlined in figure 3.6 is only one of six possible frequency shifts of
the reference symbols. As each shift can correspond to 84 different cell identities,
there are 504 cell identities available corresponding to the 504 different referencesignal sequences defined in lte [5, p.154].
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In case of multiple crs within a cell the reference signals are frequency and
time multiplexed. For two crs, the second reference signal is frequency multiplexed with the first with an offset of three subcarriers in the frequency domain.
In case of four reference signals, the third and fourth crs are time-multiplexed
by being transmitted in the second ofdm symbol in each slot instead of the first
[5, p.155]. This can be observed in figure 3.7.

Figure 3.7: The structure of a multiple crs. Two ports to the left and four
ports to the right [5, Figure 10.10].

3.6.2

Demodulation Reference Signals

In cases where the crs is not used, the Demodulation Reference Signal (dm-rs)
is used for channel estimation for transmissions on pdsch. In contrast to crs,
dm-rs is intended for one user only, which means that it is only transmitted in
the resource blocks assigned to that terminal [5, p.156]. dm-rs is supported for
single-layer transmission as well as multi-layer transmission, resulting in that
there can be eight simultaneous dm-rs at maximum.
The structure of the dm-rs can be seen in figure 3.8, for one and two reference signals. There are 12 reference symbols within a resource-block pair and
all 12 are sent, even in case of two-layer transmission. That is, the 12 symbols
are sent on both antenna ports and are separated by applying mutually orthogonal patterns, referred to as Orthogonal Cover Codes (occ), to pairs of reference
symbols [5, p.156]. In addition to the occ, a pseudo-random sequence can be
added to the reference symbols, which allows for separating dm-rs intended for
different users, used in mu-mimo [5, p.157].
In case of more than two reference signals, figure 3.9 is valid. Here the reference symbols are frequency-multiplexed in groups of four and as can be seen,
there are 24 reference symbols in a resource-block pair. Within each group, the
reference symbols are separated by means of the occ.
As the number of dm-rs can vary dynamically, both structures for the reference signal may be used interchangeably. Which one to use depends on the number of layers that is going to be used in the transmission, which is communicated
via the transmission rank in the downlink scheduling assignment [5, p.158].
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Figure 3.8: The structure of a one- and two-layer dm-rs [5, Figure 10.11].

Figure 3.9: The structure of dm-rs in case of more than two layers [5, Figure
10.11].

3.6.3

CSI Reference Signals

While dm-rs is used for channel estimation, csi Reference Signals (csi-rs) are
used for acquiring csi. This is the case for transmission mode 9. csi-rs typically
has a much lower time-frequency density compared to crs, since it targets only
csi and therefore does not need to be transmitted as often as crs that also targets
other things. This means that csi-rs has a lower overhead per reference signal [5,
p.159]. The csi-rs is the reference signal used throughout this thesis.
The structure of csi-rs depends on the number of reference signals configured in the cell as well as which cell is used. There are 40 possible positions for
the reference symbols within a resource-block pair in csi-rs, but only a subset is
used as seen in figure 3.10. As seen in the upper part of the figure, csi-rs consists of two consecutive reference symbols per resource-block pair when there
are two csi-rs configured within a cell. As for dm-rs, the multiple csi-rs are
separated by means of applying occ to the reference symbols [5, p.159]. In case
of four or eight csi-rs, the csi-rs are pair-wise frequency-multiplexed as seen in
the middle and lower part of figure 3.10. If only one csi-rs is configured, the
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same structure as for two csi-rs is used [5, p.160].

Figure 3.10: Examples of the structure for csi-rs for different number of
reference signals configured within a cell [5, Figure 10.13].
How often csi-rs is transmitted may vary, ranging from every 5th millisecond to every 80th millisecond. It can be configured in which subframe the csi-rs
should be transmitted and in the subframes where the reference signal is transmitted, it is transmitted in every resource block in the frequency domain, resulting in that a csi-rs transmission covers the entire cell bandwidth [5, p.160]. It
should also be mentioned that the csi-rs can be muted in order to create transmission holes, allowing for reception of csi-rs from other cells. This makes it
possible to carry out csi estimations on neighboring cells [5, p.161].

4

Beam-Forming

Beam-forming is a technique where multiple antennas are used to shape an overall antenna beam in order to maximize the array gain in a certain direction [5,
p.60]. This is done by applying different weights on individual antenna elements
such that the main lobe of the array radiation pattern has a certain directivity.
Thus, beam-forming can be seen as a special case of the more general term antenna precoding, which refers to the technique where weights are applied to individual antenna elements in an antenna array such that the signals transmitted
add up in a certain way at a specific spatial location. Therefore, the difference
between beam-forming and precoding can be said to be the common direction of
the transmitted signal energy when using beam-forming. However, in this thesis
the terms beam-forming and precoding are used interchangeably, referring to antenna weighting resulting in that a main lobe with a certain directivity is created.
As introduced in section 2.1.1, this thesis only concerns downlink single-user
beam-forming. That is, the bs shapes the radiation pattern from an antenna array along the strongest path to the ue.

4.1

Antenna Weighting

It is only possible to perform downlink beam-forming if the downlink channel
for each antenna element in an antenna array is known, otherwise the only way to
treat channel fading is through diversity. By applying appropriate weights to the
individual antenna elements, the received signal strength at the ue may increase
up to a factor of NT , proportional to the number of transmit antennas [5, p.68].
The weights can alter both amplitude and phase of a signal.
For antenna arrays with high mutual correlation, the antenna elements experience almost the same channel and therefore there should only be a directiondependent phase difference between the antenna elements and no amplitude dif35
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ference. Thus, by applying different phase shifts to the transmitted signals it is
possible to steer the beam in a desired direction. This method is usually referred
to as “classical” beam-forming and allows for increased signal strength but no
diversity, due to the high mutual correlation between the transmit antennas in
terms of fading [5, p.69].
In contrast to beam-forming with high mutual correlation where the signals
are assumed to have equal gain, beam-forming with low mutual correlation handles both phase and amplitude differences of the signals since the instantaneous
fading may differ between the antenna elements. That is, instead of only control0
0
ling the phases using a complex weight, e jθnT , a general complex weight, A0nT e jθnT ,
is used in order to also control the amplitudes [5, p.69]. In vector notation, the antenna weights might be gathered in the so called precoding vector or beam-vector
b, which is multiplied by the signal s being sent as stated in equation 4.1.
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Equation 4.1 is also valid for beam-forming using high mutual correlation with
the difference that all of the weights b1 . . . bNT have unit gain, therefore only the
phase difference between the signals will differ.
With no time dispersion of the channel, the precoding weights bnT should be
chosen according to equation 4.2 in order to maximize the received signal power
[5, p.70]. This is known as maximum-ratio precoding.
bnT = q

h∗nT
PNT

`=1 |h`

(4.2)
|2

Equation 4.2 tells that the weight for a certain antenna should be the complex
conjugate of the corresponding channel coefficient hnT with a normalization to
ensure a fixed overall transmit power. Therefore, the precoding phase-rotates
the signals to counter the phase shifts introduced by the channel, allocates power
to the different antenna elements or ensures an overall unit transmit power. It
should be noted that there is a difference between beam-forming using high and
low mutual correlation between antenna elements, in terms of the amount of
knowledge required to beam-form properly. For low mutual correlation, a higher
knowledge of the channel is required, since information about the instantaneous
channel fading must be included [5, p.70].
As mentioned in section 3.2.1, depending on the duplexing used, the transmitter can obtain information about the channel in different ways. As a result of
that uplink and downlink are separated in frequency in fdd, the fading between
uplink and downlink is usually uncorrelated, implying that only the ue can estimate the downlink channel. Therefore, the terminal may send updates to the bs
about the downlink channel, such that the bs can decide upon which precoder
to use. However, this requires much signaling that increases the signaling overhead, especially if using beam-forming with low mutual correlation. Therefore,
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the terminal itself may choose an appropriate precoder from a limited set of precoders in a codebook. Then only the choice of precoder is reported, in order to
somewhat limit the signaling between the bs and the ue [5, p.70].
In case of tdd, the bs can make estimates of the uplink signaling and use them
for downlink precoding, since it can be assumed that uplink and downlink experience the same fading. However, since the bs must have up-to-date estimates of
the channel, this approach assumes that the ue constantly transmits signals [5,
p.71].

4.2

Codebook-Based Precoding

There are different approaches of getting knowledge about how the antenna elements in an antenna array should be weighted. One such precoding technique
is named codebook-based precoding. In lte, this technique relies on the crs for
channel estimation and it can handle transmissions on one up to NL transmission
layers, where NL must not exceed the number of antenna ports NP . In case there
are multiple layers, the first step in the precoding is the layer mapping where
the modulation symbols are mapped to the NL layers. After this step NL symbols,
one from each layer, are linearly combined in order to be sent over the antenna
ports. This combination is described by the precoder matrix, W, consisting of NP
rows and NL columns [5, p.166]. One symbol from each layer is mapped to the
antenna ports according to:
t = W · s,
where s is a symbol vector of size NL and t is the weighted antenna port vector of
size NP . It should be noted that for a single layer, W corresponds to a vector w of
size NP × 1 and therefore provides beam-forming for a single modulation symbol
[5, p.166].
After the antenna precoding, the crs are applied to the antenna ports. That
means that the reference signals themselves are not precoded. That is, the reference signals received at the ue will reflect the channel for each antenna without
the precoding. As a result, the ue needs to have information about what precoder
has been used in order to decode the modulation symbols properly [5, p.167].
The codebook-based precoding occurs in two versions, closed-loop operation
and open-loop operation. In closed-loop operation the precoder matrix is chosen
by the network, based on feedback from the ue. The ue measures the downlink
channel based on the crs and proposes, through ri and pmi, suitable settings for
downlink transmission [5, p.167]. As stated in section 3.5, the indications from
the terminal are only recommendations. What precoder matrix to use is always
decided and signaled by the network, that is the bs. As the name codebook-based
precoding maybe reveals, there is a limited set of precoder matrices that can be
used for downlink and uplink transmissions. The precoding matrices that can
be used constitute a codebook, which is known to both the transmitter and the
receiver. Therefore only the index to the precoder matrix in the codebook has to
be signaled [5, p.167].
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The open-loop mode of operation differs from the closed-loop operation in
some areas. First, it does not rely on any feedback from the ue, such as ri and
pmi. Instead, the precoder matrix is selected from a certain predefined pattern,
known to both the transmitter and the receiver. Thus, the precoder matrix to use
does not need to be reported. This is the second difference. A third difference is
that open-loop precoding has functionality that is supposed to average out differences in channel conditions, seen by the different layers [5, p.169]. Except these
differences, open-loop operation is very similar to closed-loop operation and it
is usually used in high-mobility scenarios where latency connected to feedback
from the ue cannot be tolerated.

4.3

Non-Codebook-Based Precoding

Another precoding technique is called non-codebook-based precoding. The main
difference, compared to codebook-based precoding, is that the reference signals
sent are precoded. That is for lte, the dm-rs is applied before the precoding. This results in that the receiver can demodulate the signals without explicit
knowledge about which precoder matrix that has been used at the transmitter.
In other words, channel estimation based on precoded reference signals reflects
the channel experienced by the layers and therefore it can directly be used for
coherent demodulation of the layers [5, p.170]. Since the receiver can decode the
received signal irrespectively of what precoder matrix that has been used, only
the transmission rank has to be signaled to the ue.
As the bs is able to arbitrarily choose a precoder matrix, there is no need for
an explicit codebook, hence the name non-codebook-based precoding. However,
codebooks may still be used for uplink pmi reporting since the challenge of acquiring downlink csi still is present. The difference to codebook-based precoding
is that the ue does not need to be informed about what precoding matrix in the
codebook that is used for transmission. For tdd, an alternative to the pmi reporting, used to acquire downlink channel estimates, is available since tdd systems
have the opportunity to measure signals sent from the ue and assume reciprocity
[5, p.170].
The non-codebook-based precoding using pmi reports from the ue and the
closed-loop codebook-based precoding are very similar with respect to the feedback reported from the ue. For example, the same codebooks can be used for
pmi reporting. A difference though is what kind of reference signal the pmi is
based on. Codebook-based precoding relies on crs whereas non-codebook-based
precoding uses the dm-rs and the csi-rs [5, p.170], where the latter is used as
reference signal in this thesis.
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Differential Beam-Forming

Differential Beam-Forming (dbf) is a recently investigated beam-forming technique that, at the time of writing, still is being investigated and further developed by researchers at Ericsson Research. The description of dbf in this chapter
concerns the case where a one-dimensional antenna array is used to beam-form
the signals being sent. That is, what is described in this chapter constitutes the
technique that this thesis has extended to two-dimensional antenna arrays.

5.1

General Description

Differential beam-forming is, at the time of writing, a downlink single-layer
beam-forming technique that is developed with the framework of lte in mind.
The technique is constructed for the downlink only, partly due to that much data
nowadays is to be transmitted from the bs to the ue and partly because the ue
usually only has one or two antennas, which is not sufficient for uplink dbf to
be efficient. In today’s lte systems, the main problem with beam-forming is the
potential error in the channel estimates together with high signaling overhead,
mainly from the ue to the bs. The reason for the potential error in the channel
estimation step is correlated with the beam-width of the transmitted beam. As
the beam gets narrower, more accurate channel estimations are needed in order
to direct the beam towards the correct spatial location. In other words, if there
are erroneous channel estimates and a narrow beam is used, the signal power
will not be directed to the ue and the potential gains of beam-forming are lost.
This can of course result in high throughput degradations. In order to face the
increased sensitivity to errors in the channel estimation step as the beam gets narrower, the number of channel estimates may be increased. However, this results
in increased overhead, as the ue has to report csi more frequently in order to
inform the bs about the downlink channel state. The fact about increased over39
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head is at least valid for lte fdd systems, where channel reciprocity cannot be
assumed.
To overcome the challenges of beam-forming, dbf is designed to adjust the
beam-width in an iterative and dynamic manner at a low overhead cost. This
includes a feedback loop where the ue, with a fixed number of bits, reports how
to improve the beam-forming in order to increase the received signal strength. At
some point there is no gain of further narrowing the beam, since a narrow beam
is sensitive to varying channel conditions, and then it is possible to widen the
beam or to use the same beam-forming setup as previous iteration. It should also
be mentioned that dbf is realized through a fixed number of antenna ports. That
is, the number of antenna ports are constant and the port-to-antenna mappings
change as the beam gets narrower. This differs from today’s beam-forming in lte,
where the number of antenna ports increases as the beam gets narrower.

5.2

Potential Strengths

The potential strengths of dbf are three-fold. First, the received signal strength
can be increased since it is possible to create beams with high accuracy in terms
of directivity, possibly resulting in higher throughput compared to today’s lte
beam-forming. This is due to the fact that the granularity of the virtual codebook,
recall definition in section 2.1.2, used in dbf is higher than for the codebook
used in traditional beam-forming. Second, the feedback overhead is limited to a
fixed number of bits. As will be described later on in this chapter, dbf uses the
csi reports to send feedback to the bs. The pmi, included in the csi reports, is
reported from a fixed codebook Cf that has a lower cardinality than the virtual
codebook Cv used to shape the beams, thus the reported bits are kept low. The
third potential strength is the robustness against channel estimation errors. Due
to dynamic adjustments of the beam-width, the transmitted beam has the ability
of targeting the intended ue despite varying channel conditions. That is, if the
radio conditions allow for a narrow beam, the beam is made narrower and if
the radio conditions get bad, the beam is widened in order to suppress channel
estimation errors.

5.3

The Feedback Loop

The idea in dbf is that the ue measures downlink reference signals and tells the
bs what precoder to use in order to increase the received signal strength at the
ue. This is done through csi reports, where pmi, ri and cqi are reported. The
pmi is then used at the bs to create a new beam-vector b ∈ Cv . That is, the pmi
corresponds to a precoder w ∈ Cf that, based on the existing beam-vector, is used
to create a new beam-vector with new port-to-antenna mappings. The newly created beam-vector is then used to send the next reference signal to the ue, which
once again makes a new report based on the new beam-vector. Through iterations, it is possible to create a beam-vector corresponding to an antenna pattern
with a main lobe directed along the strongest path towards the spatial location of
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the ue. Except for ordinary csi, the ue also indicates whether the beam should
be narrowed, widened or remain the same. This can be referred to as zooming
in, zooming out and doing nothing, respectively. If a zoom-in is performed, the
so called zoom level is increased and if a zoom-out is performed, the zoom level
decreases. At the ue, snr, sinr or cqi can be used as a metric to decide what
precoder to choose for the next iteration. Figure 5.1 shows an overview of the
feedback loop.

CSI
BS
UE
CSI-RS
Figure 5.1: Overview of the feedback loop in dbf.
The feedback loop of dbf can in many aspects be thought of as non-codebookbased precoding, recall section 4.3. One similarity is that the reference signals
sent are precoded. That means that no information about what precoder that has
been used at the transmitter side needs to be transferred to the ue. The reference
signal used in dbf is the csi-rs. Thus the estimations of the downlink channel
state can be performed at a maximum rate of every 5th millisecond. Another
similarity is that a fixed codebook Cf can be used for the pmi reports. Thus, the
number of bits, needed to report the pmi, is fixed. However, as will be shown
in this chapter, the beam-vectors used for transmitting reference signals in dbf
are built up iteratively, based on the precoders in the fixed codebook. That results in an increased granularity of the virtual codebook Cv that can be used for
transmission of reference signals.

5.3.1

Port-to-Antenna Mappings

Based on the feedback from the ue, the bs creates a new beam-vector and changes
the port-to-antenna mappings. How this is performed is based on the idea that
the number of antenna ports NP is kept constant and the number of underlying
antenna elements change. dbf has been primarily developed for two antenna
ports and a fixed size of the linear antenna array. Therefore, the description of
dbf hereafter concerns NP = 2. As the ue tells the bs to zoom in for the first time,
the resulting port-to-antenna mapping will be that one antenna port corresponds
to one antenna element. The antenna elements, corresponding to the two antenna
ports, are then located next to each other with an inter-antenna distance of half a
wavelength. Thus, in the linear antenna array, only two elements are active at the
first zoom level. The indicated precoder is then applied on these antenna ports
and a new reference signal is transmitted over these antenna ports.
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In the next iteration, if a new zoom-in should be performed, the bs sees the
two previous ports as one port and creates a new port next to the redefined port.
The new port is a copied version of the redefined port in terms of precoding
weights, using the antennas next to the redefined port. This means that the number of active antenna elements are doubled for each zoom-in. Thus, for the second zoom level, there are still two antenna ports, each port consisting of two
antenna elements with the precoding from the first iteration. In other words,
the two ports correspond to two identical antenna patterns that have the same
directivity of the main lobe and the radiation patterns are only separated a wavelength, since the antenna ports are physically separated. The precoder indicated
by the pmi is then applied on the two ports, resulting in a new antenna pattern.
It should be noted that the precoding from previous steps are kept, meaning that
the new precoder w is multiplied to the already chosen precoders that are stored
in the port to antenna mapping matrix F. Figure 5.2 shows a linear antenna array with eight antenna elements and how the number of active antenna elements
varies with the zoom level. P1 and P2 correspond to antenna port one and antenna port two and a filled antenna element represents that it is active whereas a
slightly dotted antenna element indicates that it is inactive.

Zoom level

Antenna array

1
P1 P2

Active

2

Not active
P1

P2

3
P1

P2

Figure 5.2: As the zoom level increases, the port-to-antenna mappings
change such that the number of active antenna elements in the antenna array
doubles and the number of antenna ports is kept constant.
For a better understanding of how a zoom-in is performed, recall the precoders in relation 2.8. As was described, each precoder w = (w1 , w2 )T has the
weight of value one for the first port P1 , that is w1 = 1. This means that w does
not introduce any phase shift on P1 . However, w2 changes with the precoders and
applies a phase shift on port P2 . Thus, what is interesting is the relative phase
shift between the antenna ports.
With this understanding of how precoders affect antenna ports, one could
think about a zoom-in as copying the weights for the current activated antenna
elements, apply the copied antenna weights to antenna elements next to the al-
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ready active antenna elements and apply a phase shift on the antenna elements
having copied antenna weights. The combined antenna pattern for the two ports
can then be used to transmit data to the ue. By virtually copying antenna weights
and applying different phase shifts on the copied antenna weights, the ue can
evaluate the resulting antenna pattern for all phase shifts and thereby tell the
bs what precoder to use in the next iteration. Once again, what is interesting to
communicate from the ue to the bs is therefore the relative phase shift between
the antenna ports in each iteration. This is done in the pmi, referring to one of
the codewords in Cf .
From section 2.1.1, it is clear that the beam-vector b = Fw, where F is built
up by two port vectors p1 and p2 . To keep track of for which zoom level the
matrices and vectors are valid, a subscript index z is added, e.g. Fz , indicating the
current zoom level. If there are other indexes besides the zoom level index, the
zoom level index is written after a comma, e.g. p1,z and p2,z . Generally, a chosen


beam-vector at zoom level z ∈ {1, . . . , log2 (NT ) } can be described according to
the recursive expression 5.1:
!
!
 1
1
1
1
0
bz = Fz wi,z = √ p1,z , p2,z jφi,z = √ (bz−1 , bz−1 ) jφi,z ,
(5.1)
e
e
2
2
where i ∈ {0, 1, . . . , #Cf − 1}, the starting beam-vector b0 is a column vector containing zeros except for the first element that has value one and b0 contains the
shifted copy of antenna weights discussed in the previous paragraph.
To clarify, for an antenna array of size 1 × 8 at the first zoom level, the first port
vector p1,1 and the second port vector p2,1 in F1 = (p1,1 , p2,1 ) have one antenna
element each active, as specified in 5.2. This correspond to b0 and b00 . The different beam-vectors bi,1 that can be achieved at the first zoom level are described in
5.3 and depend on what precoder wi that is chosen. By assuming that Cf still has
four codewords, i ∈ {0, 1, 2, 3}, four different beam-vectors can be created at the
first zoom level.

p1,1 = 1 0 0 0

p2,1 = 0 1 0 0

0

0

0

0

0

0

T
0
T
0

(5.2)


T
1 
1 
bi,1 = √ p1,1 + e jφi,1 p2,1 = √ 1 e jφi,1 0 0 0 0 0 0
(5.3)
2
2
In the next iteration, the second zoom level, the port vectors p1,2 and p2,2
are described according to equation 5.4. As can be seen, p1,2 is the previous
beam-vector bi,1 and p2,2 has the same weights as p1,2 but put on other antenna
elements. The different beam-vector alternatives for the second zoom level are
given by equation 5.5.
T
1 
p1,2 = √ 1 e jφi,1 0 0 0 0 0 0
2
(5.4)
T
1 
p2,2 = √ 0 0 1 e jφi,1 0 0 0 0
2
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e j (φi,1 +φi,2 )

0

0

0

0

T

(5.5)
A consequence of performing the zoom-in as described previously is that the
beams, corresponding to the different phase shifts between the antenna ports, are
directed within the width of the beam used in the previous step. Therefore, the
zoom-in can also be thought of as dividing the current beam into a set of narrower
and stronger beams within the direction of the current beam. Figure 5.3 shows
a conceptual picture of how the beam-vector alternatives for zoom level z are
located within the width of the beam for the previous zoom level.

Figure 5.3: The beam-vector alternatives for a higher zoom level bi,z are
contained within the width of the a beam from the previous zoom level bz−1
and depends on what precoder wi,z that is chosen.
Due to the dynamic creation of the actual beam-vector used to transmit data,
the size of the virtual codebook Cv , consisting of all beam-vectors that can be
used to transmit data, exceeds the size of the fixed codebook Cf . In each iteration,
the number of beam-vector alternatives equals the number of codewords in Cf
and this results in that #Cv = (#Cf )Zmax , where Zmax is the maximum number of
zoom levels. The maximum number of zoom levels is decided by the number of
antenna elements in the array, since the number of antenna elements doubles for


each zoom level. Thus, Zmax = log2 (NT ) .
To clarify, suppose that the fixed codebook in (2.8), is used to report pmi and
that the number of antenna elements is 8. Then the maximum number of zoom
levels will be three, Zmax = 3. The cardinality of the virtual codebook therefore
becomes 64 at Zmax , which is also the granularity of Cv . Thus, there will be 64
different possible directions for the beam at the highest zoom level. The granular-
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ity of today’s beam-forming codebooks for eight antenna elements is 16, which is
less than 64 for the same number of antenna elements. It should be noted though
that all of the beam-vectors in Cv cannot be chosen from in each iteration, since
the beam-vector is built up iteratively. The granularity referred to above only
tells how many different beam-vectors there are that can be constructed when all
antenna elements in the array are activated.

5.3.2

Forbidden PMI

Study figure 5.3. For any zoom level z, there is one pmi corresponding to a symmetric antenna pattern. That is, there are two lobes of the same size in the antenna pattern, resulting in that there is no single main lobe. In figure 5.3, w2,z
results in a symmetric antenna pattern. This antenna pattern is not desirable,
since it lacks a pronounced beam in a single direction, and therefore the pmi corresponding to the precoder with this antenna pattern is made forbidden in dbf.
Hence, the name forbidden pmi.
There are two reasons of not zooming in using a precoder corresponding to
an antenna pattern that lacks a single main lobe. First, having two equally pronounced main lobes in the antenna pattern increases interference between users,
since the signal power is not only directed to the intended ue. Second, if comparing the antenna pattern corresponding to a forbidden pmi with the antenna
pattern of a non-forbidden pmi, it becomes obvious that the antenna pattern of
a forbidden pmi does not reach as far as the antenna pattern for a non-forbidden
pmi. This is because the transmitted power is the same for both antenna patterns
and since the forbidden pmi spreads the power equally in two directions, the antenna pattern will not reach as far as the antenna pattern transmitting all signal
power towards one spatial location.
As the ue reports forbidden pmi, different actions are taken depending on
the current antenna configuration. No matter what action is taken, i.e. zoom-in
or zoom-out, the goal is to not use the forbidden precoder for further zoom-ins.
Thus, it is better to use the precoder corresponding to the antenna pattern next
to the antenna pattern of the forbidden precoder.

5.4

Realization

In lte, dbf can be realized through two so called csi processes. A csi process
handles a feedback loop and by having two feedback loops running in parallel,
comparisons can be made to decide whether a zoom-in, a zoom-out or nothing
should be done in order to better target the intended ue. This procedure will
hereafter be referred to as a dbf procedure. This means that each ue has a dbf
procedure connected to it, which is built up by two csi processes where each
process comprises what has been described in this chapter so far. This means
that each csi process has its own linear antenna array and its own csi reports.
Thus, since a ue has two csi processes connected to it, the dbf procedure for one
ue uses four antenna ports. It should be noted that the two csi processes in a dbf
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procedure share constant parameter values. That is, the array sizes and the fixed
codebooks, used to report pmi, are the same for the two processes.
By running the two processes in parallel and making the processes have adjacent zoom levels, z and z + 1, data can be transmitted using the process resulting
in the highest signal strength at the intended ue. As long as there are antenna
elements left to activate, that is if the maximum zoom level is not reached at one
of the processes, and the channel conditions allow for narrow beams, the process
with the lowest maximum cqi may be zoomed in from the other process. As a
result, the possible beams to use for data transmission becomes even narrower,
thus possibly having even higher signal strength at the ue. Through iterations,
the processes adjust to the adjacent zoom levels that match the quality of the
downlink channel, therefore dynamically providing a precoder that targets the
intended ue. This state can be referred to as the steady state. If the channel
conditions change so does the steady state. If there are antenna elements left
to activate and the channel conditions get better, the steady state is reached at
higher zoom levels and if the channel conditions get worse, the steady state is
reached at lower zoom levels.
In order to clarify how the dbf procedure works, assume there are two csi
processes, labeled process A and process B respectively. The processes use linear
antenna arrays of size 1 × 16. Recall that this means that the antenna elements
are spread in the horizontal dimension. The fixed codebook Cf , used for pmi reporting, consists of the four precoding vectors in (2.8). Thus, #Cf = 4. Moreover,
having NT = 16 yields Zmax = 4.
The dbf procedure starts with that process A is initialized at the first zoom
level, having two antenna elements active. Process B remains uninitialized, only
having one active antenna element. Then the reference signals, csi-rs, are transmitted, one for each process. The ue measures the downlink reference signals
and calculates csi, which is fed back to the bs together with a suggestion of what
precoder to use in the next iteration. Note that there is one csi report for each
process. The bs then compares the reports to see which one yields the strongest
received signal strength at the ue. Suppose that process A has the highest cqi,
then process B is initialized to the zoom level one level above process A. The data
is then transmitted using the process giving the best performance. Then the feedback loop starts over, with new reference signals sent using the new zoom levels.
The ue again measures and creates csi reports based on the two csi-rs sent. This
time, process B has a higher zoom level, resulting in narrower beams and possibly
higher signal strength. Therefore, it is likely that process B is reported strongest
and therefore process A is initialized as a zoomed in version of process B, since
process A has not reached its maximum zoom level yet.
These iterations continue and when one of the processes has reached its maximum zoom level it is not possible to perform yet another zoom-in, even though
the ue recommends such an action. In case of stronger reception from the process with the lower zoom level, a so called zoom-out is performed. Suppose that
process B has reached its maximum zoom level, that is zoom level four, and that
process A has zoom level three. Then, if a zoom-out is performed, process B becomes a zoomed out version of process A, meaning that process B has zoom level
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two. The result of this action is that the processes still have adjacent zoom levels,
now covering a wider area that is more likely to cover the ue. In fact the antenna
patterns corresponding to the beam-vectors available at the process with higher
zoom level, fit one of the antenna patterns corresponding to the beam-vectors in
the process with lower zoom level. This can once again be seen in figure 5.3 where
the wider beam, bz−1 , corresponds to one of the precoders for the low process and
the narrower beams, b0,z , b1,z , b2,z , b3,z , correspond to the precoders available in
the high process. Therefore, the process with lower zoom level can be seen as
to verify that the process with higher zoom level is zoomed in along the correct
direction, that is along the correct branch.
A zoom-out is not only performed when the process with lower zoom level
reports higher signal strength, but also when the process with lower zoom level
reports forbidden pmi. When a forbidden pmi is reported, the ue is located at
the edge of the area that a process has the potential to cover. Therefore, if the
low process achieves forbidden pmi, a zoom-out has to be performed so that the
coverage area increases. Then a new zoom-in in the new direction may be performed, if the channel conditions allow for that. Figure 5.4 shows a flowchart for
the decision making in the dbf procedure. In the figure, low is used to represent
the process with lower zoom level and high is used to represent the process with
higher zoom level.
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Figure 5.4: A flowchart that presents the algorithm used to make decisions
in the dbf procedure.
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The investigation concerning how to apply the differential beam-forming technique on two-dimensional antenna arrays was divided into two parts. First a
pre-study on the connection between precoders, antenna patterns and number of
active antenna elements was carried out, in order to create a context from which
ideas for the dbf algorithm for two dimensions could be drawn. After the prestudy, algorithm design, implementation in an Ericsson internal simulator and
simulations were carried out in order to complete the investigation.

6.1

Pre-Study

The first part in the investigation of how the dbf technique should be extended to
two-dimensional antenna arrays was a pre-study. The goal of the pre-study was
to acquire knowledge about what antenna patterns look like and how they change
with different precoders and the number of antenna elements. To get a feeling of
these things, matlab was used to generate antenna patterns in three dimensions
using isotropic antennas with an inter-antenna distance of half a wavelength. By
altering the number of active antenna elements, the precoder used and the size
of the antenna array, and by visually evaluating the shape of the resulting beams,
it became concrete how these parameters affect the resulting antenna pattern.
However, only half of the three-dimensional space was studied since the antenna
pattern for isotropic antennas is symmetric around the plane spanned by the
antenna array. The antenna arrays studied spanned the xy-plane in a Cartesian
coordinate system and therefore only positive z-components were studied.
After the initial overview of antenna patterns, the dbf procedure for onedimensional antenna arrays was studied in three spatial dimensions using a script
in matlab where the user could control precoding choices as well as zoom-ins
and zoom-outs. By visually examining the resulting antenna patterns it was pos49
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sible to better understand the dbf procedure. Thereafter, a natural step was to
extend the user controlled dbf procedure to a two-dimensional antenna array.
Instead of only activating antennas next to the already activated antennas, the
user could choose whether antennas should be activated next to or below the already activated antenna elements. Also, at this step, the antenna array size was
not fixed, merely the number of antenna elements was fixed. As a consequence
the user could build up an antenna array of desired size, using different precoding alternatives. Therefore, it was possible to create any desired beam using the
antenna activation discussed in chapter 5, with the only difference that antenna
elements could also be activated below the already activated antennas.
P1

P1 P2

P1

P2

P1 P2

P1

P2

P1

P2

P1

P1

P1

P2

P2

P2
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P2

P2
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Figure 6.1: Overview of some possible antenna activations in two dimensions.
In order to clarify activation of antenna elements in two dimensions, consider
figure 6.1 showing some possible antenna activations together with the antenna
ports. The antenna activation starts at the top left corner in the picture where
only one antenna element is active, represented with a dark dot. This is the uninitialized state. Now, a zoom-in can be performed either horizontally (to the right
in the picture) or vertically (downwards in the picture). This is shown by the
lighter dots for each antenna state. Recall that the number of active antenna elements doubles every zoom-in when using dbf. Therefore, if choosing to zoom in
horizontally, two antenna elements are active as can be seen in the antenna state
to the right of the uninitialized state. In the next zoom-in, antennas can again
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be activated horizontally or vertically. If this time the choice is to zoom in vertically, a planar array is created, as can be seen if moving one step downwards in
the picture. Activation can then continue until the maximum number of antenna
elements is reached.
It should also be mentioned that the idea of port-to-antenna remapping does
not differ from the case where only linear antenna arrays were used. As can be
seen in figure 6.1, the antenna ports from one step to another are redefined as one
port and an identical port is created next to or below the redefined antenna port.
The fixed precoders available can then be applied on the ports, generating different beam-vectors corresponding to different antenna patterns. An interesting
consequence, though, of having planar arrays is that the antenna patterns available differ in what dimension they span, depending on whether antenna elements
were activated horizontally or vertically. If for example studying the planar antenna array with four active antenna elements in figure 6.1, it can be seen that the
antenna state could have been created horizontally or vertically. If it was created
horizontally, the antenna ports correspond to the rectangular boxes and if it was
created vertically, the antenna ports correspond to the ellipses. Thus, if antenna
activation is carried out horizontally, the directions of the antenna patterns corresponding to the fixed precoders will also spread horizontally. With the same
reasoning, if the antenna activation is carried out vertically, the directions of the
antenna patterns corresponding to the fixed precoders will spread vertically.
The mathematical representation for the antenna ports is similar to the case
for linear dbf. The only difference is that matrices are more convenient to use to
represent a planar antenna array. Equation 6.1 shows the port-to-antenna mapping P1,2 and P2,2 at the second zoom level for the two antenna ports in a 4 × 4
antenna array, where the first zoom level was reached vertically and the second
zoom level was reached horizontally. Recall that the port mapping vectors pnP
in F consist of the rows anT,v in PnP , pnP = (a1 , . . . , anT,v )T . With this conversion
it is possible to describe the port to antenna mapping and the beam-vector using
matrices, which eases the understanding of how the weights are applied on the
antenna elements since the matrices have the same size as the used antenna array,
NT,v × NT,h . The resulting beam-vector, or rather beam-matrix B, for the second
zoom level, B2 , can then be expressed according to equation 6.2.
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The pre-study was concluded by adding an imaginary user to the three-dimensional
space in matlab. By doing this it was possible to write a script that looped
through all precoders, both horizontally and vertically at each zoom level, each
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time choosing the precoder corresponding to the antenna pattern with highest
amplitude in the direction of the user. Therefore, always the best precoder was
chosen, the precoder yielding the highest performance. This further increased
the understanding of antenna patterns for planar antenna arrays.

6.2

Algorithm Design

Based on the knowledge achieved during the pre-study, presented in section 7.1,
the algorithm design and implementation started. The first step was to summarize the observations made in the pre-study. These results boiled down to two
conclusions, constituting the basis for the algorithm design.
First, the size of the antenna array affects the shape of the antenna pattern.
That means, if having an antenna array of size 2 × 8, the beam can only be narrowed vertically once and horizontally three times. Furthermore, if the channel
conditions are good, meaning that all antenna elements in the array can be utilized, the resulting beam for this particular antenna size will be narrower horizontally than vertically if assuming isotropic antenna elements. Therefore, if the
aim is to create a pencil beam at the highest zoom level, a quadratic antenna array must be used, e.g. an antenna array of size 4 × 4. It should also be mentioned
that in the pre-study, the array size was not fixed in order to investigate antenna
patterns more freely. However, as mentioned in section 1.4, this thesis is limited
to antenna arrays of fixed size in order to ease the implementation.
Second, the directivity of the beams can only be altered according to the alignment of the antenna ports. Horizontally aligned antenna ports yield antenna patterns with different directivity in the horizontal dimension and vertically aligned
antenna ports yield antenna patterns with different directivity in the vertical dimension. Thus, in order to target the intended ue in two dimensions, precoder
alternatives in two dimensions must be evaluated.
Based on these conclusions some ideas were developed for how to activate antenna elements in a planar antenna array. An obvious idea was that the best thing
to do should be to evaluate precoders both horizontally and vertically in each iteration, thus always choosing the best precoder. However, this would require
changes to the lte standard and implied quite major changes to the framework
built up for the dbf procedure for linear antenna arrays. Thus, the realization of
this idea was outside the scope of this thesis.
Another idea was to start zooming in one dimension until the maximum zoom
level in that dimension was reached, then the zoom-in algorithm in the other dimension would start. Assuming there are many users spread horizontally, gains
in terms of suppressed user interference would possibly be achieved if the beams
start zooming in horizontally. At the same time, zooming in horizontally is possibly not a good choice if the user is moving in the horizontal dimension, since a
narrower beam does not cover as much as a wider beam. To catch ue movement,
a beam that is narrow vertically and wide horizontally would be better.
Since there seemed to be a trade-off between gains in terms of suppressed interference and coverage for ue movements, a third idea came to mind. Namely,
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that it would be a good choice to always alternate between horizontal and vertical zoom-ins. This way, the algorithm would strive for an antenna pattern equal
to a pencil beam, targeting the ue in two dimensions. Furthermore, in order to
keep track of the ue in two dimensions, the algorithm should ascertain that the
two csi processes have different precoding alternatives available, one of them
covering the horizontal dimension and the other covering the vertical dimension.
The processes would be on different, but adjacent, zoom levels. For a quadratic
antenna array using alternating zoom-ins, this would be solved merely by means
of the quadratic structure of the antenna array and the fact that the zoom-ins
always alternate. For non-quadratic antenna arrays, this control procedure is
however important since there can be cases where the steady state has two processes with precoding alternatives in the same dimension. The algorithm for the
two-dimensional dbf procedure is presented in section 7.2.
In order to implement the dbf procedure for planar antenna arrays in the
Ericsson internal simulator written in c++, and at the same time verify that the
algorithm behaved as expected, a mex interface was set up. The mex interface
makes it possible to access c++ functionality from matlab. Therefore, scripts
from the pre-study could be reused and altered to build up a feedback loop where
the c++ functionality handled the dbf procedure and matlab was used to generate channel measurements and plots. Therefore it was possible to visually see
what choices were made and thereby alter the functionality into the desired behavior. By letting the ue move along the edge of an ellipse, that is changing the
horizontal and vertical spatial location, between the iterations, it was possible to
see how the zoom-ins and zoom-outs were done in order to better adapt to the
ue.

6.3

Simulator Setup

The simulator used to evaluate the dbf procedure for one- and two-dimensional
antenna arrays is an Ericsson internal simulator, written in c++. It is a downlink
physical layer simulator that has a large set of parameters to tweak. This section
presents the most important parameters and the simulations that have been run.
Table 6.1 gives an overview of parameters that are kept constant between the
simulations run in this thesis. As can be observed, the traffic model used is full
buffer. This means that there is an infinite number of data bits that are waiting for
transmission [6]. Thus, there are always transport blocks that are to be transmitted from the bs to the ue. The carrier frequency for the transmissions is 2GHz
and the bandwidth is 10MHz. As can be seen in table 6.1, the scheduler used
is of type round-robin. The scheduler is responsible for dividing the shared resources among the users and what round-robin does is to let the users take turns
in using the shared resources [5, p.84]. This means that equal amount of time
is given to each user, however the fading conditions are not taken into account
in the scheduling. Therefore, round-robin is not fair in the sense of providing
all users the same transmission quality and data throughput, but in the sense of
scheduling the same amount of shared resources to each user.
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Table 6.1: Overview of parameters that are kept constant between simulations.
Parameter

Value

Traffic model
Number of cells
Cell layout
User location
ue antenna height
Carrier frequency
Carrier bandwidth
ue movement
Antenna type
bs transmit power
Scheduler
Receiver type
Cf cardinality

Full buffer (5 users per cell on average)
57
Hexagonal
Uniform distribution
1.5m
2GHz
10MHz
Stationary (fading simulates 3km/h)
Directional
46dBm
Round Robin
2 receive antennas, mmse-filter
8

In table 6.1 it can also be seen that the users in the simulations are stationary. However, movement can be simulated by letting the fading change smoothly
with time as if the ue had a certain movement. A ue is therefore assumed to
move at a speed of 3km/h. It is also assumed that a ue is located 1.5m above
ground level. Therefore, the situation can be thought of as pedestrians walking
at ground level, with their ues in their hands. As stated in section 2.1.1, the
ues are assumed to have two receive antennas that are combined using an mmsefilter. Signals received at a ue are sent from a bs with the total transmit power
of 46dBm. Moreover, the antenna elements in the antenna array at a bs are directional antennas with a half-power beamwidth of 65 degrees horizontally and
6.5 degrees vertically. The antennas are mounted such that the radiation pattern
of an antenna covers the entire cell. For the dbf procedure, the fixed codebook
Cf in (2.9) with eight codewords is used. The relative phase between consecutive
codewords is π/4.
Concerning the cell deployment, a hexagonal 19-site deployment with 3-sector
sites is used in the simulations. This means that there are 57 cells. Each cell serves
five users on average and the users are uniformly distributed in the network. The
height of the bs in a cell depends on the scenario used. Table 6.2 specifies the
scenario specific parameters for the two scenarios used in this thesis. As can be
seen, the height of the bs is 25m for the urban macro-cell scenario and 35m for
the rural macro-cell scenario. This means that the bs can be assumed to be located above roof-top level, resulting in non- or obstructed line-of-sight in terms
of propagation conditions. The distance between the sites also differs between
the scenarios and is 500m for the urban scenario and 1732m for the rural scenario. As the names of the scenarios indicate, the urban scenario models a part
of a city and the rural scenario is constructed to correspond to the country side.
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Table 6.2: Overview of parameters changing depending on scenario Urban
or Rural.
Parameter

Urban Scenario

Rural Scenario

Inter-site distance
bs antenna height
Channel model

500m
25m
Urban Macro

1732m
35m
Rural Macro

Table 6.3: Overview of parameters changing depending on simulation.
Parameter

Possible Values

Scenario
Algorithm
bs antenna array size

Urban, Rural
2-port_dbf, 8-port_tm9
1 × 16, 2 × 16, 8 × 16, 1 × 64, 2 × 32, 4 × 16,
8 × 8, 16 × 4, 32 × 2, 64 × 1

The channel model for the urban scenario is named Urban Macro (uma) and is
defined in [6]. The model assumes an environment where an average building has
over four floors and that the height of buildings and building density are mostly
homogeneous in the city. Moreover, all ues are located outdoors at street level.
The channel model for the rural scenario, Rural Macro (rma), is also defined
in [6] and has a low building density compared to uma. Typical buildings are
assumed to have a height of around five meters. Therefore, a bs is located much
higher than the buildings, resulting in los for the most coverage areas. Also in
this model, the users are assumed to be at ground level.
It should be noted that the models, used to simulate the scenarios, are models with only two dimensions. The alternative would have been to use models
with three dimensions. There are some differences between the models that are
important to understand. The models are so called ray models, which model
the multi-path channel with a set of multi-path components that have a certain
directivity in elevation and azimuth to the bs and the ue respectively [2]. For
a two-dimensional model there is no angular spread in elevation. That is, the
elevation angle for all multi-paths is the same. For a three-dimensional model,
there is an angular spread for the multi-paths in elevation as well. Moreover,
for a three-dimensional model the users must not be located at ground level, as
for the two-dimensional models, but also on different floors in buildings. This
means that the three-dimensional model in some sense is more realistic. However, since the angular spread for a three-dimensional model is quite low anyway,
two-dimensional models were chosen to be used. This choice was also based on
that the required computational power for the simulations scales with the complexity of the model and the computational power was limited, at least if put in
relation to the time required to run a simulation.
The parameters, specified in table 6.3, change with the different simulations.
In the table, the scenarios correspond to the aforementioned scenarios urban and
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Table 6.4: Overview of the simulations run.
Simulation

Algorithm

Scenario

Antenna sizes

1
2
3
4

8-port_tm9
8-port_tm9
2-port_dbf
2-port_dbf

Urban
Rural
Urban
Rural

All in table 6.3
All in table 6.3

rural and the algorithm parameter tells what algorithm is used to transmit data
to the ue. 2-port_dbf indicates that the dbf algorithm with two antenna ports
is used in the simulations. 8-port_tm9 refers to transmission mode 9 that was
included in the lte standard in release 10, section 3.4.1. Recall that tm9 is a
non-codebook-based transmission scheme that uses csi-rs and supports transmissions on up to eight layers simultaneously. Since only transmissions using
one layer are conducted in the simulations run in this thesis, tm9 is virtualized
using eight antenna ports so that a precoding procedure that exists in today’s lte
can be used for comparison with the 2-port_dbf. Thus, the notation 8-port_tm9.
As can also be seen in table 6.3, there are various antenna sizes that can be used
for dbf, where most of them have 64 antenna elements in the array.
Finally, table 6.4 shows the simulation sets that have been run in this thesis. It
should be mentioned that all simulations are run 25 times with different spatial
drops of the users. This means that the users get different propagation conditions each drop. All iterations with different drops are then used to create more
statistically reliable results.

7

Investigation Results

The result of the investigation is presented in this chapter. First, the results of
the pre-study are presented. These results constituted the main decision basis
for design choices made under the algorithm design. Second, the developed dbf
algorithm used in the simulations is presented. Finally, the simulator setup is
covered.

7.1

Pre-Study

The result of the pre-study was increased knowledge about antenna patterns and
how they change with the number of antennas and precoders, both for linear
and planar antenna arrays. As mentioned in section 6.1, only half of the threedimensional space was studied. Therefore, the following figures will only present
one half of the symmetric antenna patterns.
Figure 7.1, figure 7.2 and figure 7.3 show the radiation patterns for a single,
two and four isotropic antenna elements respectively, when aligned linearly on
the x-axis in a Cartesian coordinate system and fed without any phase shift. This
corresponds to antenna arrays of size 1 × 1, 1 × 2 and 1 × 4, assuming that the xaxis is aligned horizontally. Each figure presents its radiation pattern from four
different angles. If looking carefully, the antenna elements generating the radiation patterns can be seen as small dots. However, since the distance between the
antenna elements is merely half a wavelength, the antenna positions are enlarged
500 000 times in order to visually being able to separate the antenna elements.
As can be observed, the radiation pattern becomes more and more pronounced
in the same dimension that the antenna array spans, as the number of antenna
elements increase.
Figure 7.4, figure 7.5 and figure 7.6 show the radiation patterns for planar
antenna arrays of size 2 × 2, 2 × 4 and 4 × 2 respectively, where the isotropic
57
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antenna elements are fed without any phase shift. This means that b only consists
of weights scaling the signals so that the transmit power is divided equally over
all antenna elements. As can be observed in figure 7.4, the radiation pattern is
symmetric and the beam that is created therefore has the same width in both
dimensions. This is recognized as a flashlight beam or a so called pencil beam.
As can be observed in figure 7.5, the beam is narrower along the x-axis while in
figure 7.6, the beam is narrower along the y-axis. As can be seen, the radiation
pattern is correlated with the size of the antenna array.
The latter part of the pre-study concerned how precoders affect the radiation
pattern, using the antenna activation procedure discussed in section 6.1. Figure 7.7 shows the four different radiation patterns corresponding to the four precoders in (2.8), when the precoders are applied on a linear antenna array of size
1 × 2 using dbf activation. As can be observed, by applying different phase shifts
to the antenna elements, the antenna patterns cover different directions.
Figure 7.8 and figure 7.9 show radiation patterns for the precoders used in figure 7.7, this time using a planar antenna array of size 2×2. Figure 7.8 has antenna
ports of size 2 × 1, meaning that the antenna ports are next to each other in the
horizontal dimension, and figure 7.9 has antenna ports of size 1 × 2, meaning that
the antenna ports are next to each other in the vertical dimension. The antenna
ports were created using the precoder w0 , which does not introduce any phase
shift between the antenna elements. As can be observed in the figures, the precoders only affect the directivity of the radiation pattern in the same dimension
as there are antenna ports.

Figure 7.1: Radiation pattern for a single isotropic antenna element, array
size 1 × 1.
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Figure 7.2: Radiation pattern for two isotropic antenna elements, aligned
along the x-axis. Array size 1 × 2.

Figure 7.3: Radiation pattern for four isotropic antenna elements, aligned
along the x-axis. Array size 1 × 4.
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Figure 7.4: Radiation pattern for four isotropic antenna elements, aligned in
a planar antenna array of size 2 × 2 in the xy-plane.

Figure 7.5: Radiation pattern for eight isotropic antenna elements, aligned
in a planar antenna array of size 2 × 4 in the xy-plane.
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Figure 7.6: Radiation pattern for eight isotropic antenna elements, aligned
in a planar antenna array of size 4 × 2 in the xy-plane.

Figure 7.7: Radiation patterns for two isotropic antenna elements in an array
of size 1 × 2, aligned along the x-axis, where four different precoders are
applied.
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Figure 7.8: Radiation patterns for four isotropic antenna elements, aligned
in a planar array of size 2 × 2 in the xy-plane, where four different precoders
are applied on antenna ports aligned horizontally.
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Figure 7.9: Radiation patterns for four isotropic antenna elements, aligned
in a planar array of size 2 × 2 in the xy-plane, where four different precoders
are applied on antenna ports aligned vertically.
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Algorithm Design

The result of the algorithm design was a procedure for dbf that handles antenna
activation in two-dimensions. The procedure described in this section was used
for the simulations specified in section 6.3.
First, it should be noted that the procedure for dbf using two-dimensional
antenna arrays is merely an extension of the dbf procedure using linear antenna
arrays. Therefore, the feedback loop described in section 5.3 is used also for planar antenna arrays. The same thing applies for much of the realization, described
in section 5.4. Therefore, only the differences are pointed out in detail below, the
rest of the algorithm is described briefly.
The dbf procedure is realized through two csi processes, which are used to
compare two zoom level states. The csi processes have different but adjacent
total zoom levels. Since antenna elements can be activated in two dimensions,
the total zoom level is divided into the horizontal zoom level and the vertical
zoom level. Thus, for an antenna array with two antenna elements active in each
dimension, four active antenna elements in total, the horizontal zoom level is one
and the vertical zoom level is one. This results in a total zoom level of two. If only
the total zoom level is known, in this case two, it is impossible to tell whether the
active antenna elements are aligned as 1 × 4, 4 × 1 or 2 × 2. Thus, there is a need
for a zoom level in each dimension.
Regarding port-to-antenna mapping in two dimensions, described in section
6.1, it becomes important to keep track of how each csi process is initialized,
since each planar array of active antenna elements may have been created either
vertically or horizontally. That is, each csi process must know in what dimension
the possible precoders yield different beam directions. This information is used
for decision making when comparing the two csi processes.
By letting the csi processes transmit csi-rs using their antenna ports, the ue
can measure the reference signals and return csi. Based on the cqi, reported
for the two processes, decisions are made on how to improve the performance.
Assume that the two csi processes are labeled process A and process B and that
an antenna array of size 4 × 4 is used. Also assume that process A is initialized
horizontally as a starting point and that process B remains uninitialized. Then
csi-rs are transmitted by the two processes, the ue measures the signals and calculates csi that is reported back individually for the two processes. To be clear,
the csi reports includes the pmi for the precoder yielding the highest cqi and
the corresponding cqi, among other things. Based on the csi reports, the processes are compared. Now, process A has higher total zoom level than process
B, therefore the process with the highest total zoom level can also be referred to
as the high process and the process with lower total zoom level can be referred
to as low. Thus, if the high process has better cqi than the low and there is still
antenna elements left to activate, the low process should be made a zoomed in
version of the high process. What differs from the linear case is now that the
processes should be initialized in different dimensions. That is, if the high process is initialized horizontally, as in this example, the zoomed in version should
be initialized vertically. On the other hand, if the high process would have been
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initialized vertically, the zoomed in version should be initialized horizontally.
To clarify how the zoom-ins are performed between two processes, study the
zoom-in steps in figure 7.10. In this figure, it is assumed that the high process
always has the highest cqi. In the first iteration, process A is the high process and
with the aforementioned assumption that the high process also has the highest
cqi, process B is made a zoomed in version of process A. This is possible since
process B still has antenna elements left to activate. As a result, process A still has
a horizontal zoom level of one and a vertical zoom level of zero, being initialized
horizontally, and process B has a horizontal zoom level of one and a vertical zoom
level of one, being initialized vertically. This can be seen in the second iteration.
To proceed the zoom-in procedure, the second iteration starts with that csi-rs
are transmitted. This time process B is high and process A is low. Since the high
process is assumed to have the highest cqi, process A is zoomed in horizontally
from process B since process B is initialized vertically. This means that process A
is initialized horizontally and gets a horizontal zoom level of two, which is also
the maximum zoom level horizontally since there are only four antenna elements
in that dimension, and a vertical zoom level of one. This can be seen in the third
iteration. If proceeding to the fourth iteration, process B is zoomed in vertically
from process A, now using all available antenna elements.

Figure 7.10: Overview of the zoom-in steps performed for a planar antenna
array of size 4 × 4, assuming that the process with the highest zoom level
always has the highest cqi.
When proceeding from the fourth iteration in figure 7.10, if high has higher
cqi than low, low cannot be zoomed in from high, since high is already using all
available antenna elements. In order to make sure that the two processes have
different initialization dimensions, a comparison is made between the processes.
If they have the same initialization dimension, the low process is zoomed out
from the high process. This case occurs if the antenna array is not quadratic,
since then the maximum zoom level in each dimension will differ. Assume that
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the antenna array has size 2 × 8 and that zoom-ins are performed until all antenna
elements are activated. The antenna array will be filled in four iterations using
the activation pattern horizontal, vertical, horizontal and then horizontal again
since there are no more antennas left to activate horizontally but there are still
elements left horizontally.
The zoom-outs are, as for the zoom-ins, performed alternatingly to the extent
possible. That is, if process high should be zoomed out from low, the zoomed
out version should have an initialization dimension that differs from the new
high process. If continuing the example with process A and B, assuming that
process B is to be zoomed out from process A, when having the zoom level states
according to iteration four in figure 7.10, then the goal is to get to the zoom level
state shown by iteration three. Therefore the horizontal zoom level for process
B should be decreased one step based on process A and have the same vertical
zoom level as process A. Since the initialization dimension should differ between
the processes, process B should be initialized vertically if possible since process
A is initialized horizontally. However, if such an initialization is not possible due
to a linear array of active antenna elements, initialization in the other dimension
might be performed if possible. If this is not possible either, a zoom-out cannot
be performed and nothing is done. In the example, a zoom-out can be performed
and the zoom level states for process A and B in iteration three, in figure 7.10, is
reached.
As for the case with linear antenna arrays, a forbidden pmi exists, which corresponds to a symmetric antenna pattern with two main lobes. When a forbidden
pmi is reported, different actions might be taken depending on which process it
is that reports a forbidden pmi, or if both processes report a forbidden pmi. If the
low process reports forbidden pmi and has a total zoom level greater than one,
the high process should be zoomed out from the low. However, the zoomed out
process should not be initialized in the orthogonal dimension to the other process,
but in the same. This is done in order to meet the cause of the reported forbidden
pmi, namely that the ue starts to disappear from the area that the process covers,
meaning that there is no gain of zooming out if the zoomed out process is not
covering a larger area than the zoomed in process. Also in case of both processes
reporting forbidden pmi, the high process is zoomed out from the low process if
possible.
If the high process is forbidden, but not the low process, and the low process is
initialized, then, if the processes have the same initialization dimension, the high
process should be a zoomed in version of the low process, where the resulting
processes have different initialization dimensions. This is done since the reported
forbidden pmi indicates that all different precoding alternatives for the precoder
used for the low process are not good enough. Thus, it is better to let the high
process be a zoomed in version using another of the precoders available at low.
However, if the processes do not have the same initialization dimension when
the high process reports forbidden pmi, the low process should be zoomed out
from the high process and then be initialized in the same dimension as the other
process. This is done to widen the coverage area in the dimension where the ue
moves.
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Figure 7.11 presents the flowchart for the dbf procedure for two dimensional
antenna arrays. In the figure, low is the process with the lowest total zoom level
and high is the process with the highest total zoom level.

7.3

Simulation Results

The results for the different simulations, presented in section 6.3, are described
in this section. The simulation results are grouped and presented based on result
category rather than simulation number. That is, all results of the same type are
gathered in one subsection.

7.3.1

Limitations

The following list presents some limitations that one should be aware of when
studying the simulation results.
• The results presented in this chapter can be seen as optimistic since twodimensional scenario models are used, as discussed in section 6.3.
• The overhead caused by the processes were not taken into account during
the simulations. The 8-port_tm9 uses more overhead than 2-port_dbf in
uplink and downlink. Thus, the dbf results can be seen as pessimistic in
relation to the 8-port_tm9 results. However, the relations between the different dbf results do not differ since the same amount of overhead is used
for the dbf algorithm irrespective of array size.

7.3.2

Definitions

The following list presents some terms that are relevant for understanding the
plots presenting the results.
• Many of the results are presented using the cumulative distribution function (cdf). The cdf is defined as the probability y that a random variable
X takes a value less or equal to x such that y = cdfX (x) = P (X ≤ x). It
is then possible to refer to the yth percentile, meaning the x value corresponding to that certain percentile. For y = 0.1, which refers to the 10th
percentile, relation 0.1 = cdf(x) holds.
• The throughput concerns how much actual data that can be transferred per
time unit, excluding overhead such as control signaling, and normalized
throughput is a measure of the efficiency/utilization of frequency and time.
Thus, normalized throughput can be seen as the amount of bits sent over a
time and frequency resource (bps/Hz). It can be mentioned that throughput can include durations with zero transmission due to lack of bits in the
data buffer, which can be because of protocol behavior or simply because
there is no data to transmit. However, since full buffer is used in the simulations, durations with zero transmission will not occur.
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Figure 7.11: A flowchart that presents the algorithm used to make decisions
in the extended dbf procedure.
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7.3.3

Normalized Throughput

The normalized user throughput refers to the normalized throughput a single
user experiences. The normalized user throughput for the urban scenario using
the 8-port_tm9 algorithm and the 2-port_dbf algorithm with NT = 64 antenna
elements is presented in figure 7.12, where the cdf is plotted against normalized
user throughput. As can be observed, the antenna arrays of size 1 × 64 and 2 × 32
using dbf yield the highest normalized user throughput whereas the 8-port_tm9
algorithm and the dbf using 64 × 1 and 32 × 2 arrays have the lowest user throughput. Recall the definition of array sizes from section 2.2. An antenna array of size
1 × 64 has its antenna elements aligned horizontally whereas an antenna array of
size 64 × 1 has its antenna elements aligned vertically.
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Figure 7.12: The normalized user throughput, described by cdf versus normalized user throughput, for the urban scenario using the 8-port_tm9 beamforming and dbf for antenna arrays with NT = 64.
In figure 7.13, the normalized user throughput for the rural scenario using
the 8-port_tm9 algorithm and the 2-port_dbf algorithm is presented. As can be
noted in the figure, dbf using antenna arrays of size 1 × 64 and 2 × 32 results in
the highest throughput whereas dbf using antenna arrays of size 64 × 1 and 32 × 2
have the lowest throughput. The 8-port_tm9 algorithm yields a throughput that
is in between the throughput curves for antenna arrays 8 × 8 and 16 × 4, using
dbf.
The normalized user throughput for the urban and rural scenarios with NT =
64 antenna elements can be further studied by observing the mean of the normalized user throughput for the two scenarios respectively. Figure 7.14 shows
the mean normalized user throughput for the urban scenario and figure 7.15
shows the mean normalized user throughput for the rural scenario. As can be observed for the urban scenario, irrespective of array size, the dbf results in higher
mean throughput than the 8-port_tm9 beam-forming. Moreover, for dbf the
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Figure 7.13: The normalized user throughput, described by cdf versus normalized user throughput, for the rural scenario using the 8-port_tm9 beamforming and dbf for antenna arrays with NT = 64.
antenna array with the highest number of antenna elements in the horizontal
dimension, NT,h , yields the highest mean throughput and the mean throughput
decreases with decreasing NT,h . On the other hand, for the rural scenario it can
be seen that not all array sizes for dbf yield higher mean throughput than the
8-port_tm9 beam-forming. However, it can also here be observed that the highest mean throughput is the result of the array size with the highest NT,h and that
the mean normalized throughput decreases with decreasing NT,h . By comparing
the mean normalized user throughput for the urban and the rural scenario, it
can be seen that the rural scenario results in higher mean throughput for the 8port_tm9 beam-forming and dbf for array sizes 1 × 64, 2 × 32, 4 × 16 and 8 × 8.
For array sizes 16 × 4, 32 × 2 and 64 × 1, the urban scenario yields higher mean
normalized user throughput.
Another way to look at the normalized user throughput is through studying
the 10th percentile of the normalized user throughput. The reason for studying
any percentile is to see how different categories of ues are affected. By studying
the 10th percentile, the category of ues experiencing quite bad channel conditions is selected. Figure 7.16 and figure 7.17 present the 10-percentile normalized user throughput for the urban and rural scenario respectively. Again, it can
be observed that the normalized user throughput decreases with decreasing NT,h
in dbf for both scenarios. For the rural scenario, the differences in throughput
between the different array sizes are in the order of 0.01 bps/Hz/user, declining with decreasing NT,h . For the urban scenario, the throughput differs about
0.04 bps/Hz/user between the different array sizes. As can be observed for both
the urban and the rural scenario, dbf does not always yield higher throughput
than 8-port_tm9 beam-forming, especially not for the rural scenario. As for the
mean normalized user throughput, the rural scenario has an overall higher 10-
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Normalized User Throughput [bps/Hz/user] Urban Scenario
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Figure 7.14: The mean normalized user throughput for the urban scenario using the 8-port_tm9 beam-forming and dbf for antenna arrays with
NT = 64. The percentages given in the figure are calculated based on the 8port_tm9 result and tells how much higher or lower a certain value is compared to tm9.
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Figure 7.15: The mean normalized user throughput for the rural scenario using the 8-port_tm9 beam-forming and dbf for antenna arrays with NT = 64.
The percentages given in the figure are calculated based on the 8-port_tm9
result and tells how much higher or lower a certain value is compared to
tm9.

percentile normalized user throughput compared to the urban scenario, for most
array sizes and the 8-port_tm9 beam-forming. The array sizes 16 × 4, 32 × 2 and
64 × 1 result in higher throughput for the urban scenario than the rural scenario.
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Normalized User Throughput 10-Percentile [bps/Hz/user] Urban Scenario
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Figure 7.16: The 10-percentile normalized user throughput for the urban
scenario using the 8-port_tm9 beam-forming and dbf for antenna arrays
with NT = 64. The percentages given in the figure are calculated based on
the 8-port_tm9 result and tells how much higher or lower a certain value is
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Figure 7.17: The 10-percentile normalized user throughput for the rural scenario using the 8-port_tm9 beam-forming and dbf for antenna arrays with
NT = 64. The percentages given in the figure are calculated based on the 8port_tm9 result and tells how much higher or lower a certain value is compared to tm9.
The normalized user throughput for the urban and rural scenarios using dbf
with NT,h = 16 and varying NT,v can be seen in figure 7.18 and figure 7.19 re-
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spectively. In these simulations NT,v ∈ {1, 2, 4, 8}. As can be seen for the urban
scenario, the antenna array of size 8 × 16 yields the highest throughput whereas
the antenna array of size 1 × 16 yields the lowest throughput. For the rural scenario the same observation can be made.
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Figure 7.18: The normalized user throughput, described by cdf versus normalized user throughput, for the urban scenario using dbf for antenna arrays with NT,h = 16.
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Figure 7.19: The normalized user throughput, described by cdf versus normalized user throughput, for the rural scenario using dbf for antenna arrays
with NT,h = 16.
In terms of mean normalized user throughput, the throughput increases with
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increasing NT,v for both the urban and the rural scenario when NT,h = 16 is kept
constant, as can be observed in figure 7.20 and figure 7.21 respectively. The difference in percentage between the different array sizes are calculated with the 1 × 16
antenna array as reference. By comparing the mean normalized user throughput
for the urban and the rural scenario when NT,h = 16, it can be observed that the
throughput is higher for the rural scenario than for the urban scenario.
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Figure 7.20: The mean normalized user throughput for the urban scenario
using dbf for antenna arrays with NT,h = 16. The percentages given in the
figure are calculated based on the 1 × 16 result, thereby telling how much
higher or lower a certain value is compared to that result.
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Figure 7.21: The mean normalized user throughput for the rural scenario
using dbf for antenna arrays with NT,h = 16. The percentages given in the
figure are calculated based on the 1 × 16 result, thereby telling how much
higher or lower a certain value is compared to that result.
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Finally, the 10-percentile normalized user throughput can be studied for the
antenna arrays of size NT,v × 16, where NT,v ∈ {1, 2, 4, 8}. Figure 7.22 and figure 7.23 show the 10-percentile normalized user throughput for the urban and
rural scenarios respectively. As can be observed for the urban scenario, the 10percentile normalized user throughput increase with increasing NT,v . On the
other hand, for the rural scenario there is no steady increase with increasing NT,v ,
since the 2 × 16 antenna array yields higher throughput than the 4 × 16 antenna array. If comparing the urban and rural scenarios in this case, it becomes clear that
the rural scenario has an overall higher throughput for the 10-percentile than the
urban scenario.
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Figure 7.22: The 10-percentile normalized user throughput for the urban
scenario using dbf for antenna arrays with NT,h = 16. The percentages given
in the figure are calculated based on the 1 × 16 result, thereby telling how
much higher or lower a certain value is compared to that result.

7.3.4

Interference

One way to study interference is through the average interference power experienced in a served cell. The following figures present the cdf versus the mean
interference power for a served cell (sc) [dBW/sc]. Since there is no intra-cell
interference, as explained in section 2.1.1, the interference for a served cell is
caused by signals from neighboring cells. Recall that the frequency reuse factor
is one. Figure 7.24 shows the average interference power for the urban scenario
with 8-port_tm9 beam-forming and dbf using arrays with NT = 64 antenna elements. As can be seen, the highest interference is yielded by dbf using array sizes
16 × 4, 32 × 2 and 64 × 1. The lowest average interference power is achieved by
dbf using a 1 × 64 antenna array. The second lowest average interference power
is yielded by the 8-port_tm9 beam-forming. For dbf, the interference power
increase with decreasing NT,h . This means that dbf with 1 × 64 arrays has the
highest interference suppression and that dbf with 64 × 1 arrays has the lowest
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Normalized User Throughput 10-Percentile [bps/Hz/user] Rural Scenario
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Figure 7.23: The 10-percentile normalized user throughput for the rural scenario using dbf for antenna arrays with NT,h = 16. The percentages given in
the figure are calculated based on the 1 × 16 result, thereby telling how much
higher or lower a certain value is compared to that result.
interference suppression.
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Figure 7.24: The average interference power, described by cdf versus average received interference power, for the urban scenario with 8-port_tm9
beam-forming and dbf using antenna arrays with NT = 64.
Figure 7.25 shows the average interference power for the rural scenario with
8-port_tm9 beam-forming and dbf using arrays with NT = 64 antenna elements.
As can be observed, the highest interference is yielded by dbf using array size
64 × 1 and the lowest interference is yielded by dbf using the 1 × 64 antenna array.
The interference suppression clearly increases as NT,h increases. The 8-port_tm9
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beam-forming yields the second highest interference suppression.
Average Interference Power Rural Scenario
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Figure 7.25: The average interference power, described by cdf versus average received interference power, for the rural scenario with 8-port_tm9
beam-forming and dbf using antenna arrays with NT = 64.
The average interference power for dbf using antenna arrays where NT,h = 16
antenna elements can be seen in figure 7.26 and figure 7.27 for the urban and
rural scenarios respectively. As is shown for the urban scenario, the average interference power is highest for the 8 × 16 array and lowest for the 1 × 16 array. Thus,
the 1 × 16 array yields the highest interference suppression. This observation is
also true for the rural scenario. Moreover, if comparing the urban and rural scenario it can be seen that the overall average interference is higher for the urban
scenario than for the rural scenario. This can be seen by comparing almost any
percentile, e.g. the 50th percentile, in the figures figure 7.26 and figure 7.27.
Another mean to study interference is by observing the sinr. Figure 7.28
shows the sinr, averaged over time and frequency, for the urban scenario with 8port_tm9 beam-forming and dbf using arrays with NT = 64. As can be observed,
the highest sinr is achieved from dbf using arrays of size 1 × 64 and 2 × 32. The
lowest sinr is yielded by the 8-port_tm9 beam-forming. The second lowest sinr
originates from dbf using a 16 × 4 antenna array.
The average sinr for the rural scenario is depicted in figure 7.29. As can be
seen, the highest sinr is achieved for dbf using antenna arrays of size 1 × 64 and
2 × 32. The sinr decreases with decreasing NT,h and the lowest sinr is achieved
for dbf using an antenna array of size 64 × 1. The 8-port_tm9 beam-forming
results in an sinr that is higher than dbf using arrays of size 64 × 1, 32 × 2 and
16 × 4 but lower than dbf using arrays of size 8 × 8, 4 × 16, 2 × 32 and 1 × 64.
Figure 7.30 and figure 7.31 present the average sinr for dbf using antenna
arrays with NT,h = 16 antenna elements for the urban and rural scenarios respectively. For both the urban and rural scenario, it can be seen that the antenna
array of size 1 × 16 yields the lowest average sinr whereas the antenna array of
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Figure 7.26: The average interference power, described by cdf versus average received interference power, for the urban scenario with dbf using
antenna arrays with NT,h = 16.
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Figure 7.27: The average interference power, described by cdf versus average received interference power, for the rural scenario with dbf using antenna arrays with NT,h = 16.
size 8 × 16 yields the highest sinr. If comparing the two scenarios, it can be seen
that the sinr for the rural scenario is higher than for the urban scenario.
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Figure 7.28: The average sinr, described by cdf versus average sinr, for
the urban scenario with 8-port_tm9 beam-forming and dbf using antenna
arrays with NT = 64.
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Figure 7.29: The average sinr, described by cdf versus average sinr, for the
rural scenario with 8-port_tm9 beam-forming and dbf using antenna arrays
with NT = 64.
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Figure 7.30: The average sinr, described by cdf versus average sinr, for the
urban scenario with dbf using antenna arrays with NT,h = 16.
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Figure 7.31: The average sinr, described by cdf versus average sinr, for the
rural scenario with dbf using antenna arrays with NT,h = 16.

8

Discussion

This chapter evaluates the simulation results and the methodology of the investigation.

8.1

Simulation Results

The simulation results were presented in section 7.3 and this section aims to discuss and explain those results.

8.1.1

Normalized Throughput

As was stated in section 7.3.3, the normalized user throughput for the urban and
rural scenarios, for antenna arrays with NT = 64 antenna elements, was highest
for antenna arrays of size 1 × 64 and 2 × 32. For both of these antenna arrays, there
are more antenna elements horizontally than vertically meaning that the array radiation pattern can be narrowed more horizontally than vertically with dbf. As
was also stated, the normalized user throughput decreases with decreasing NT,h .
That is, the throughput decreases when there are less antenna elements horizontally. This becomes especially clear in the rural scenario, where the difference
in throughput between the antenna arrays becomes more pronounced, consider
figure 7.12 and figure 7.13, or figure 7.14 and figure 7.15. Thus, it seems that it
is better to align the antenna elements horizontally than vertically since there is
no gain, in terms of throughput, in narrowing the radiation pattern vertically.
The reason why antenna arrays with many antenna elements in the horizontal
dimension yield the highest normalized user throughput, can possibly be found
by considering the distribution of the users in the scenarios. In both scenarios,
all users are located at street level meaning that the users are mostly distributed
horizontally. That is, there are no users located in high buildings, meaning that
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the elevation angle from the bs to an ue is almost the same for all ues. Only the
spatial location within the cell affects the elevation angle to the bs and since a
half-power beamwidth of 6.5 degrees in elevation is enough to cover a cell in elevation, as mentioned in section 6.3, the spatial location within the cell does not
affect the elevation angle much. Thus, all ues have essentially the same elevation
angle but different azimuth angles. Moreover, since two-dimensional scenario
models are used, there is no angular spread in elevation, only in azimuth. This
means that the the multi-paths only spread horizontally. With these two observations, it sounds reasonable that it is more efficient to narrow the radiation pattern
horizontally for the used scenarios. This is also what can be observed in the simulation results, since the normalized user throughput increases with increasing
NT,h .
Another observation, made in section 7.3.3, was that the 8-port_tm9 beamforming had the lowest mean normalized user throughput for the urban scenario,
but not the lowest for the rural scenario. Also, the mean normalized user throughput was higher for the rural scenario than the urban scenario, except for a minority of array sizes. The reason for these results can possibly be found in the cell
deployment. First, there is a difference in los-components between the scenarios. The urban scenario has non- or obstructed-los whereas the rural scenario
has los for the most coverage areas. Recall that the bs is located over roof-top
level at a height of 25m for the urban scenario, where also high buildings are
present that introduce shadowing and multi-paths, and that the bs is located
over roof-top level at a height of 35m for the rural scenario, where buildings are
around 5m high. This means that it is reasonable that the rural scenario yields
higher throughput, since the propagation conditions are better in general. At
the same time, there is a big difference in inter-site distance for the urban and
rural scenario. Recall that the urban scenario has an inter-site distance of 500m
whereas the rural scenario has an inter-site distance of 1732m. This means that
the propagation attenuation is probably higher in the rural scenario since ues
can be further away from the bs. Due to the long distances in the rural scenario,
it becomes important to direct the beams so that the received signal strength
increases. Since there is los in the rural scenario, a well-directed beam horizontally yields high throughput gains whereas a beam with a wide radiation pattern
horizontally does not focus the signal energy well enough. This can be seen in
figure 7.15. With the 1 × 64 array there is much gain compared to the 64 × 1 array
and all array sizes do not yield higher throughput than the 8-port_tm9 beamforming. For the urban scenario, all array sizes yield higher throughput than the
8-port_tm9 beam-forming. The reason for this is probably that in the urban environment there are more multi-paths, resulting in that even radiation patterns
that are not narrow in the horizontal dimension find their way to the intended
ue.
The previously explained ideas also find support in the 10-percentile normalized throughput. Often users with a normalized throughput less or equal to the
10th percentile can be assumed to experience bad radio conditions, e.g. by being
located close to the cell-edge or by being subject to shadowing. As could be observed from figure 7.16, depicting the 10th percentile normalized user through-
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put for the urban scenario, narrowing the radiation pattern horizontally yields a
gain in terms of throughput. The antenna array of size 1 × 64 using dbf yields
a 40% higher throughput than tm9. The corresponding figure for the rural scenario, figure 7.17, shows that the gain of creating a narrow beam horizontally is
even larger for the rural scenario. The antenna array of size 1×64 using dbf yields
a 58% higher throughput than tm9. This figure also shows that there is a loss
in terms of throughput if the radiation patter is not made narrow horizontally.
These observations rime well with the importance of having well-directed radiation patterns, especially for the rural scenario, due to large areas and few multipaths. Therefore, it seems more important to have many antennas in the horizontal dimension for the rural scenario than the urban, assuming that the users are
spread mostly horizontally. Also, dbf seems to increase the throughput more for
10th percentile users than for users with the mean normalized user throughput,
compared to tm9. This can be seen in figure 7.15 and figure 7.17, describing the
mean normalized user throughput and the 10th percentile user throughput for
the rural scenario respectively. For the 1 × 64 antenna array, the mean normalized
user throughput is 25% higher than tm9 and the 10th percentile normalized user
throughput is 58% higher than tm9.
For the dbf using arrays with NT,h = 16 antenna elements, section 7.3.3 stated
that the highest normalized user throughput is achieved from the antenna array with most rows vertically and that the lowest throughput is achieved from
the antenna array with only one row. This sounds reasonable since the throughput should not decrease with increasing number of antenna elements. Also, this
shows that the algorithm does at least not decrease the throughput when the vertical dimension is added to the antenna arrays. However, it can be discussed
whether the increase in throughput for increasing values of NT,v originates from
the dbf algorithm or just from the fact that the number of antenna elements increases, improving the received signal strength.

8.1.2

Interference

The results concerning the interference was presented in section 7.3.4. One of
the observations was that the highest received average interference power for arrays with NT = 64 antenna elements, in the urban scenario, was achieved for
antenna arrays of size 16 × 4, 32 × 2 and 64 × 1. All these arrays have more antenna elements vertically than horizontally resulting in a wide radiation pattern
horizontally. Thus, it is reasonable for those arrays to yield high interference
power since the energy is spread in the horizontal dimension where there are
many other users. With the same reasoning, it is no surprise that the antenna array of size 1 × 64 yields the lowest interference, since it results in a narrow beam
horizontally. The same discussion can be held for the rural scenario where the
differences in average interference power are even more pronounced.
Another observation was that the average interference power for dbf using
antenna arrays with NT,h = 16 antenna elements was highest for the 8 × 16 array
and lowest for the 1 × 16 array. This is valid for both scenarios. The reason for
this might be that, as NT,v increases, the radiation pattern becomes more focused
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vertically and the array gain increases. This means that the bs can be seen to have
higher transmit power as NT,v increases, thereby reaching more users in neighboring cells. This causes a higher average interference power. However, as observed
for the normalized user throughput, the 8 × 16 array yields the highest throughput among the arrays simulated with NT,h = 16 antenna elements. Therefore,
there must be something that counter the average received interference power
since high throughput is observed despite high interference.
The answer to the aforementioned observation, concerning high throughput
despite high interference power, is found by studying the sinr for the antenna
arrays with NT,h = 16 antenna elements. In figure 7.31 it can be observed that
the 8 × 16 array yields the highest sinr whereas the 1 × 16 yields the lowest sinr.
This means that, despite yielding the highest interference power, the 8 × 16 array
yields the highest sinr. The reason for this is likely to be that there is vertical
separation between the radiation patterns due to dbf. For an antenna array with
high NT,v , there is a higher resolution of directivity of the radiation patterns than
for an antenna array with low NT,v . That is, when NT,v increases, both the signal
power to the intended ue and the interference perceived by other ues increase,
but due to higher vertical separation of beams as NT,v increases, the power to the
intended ue is stronger than the interference power perceived in other cells.
For the antenna arrays with NT = 64, all antenna arrays have the same number of antenna elements. Therefore, for the different array sizes, the average interference power and the sinr match well together, consider figure 7.24 and figure 7.28, or figure 7.25 and figure 7.29. As can be observed, the array yielding the
lowest average interference power also yields the highest sinr. This observation
is reasonable since only the array size changes and not the number of antenna
elements.

8.2

Method

The investigation started with the pre-study, section 6.1, where understanding
how antenna patterns behave and how dbf works was the main goal. To experimentally learn the behavior of antenna radiation patterns using matlab, when
isotropic antennas are combined in antenna arrays, helped understanding the
properties of an antenna array. The experiments provided a good visual picture
of radiation patterns and also helped in creating a tool for visually examining the
dbf algorithm. However, it would have been enlightening to study directional
antenna elements as well in the pre-study, since this was what was used in the
simulations. This would possibly have helped understanding, at an early stage,
that the gain of vertical beam-forming would not be overwhelming since the antenna radiation pattern is already narrow vertically.
As mentioned in section 1.1, there is no published documentation for the dbf
technique as it, at the time of writing, still is being developed. Therefore, the
knowledge about dbf had to be conveyed orally from people at Ericsson Research,
through internal documentation and through c++ code. This made the literature
study somewhat difficult and could possibly have affected the technical depth of
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the report. However, the related work included shows that there is a research
interest in techniques related to highly focused beam-forming at a low feedback
cost. Also all of the references in the bibliography are no older than 10 years and
many of the papers were published this year or last year, which makes the subject
young.
The algorithm design was performed based on the results from the pre-study
and the initial idea was to make some different algorithms, targeting different
use cases. Also, after evaluation of the simulation results, the idea was to update the algorithm to refine it. Anyhow, this was not done due to lack of time.
What was helpful to the algorithm design was that the algorithm for dbf using
one-dimensional antenna arrays was already available internally when the algorithm for two dimensions was to be created. Therefore, the algorithm could be
extended from the already existing one, which eased the algorithm development
and allowed for more time to spend on simulations.
The simulations run can be seen as relevant for the investigation, since they
cover different antenna sizes and different scenarios that have different los conditions. However, it would have been interesting to simulate the algorithm for a
three-dimensional scenario with approximately the same amount of users spread
in elevation and azimuth, using antennas with the same half-power beamwidth in
both the horizontal and vertical dimension. This would possibly have shown the
potential of dbf using two-dimensional antenna arrays. At the same time, having
users spread almost equally in elevation and azimuth is not a common user case
if not imagining a bs below roof-top level, serving ues in high buildings. This
approach would possibly experience challenges with varying propagation paths,
though, since dbf performs zoom-ins along the strongest propagation path. Thus,
if that path varies due to scattering and shadowing, the dbf algorithm might not
be that effective.

9

Conclusions

This thesis has investigated how differential beam-forming should be applied on
two-dimensional antenna arrays within the framework of lte fdd. The main assumptions and limitations are presented in section 1.4 and the simulator setup is
described in section 6.3. Hereafter, the questions from the problem formulation,
section 1.3, are answered.
1. How should differential beam-forming be applied on two-dimensional antenna arrays?
(a) Is there a measure that can be used to decide whether antenna elements in a two-dimensional antenna array shall be activated horizontally or vertically, i.e. whether the beam shall be narrowed horizontally
or vertically?
• By evaluating all 2-port precoders in the fixed codebook both horizontally and vertically at the ue before each csi-report, it is in
theory possible to always activate antenna elements in the dimension that yields the highest cqi, within the limits of the antenna
array size. However, this has not been used in any simulations in
this thesis since only two antenna ports have been used.
• It has also become clear that it is important to have an antenna array size that matches the requirements of the use case. Otherwise,
there might be performance losses. For the scenarios used in this
thesis the users were spread horizontally, for which reason it was
important to have an antenna array with many antenna elements
aligned in the horizontal dimension.
(b) What is the best iterative method to update the antenna radiation pattern in two dimensions?
87

88

9

Conclusions

• Only one dbf algorithm, alternating between horizontal and vertical activation, has been evaluated in this thesis. For antenna
elements with the same half-power beamwidth horizontally and
vertically and a quadratic array, this technique results in an array
radiation pattern that strives to be symmetric horizontally and vertically. This might be good if the user distribution horizontally
and vertically is essentially the same. If not, it is important that
the algorithm can activate antennas in the dimension yielding the
highest cqi. In this thesis it has been important to create a narrow beam in the horizontal dimension, that is suppressing interference in the horizontal dimension, since many users are located
there. This means that there is more gain in cqi if narrowing the
beam horizontally than vertically.
• In order to catch ue movement, or any other changes causing the
strongest radio propagation path to the ue to change, the two
csi-processes should have different focuses when steady-state is
reached. That is, if both processes evaluate precoders in the same
dimension and the ue moves in the orthogonal dimension, the ue
might be lost. In order to prevent this, the algorithm should have
the two processes monitoring different dimensions as steady-state
is reached.
2. Does differential beam-forming using two-dimensional antenna arrays perform better than differential beam-forming using one-dimensional antenna
arrays?
(a) How does the interference suppression differ in terms of sinr?
• For the scenarios used in this thesis, the highest interference suppression is achieved by linear antenna arrays for which the antenna elements span the horizontal dimension. The interference
suppression decreases with a decreasing number of antenna elements in the horizontal dimension for these scenarios while the
total number of antenna elements in the array is kept constant.
• For antenna arrays with a constant number of elements horizontally and varying number of elements vertically, it has been observed that the average received interference power is high for the
antenna array with many antenna elements in the vertical dimension and low for the antenna array with only one antenna element
in the vertical dimension. However, if studying the sinr it can be
observed that the antenna array with many antenna elements vertically has the highest sinr and that the antenna array with only
one antenna element vertically has the lowest sinr. The reason
for this is discussed in section 8.1.2 and shows the benefit of high
beam-forming resolution in dbf.
(b) How does the user throughput differ?
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• It has been shown that the highest throughput is obtained from a
linear antenna array, aligned horizontally. This means that for the
urban and rural scenarios used in this thesis, it is better to spend
antenna elements horizontally than vertically. Therefore, for these
scenarios, there is no gain in applying dbf on two-dimensional
antenna arrays.
• It has also been observed that dbf is more important for users
with bad channel conditions than users with average channel conditions, when compared to transmission mode 9 in today’s lte
system. In terms of normalized user throughput and a linear antenna array with 64 antenna elements aligned horizontally, dbf
improves the performance with 25% compared to transmission
mode 9 for an average user and 58% compared to transmission
mode 9 for a user with bad channel conditions.
(c) How does the antenna array size affect overall performance?
• The antenna array size strongly affect the performance of dbf since
the size ultimately decides what radiation patterns that can be performed. An linear antenna array can only narrow the beam in one
dimension whereas a planar antenna array can narrow the beam
in two dimensions. Therefore, if the antenna array does not have
a size that corresponds to the requirements of the deployment scenario, there might be great performance losses. In the urban and
rural scenarios performed in this, it has been observed that a horizontal linear antenna array yields a higher performance than a
vertical linear antenna array. Also, the performance for planar antenna arrays range in between the horizontal and vertical linear
antenna arrays, depending on array size.

10

Further Research

This thesis has conducted a first investigation on differential beam-forming using
two-dimensional antenna arrays in an lte fdd system. Many aspects are left
unstudied and therefore yield some possible further research, listed hereafter.
• Three-dimensional scenarios - in this thesis, two-dimensional scenarios have
been used to evaluate dbf for two-dimensional antenna arrays. As has been
shown, the potential gains of dbf using two-dimensional antenna arrays
have not been possible to show using two-dimensional scenarios. Therefore, it would be interesting to study dbf in three-dimensional scenarios
where the users also can be distributed in elevation. Even though there
is not much angular spread in elevation for the three-dimensional scenarios, it would be more realistic to run simulations with three-dimensional
scenarios than two-dimensional scenarios. If the user distribution spreads
both in elevation and azimuth, probably the potential benefits of dbf for
two-dimensional antenna arrays can be shown.
• Larger antenna arrays - in this investigation steady-state for the dbf algorithm has not really been reached, since the algorithm has been limited by
the size of the antenna array before steady-state is reached. If larger antenna arrays are studied, it would be possible to further see the potential
benefits of dbf using two-dimensional antenna arrays.
• Fast movements rural - in this thesis only non- or very slow moving users
have been studied. In order to catch fast movements, such as a fast train,
the algorithm might need to be modified. Thus, it would be interesting to
investigate the properties of dbf when users are moving fast.
• Two-dimensional evaluation - in this thesis the precoders in the fixed codebook has been evaluated in one dimension at a time. If it would be possible
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to evaluate the precoders in two dimensions at the same time, the best precoder could always be chosen. This could be realized by using csi-processes
with three antenna ports, where one port is located next to the first port and
the other port is located below the first port. This gives the opportunity to
evaluate 2-port precoders both horizontally and vertically. Another idea is
to directly use 3-port precoders, meaning that the precoders affect both azimuth and elevation. This means that if there are four different phase shifts
that can be introduced in each dimension respectively, there will be sixteen
codewords in the fixed codebook, one for each combination of phase shifts
in azimuth and elevation.
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