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Abstract
An ever growing increase of connected devices and data rates around the world needs
to be met by new communication technologies. Using an antenna array with multiple
antennas, a so-called MIMO system, has proven to be a successful way to boost the
capacity of wireless communication systems. By spatially separating the antennas
to cover a larger area, while still being carefully synchronised to a central unit, many
unwanted effects in a MIMO system such as shadowing and spatial correlation can
be mitigated. This is the idea of a distributed MIMO (D-MIMO) system. The
potential of D-MIMO has been observed in other studies and testbed applications.
Proving that a D-MIMO system can be reliably and accurately simulated would
enable a cheap and time-effective way to further investigate the capabilities and
development of new D-MIMO systems.

This project investigated the similarities and differences between a real D-MIMO
system and a simulated D-MIMO system by comparing simulated data to measured
data obtained from a testbed. After showing that simulations can be a reliable
way to study D-MIMO, further investigations were carried out. The thesis shows
an overall higher capacity for a D-MIMO system compared to a regular co-located
MIMO (C-MIMO) system. For an indoor office environment it is shown that similar
capacity can be reached when using 12 transmitter antennas for C-MIMO as with
7 transmitter antennas for D-MIMO. Further simulations were made comparing
higher mmWave signal frequencies, which still showed D-MIMO being advantageous
compared to C-MIMO. However, the higher frequency simulations also showed a less
stable system for both C-MIMO and D-MIMO. Lastly, outdoor simulations were
made that can be recreated and confirmed with a testbed in a future project. The
outdoor simulations also show a higher capacity for the D-MIMO system compared
to the C-MIMO system.

Overall, the results show that a D-MIMO system can be created in a simulated
environment which is important for further investigating the capabilities of future D-
MIMO system deployments. It is also shown that the D-MIMO system is superior to
an ordinary C-MIMO system with regards to received power, coverage and capacity.
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1
Introduction

Society today is dependent on wireless communication; ranging from mobile phones
and computers to smart homes and self driving cars. The technologies are constantly
evolving to keep up with the ever increasing demand for higher data rates and
connectivity. With 5G being deployed around the world, the next generation of
communication systems are being researched and tested.

Multiple input multiple output (MIMO) is a technique widely used today in wireless
communication in order to increase the capacity of the communication systems by
using more antennas [1]. While MIMO systems in general are providing larger
capacity compared to, for example, single input single output (SISO) systems [2],
there is still room for improvement. For future generations of mobile networks a
di�erent structure of the MIMO systems is being studied, namely distributed MIMO
(D-MIMO) and creation of so called cell-free systems [3].

Higher frequencies, namely millimeter wave (mmWave) frequencies, are of interest for
use in 5G due to the limitation of available frequency resources in the lower frequency
bands [4]. However, the ability for a electromagnetic waves to propagate large
distances and through objects decrease at higher frequencies. By distributing the
antennas, as in a D-MIMO system, the probability of a signal needing to propagate
a large distance or through multiple objects decreases.

D-MIMO di�ers from regular co-located MIMO (C-MIMO), which is the standard
for MIMO systems, in that with D-MIMO the antennas are not on the same base
station (BS), but rather spread between di�erent access points (APs) that are con-
nected and collaborating trough a central unit (CU) [3]. These distributed and
synchronised APs can still technically be seen as one giant MIMO BS [5], but does
not to the same extent su�er from C-MIMO related issues such as spatial correlation
and shadowing [3]. Connecting the APs to a CU is not limited to a single BSs, but
a D-MIMO �BS� can replace one or multiple C-MIMO BSs [5].

The concept cell-free massive MIMOextends the idea of a D-MIMO system and
can be divided into three parts in order to get a better understanding of what it
means. First, MIMO implies using multiple antennas on the transmitter side and/or
receiver side in order to increase the capacity and hence data rates [6]. In general,
a multi-user MIMO system is assumed for these applications, meaning multiple
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receivers/users with one or multiple antennas instead of a single user with multiple
antennas. Secondly, massive MIMO introduces the idea of increasing the number
of antennas in the transmitter signi�cantly to further increase capacity [7]. Finally,
the term cell-free refers to a D-MIMO network where cells are formed around the
user instead of being �xed around base stations [8]. This dynamic approach has
the potential to improve the performance since the most bene�cial AP connection
can be prioritised and the user will not experience negative cell edge e�ects [9]. In
short, cell-free massive MIMO refers to a network where a large number of physically
distributed APs serve a smaller number of users. The cells are formed dynamically
around the users instead of as geographical cells around the BSs.

In order to meet the increasing demands for capacity and data rates for future mobile
networks, a distributed antenna system joint with massive MIMO is an interesting
idea [10], [11]. To test the concept Chalmers University of Technology, hereafter
referred to as Chalmers, has developed a testbed where D-MIMO experiments can
be made to measure the potentials and limitations of a cell-free network [12].

The following sections in this chapter will introduce the scope of the thesis. First,
the project is speci�ed by de�ning the overall aim followed by a speci�cation of the
di�erent issues that is to be investigated. Then, the previous works that lay base
for this thesis and the contributions of this thesis are stated. Lastly, the limitations
of this project are presented.

1.1 Aim

The aim of this project is to analyse the potential and capacity limits of D-MIMO
in comparison to traditional C-MIMO through simulations. The main part is to
create a simulated environment that corresponds to the real life environment where
measurements were made with the testbed.

Once con�rmed that the simulated environment characteristics are similar to the real
life environment further investigations will be made. The aim of these investigations
is to analyse the e�ect when using di�erent transmit frequencies, study the e�ect of
varying the number of antennas included in the system, and also when testing in a
di�erent environment.

1.2 Project Speci�cation

Real measurements have been made at Chalmers with the developed testbed and
the task is to, on the basis of these measurements, analyse the performance of such a
system through simulations. The measurements emulate a multi-user MIMO system
downlink scenario: a base station consisting of 12 transmitter antennas transmitting
to 4 users. The transmitter antennas are movable in order to create both a C-
MIMO and a D-MIMO system. The software Wireless InSite [13] will be used to
create simulated environments and to perform the simulations. The �rst task is
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to create the simulated environment and examine how accurate the simulations are
compared to the testbed measurements. The similarities between the measurements
and simulations will be evaluated by comparing received power throughout the 44
receiver locations, comparing singular value spreads and comparing capacities.

The following task includes studying the e�ect of di�erent antenna con�gurations
for the systems and examining how robust the systems are for removal of antennas.
This will be done by removing the contribution from di�erent antennas in Matlab
and observing how the capacities are a�ected.

Further simulations will also be made using a di�erent frequency than what is used in
the testbed measurements. This task will compare the systems for transmit signals
using higher frequencies with the purpose of studying the e�ect of using mmWaves
frequencies, namely 28 GHz. Once again, studies of these simulations will include
comparing C-MIMO and D-MIMO regarding received power, singular value spreads
and capacities. Similarities and di�erences between the di�erent frequency options
will also be studied.

Finally, there will also be simulations made in a di�erent simulated environment.
The task is to investigate how the C-MIMO and D-MIMO systems compare in other
environments beyond the indoor o�ce environment. The area of choice for the
outdoor simulation is a pedestrian area between university buildings at Chalmers,
with coordinates 57� 41'32.2"N 11� 58'31.6"E, which is small enough to be recreated
with the testbed in a future project. The studies of these simulations will include
comparing C-MIMO and D-MIMO regarding received power, singular value spreads
and capacities. Also, similarities and di�erences between the indoor- and outdoor
environments will be studied.

1.3 Previous Projects

The thesis is based on previous projects conducted at Chalmers. Speci�cations of the
testbed for the D-MIMO system are presented in. [12] and [14]. The 12 microstrip
patch antennas used as transmitters in the testbed were built as a Master's Thesis
project and are presented in [15]. The testbed measurements that were used as
comparisons are presented in [16].

1.4 Contributions

This thesis will provide an understanding of the reliability and accuracy of simu-
lating D-MIMO communication systems. It will be shown trough simulations how
C-MIMO and D-MIMO systems compare to each other regarding received power
throughout an area, singular value spread and capacity. Further on, it will compare
the e�ect di�erent antenna con�gurations have on C-MIMO and D-MIMO systems.
Initial studies regarding D-MIMO using mmWave frequencies and in an outdoor
scenario are also accounted for.
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1.5 Limitations

The data used in this thesis as comparison has been gathered with the developed
testbed and is therefore limited to the speci�cations used there. The hardware
speci�c limitations include a center frequency of 2.365 GHz, bandwidth of 5�20
MHz, and o�ine signal processing.

The amount of previous existing measurement data used for evaluating the results
of the o�ce environment simulations is limited. The data available for this project
is from a single measurement session on a downlink transmission, which makes it
the only point of reference for the given environment, and the reliability of the
simulations is based on the reliability of that measurement session. The set of
data includes testbed measurements from 44 di�erent receiver locations for both
C-MIMO and D-MIMO. The data from the measurements that are relevant are in
the form of channel matrices, one for C-MIMO and one for D-MIMO. Since there
is only measurement data from one environment, the results from any additional
simulation can not be con�rmed by measurements at this point. The reliability will
be based on the accuracy of the �rst simulation.

Due to limitation in time it will not be possible to make further indoor measure-
ments with the testbed to con�rm the simulated results when changing antenna
con�gurations. Neither will it be possible to do outdoor measurements to recreate
the outdoor simulations.

The simulations will be limited to the technical speci�cations of the software used.
The level of detail of the environments is limited due to time; a trade-o� between
how similar the measurements and simulations are compared to how long it takes
to recreate the environment in the software must be made.

When analysing the data, the system is assumed to ful�ll the following properties:

ˆ perfect channel state information in the transmitter

ˆ the signal is in the high SNR region

ˆ all transmitter antennas have the same output power

ˆ interference between antennas is negligible.

When comparing the di�erent systems, only the technical performance aspect will
be considered. The practicality or cost of implementation is not an aspect that will
be taken into account in this project.

The 28 GHz frequency simulations will not be analysed regarding antenna place-
ment. This is due to a limitation in time. The choice of analysing antenna placement
for 2.365 GHz was made since this can more easily be con�rmed using the testbed
in future projects.
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The system that will be considered is a downlink BS scenario. Therefore, other types
of MIMO systems will not be covered in this project. Henceforth, when referring to
a MIMO systems only base station scenarios are implied.

1.6 Report Structure

This report will �rst, in Chapter 2 present the relevant theory that is needed to
understand the results. Chapter 3 will account for how the measurements that are
to be simulated were performed. In the same chapter the process of building the
simulation environment will be presented. Chapter 4 will consist of the indoor study.
This includes simulated results compared to the measurements along with a study
of the e�ect of removing antennas in the di�erent systems. After this, in Chapter
5, a comparison will be made between using 2.365 GHz and 28 GHz as a center
frequency in an indoor environment. Then, in Chapter 6, results from simulating
a outdoor environment will be presented. The report will end with a summarising
conclusion, Chapter 7.

5



6



2
Theory

The following chapter introduces the theory necessary to understand and interpret
the results presented in Chapter 4�6. First, the theory concerning wireless commu-
nication, MIMO systems and antennas is given. Further on, the signal propagation
software that is used for the simulation is presented.

2.1 Wireless Channel

A wireless channel is constantly changing and even more so in an urban environment
such as in the middle of a large city [17, pp. 6�8]. Changes in the channel can
for instance appear when the transmitter or receiver is moved, when objects are
moved which blocks the signal or when a surface on which the signal re�ects moves.
The variation in the signal strength due to blockage and objects is referred to as
shadowing. The changes can a�ect the received signal's time of arrival, frequency,
phase and power [17, ch. 3].

The channel can mathematically be explained as

y = Hx + n; (2.1)

wherey is the received signal,x is the transmitted signal,H represents the channel
and n is noise. This channel and communication system is illustrated in Fig. 2.1.

Figure 2.1: Wireless communication system. The wireless channel is what the
transmitted signal, x, propagates through.
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A system with M t transmitter antennas and M r receiver antennas, i.e. a MIMO
system, has multiple channels and the variables in (2.1) become vectors and matrices
to re�ect the multiple antennas, as shown with bold letters in

y = Hx + n ; (2.2)

wherey and n are vectors of sizeM r � 1, H is a M r � M t channel matrix andx is
a M t � 1 vector [17, pp. 321�323]. A MIMO system is illustrated in Fig. 2.2 where
4 APs are communicating with 3 users.

(a) Downlink. (b) Uplink.

Figure 2.2: MIMO communication system. Every receiver receives a
signal from each transmitters.

When a BS is transmitting to a user/receiver the transmission is referred to as down-
link (DL). This is illustrated in Fig 2.2a where multiple antennas on, for example a
BS, is transmitting to the users. Contrary to this is when the user is transmitting
to the BS, this transmission is referred to as uplink (UL), seen in Fig 2.2b.

Since the wireless channel is not constant, the communication systems can not be
pre-con�gured to compensate for the channel changes. To mitigate the channel
e�ects the channel must be estimated and then compensated for. Knowledge of
the channel e�ects is called channel state information (CSI). CSI at the receiver
side (CSIR) can be achieved by using known pilot bits in the message [18]. With
feedback to the transmitter CSI at the transmitter (CSIT) is achieved and much of
the channel e�ects can be compensated for using precoding [17, ch. 10]. Precoding
is further explained in Section 2.2

2.1.1 Frequency and Wavelengths

A wireless signal is often described by its frequency and the cellular network is
divided into di�erent bands that correspond to di�erent frequencies [19]. Today,
most of the frequency bands are occupied and are an expensive resource [4]. The
4G network operates on frequencies below 6 GHz [19]. New for 5G is the use of
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mmWave frequencies, i.e. 10 GHz and above [4]. The wavelength,� , is calculated
as

� =
c
f

; (2.3)

wherec is the speed of light andf is the frequency of the signal [17]. A radio wave
with lower frequency can propagate a longer path compared to a radio wave with
higher frequency [20], but the use of higher frequencies can yield higher data rates
because of the more available bandwidth [21, pp. 173�178].

2.1.2 Multiple Access

Multiple access is a technique required when multiple users want to share a channel
medium [17, pp. 454�459], [21, pp. 120�123]. This can be achieved by separating
the channel in, for example, time, frequency or with orthogonal codes. These multi-
ple access techniques are called time-, frequency- and code division multiple access
(TDMA, FDMA and CDMA) respectively. The di�erent multiple access techniques
are illustrated in Fig. 2.3.

Figure 2.3: From left to right: TDMA, FDMA and CDMA illustrated. TDMA
separates the channels in time slots, FDMA separates the channel between

frequencies and CDMA separates the channels using coding schemes.

With TDMA the users are assigned di�erent time slots during which the entire
channel bandwidth is dedicated to the user. The transmitter and receiver cycles
through the di�erent slots in repetitive order and hence the channel is split in time.
To avoid interference guard time is added between the slots.

In FDMA the channel's bandwidth is divided into smaller channels. This way the
users have their own channel they can communicate within. To be able to implement
non-ideal �lters the channels needs to be separated with with guard bands. This
way the users have their own channel they can communicate within continuously.

For CDMA neither time nor frequency is divided between the users. Instead, the
signals are divided using a coding scheme. By using orthogonal codes the signals
are separated and the users can utilise the same frequency spectrum at the same
time.
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2.1.3 Duplexing

A technique referred to as duplexing has to be implemented for a device to be able
to both transmit and receive [22]. There are two kinds of duplexing, namely half
duplex and full duplex. With full duplex the communication equipment can receive
and transmit simultaneously. Half duplex implies that communication can be made
in both directions but only in one direction at a time.

Duplexing can be implemented as frequency division duplex (FDD) or time division
duplex (TDD). For FDD the channel bandwidth is divided in two bands, one band
for up-link and one for down-link, and for TDD the channel is divided in time slots.
The division of the two methods are shown in Fig 2.4.

Figure 2.4: Illustration for the principles of frequency division duplex (left) and
time division duplex (right).

2.1.4 Channel Matrix

The channel matrix, H , describes the gain in the wireless channel and the e�ect it
has on the transmitted signal [17, pp. 321]. The channel matrix can be estimated
in order to use a technique called precoding. Precoding is useful in order to mit-
igate channel e�ects on the transmitted signal and is further explained in Section
2.2. There are several methods to estimate the channel matrix. One method is to
transmit a known signal and comparing the received data with the known signal.
This known signal is typically referred to as pilot data. Based on (2.2) the channel
matrix can be estimated by a least square method as

Ĥ = ( x � x )� 1x � y ; (2.4)

wherex is the transmitted data, the asterisk denotes the hermetian transpose,y is
the received data andĤ is the channel estimate [16], [23].

The simulations do not transmit a certain message but instead evaluate the propa-
gation of the electromagnetic wave. The channel matrix in this project can therefore
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not be estimated using pilot data, as in (2.4). The channel matrix is instead esti-
mated using the impulse response of the system. Each element in the channel matrix
is calculated as

Ĥ M r ;M t =
NpathsX

k=1

Gke� k ; (2.5)

whereĤ M r ;M t is the gain of the channel from transmitterM t to receiverM r . Npaths

is the number of recorded paths betweenM t and M r , � k is the phase of each path
and Gk is the magnitude of the path gain for the �eld and is given in dB. The linear
gain, Gk , is calculated as

Gk =

s
PRX

PT X
; (2.6)

where the received power,PRX , of path k and transmitted power,PT X , are in Watts.

So in a simulated scenario (2.5) can be used to calculate the channel matrix, but for
a real life scenario pilot data is used as in (2.4).

2.2 MIMO

A communication system where both the transmitter and receiver are equipped with
multiple antennas is referred to as a MIMO system. There are some special cases
for MIMO, for instance: when there are multiple antennas only at the transmitter
or receiver, the system is called a MISO or SIMO system, respectively. Also, if the
transmitter and receiver only have one antenna each, this is referred to as a SISO
system.

For cases where a transmitter with multiple antennas is communicating with multi-
ple receivers each having one or multiple antennas, this is referred to as multi-user
MIMO (MU-MIMO). MU-MIMO is an implementation of multiple access, as de-
scribed in Section 2.1.2 for MIMO. When the number of transmit antennas are
much larger than the number of receive antennas, this system is referred to as mas-
sive MIMO [7].

For a MIMO system, two types of gain can be achieved compared to a SISO system,
namely diversity gain and spatial multiplex gain [17, pp. 334�335, 340]. Diversity
gain is achieved when the number of antennas is larger than the number of users and
can also be applicable to a SIMO or MISO system. For a SIMO and MIMO system,
the signal received at each antenna can be added together to increase the received
signal power. With suitable combining techniques the signal to noise ratio (SNR)
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at the receiver can be improved. For a MISO and MIMO system, the antennas
can transmit the same signal to minimise the chance of the signal being blocked
or interfered. Also, for a MIMO and MISO system with CSIT a technique called
beamforming can be applied. With beamforming the transmit antennas send the
signal in such a way that the electromagnetic waves of the signal create constructive
interference at the receiver, thus increasing the received signal power.

By enabling independent transmission over parallel channels the data rate is in-
creased by using the same time and frequency resources. This technique is referred
to as spatial multiplex gain and it can be applied in a MIMO system when there is
CSIT [17, pp. 340]. The technique uses precoding at the transmitter and de-coding
at the receiver to emulateM parallel SISO channels, whereM � min (M t ; M r ).
For this technique the channel matrix is decomposed by 3 di�erent matrices using
singular value decomposition (SVD) as

H = U � V � (2.7)

whereU and V are unitary matrices of sizeM r � M r and M t � M t respectively and
� is a M r � M t rectangular diagonal matrix consisting of the singular values,� , of
H . The number of singular values in� is equal torank (H ). The asterisk denotes
the Hermetian of the matrix.

Using the SVD of the channel matrix, the equation of the received message can be
written as

y = Hx + n

= U � V � x + n :
(2.8)

By precoding the signal, ~x , with V the signal can be written asx = V ~x , and
shaping the received signal,y , with U � as ~y = U � y . It can be seen in

U � y = U � U � V � V ~x + U � n : (2.9)

SinceU and V are unitary matrices, i.e. UU � = V V � = I , parallel SISO channels
are theoretically achieved since� is a diagonal matrix as seen in

~y = �~x + ~n : (2.10)

2.2.1 Singular Value Spread

The singular values,� , found in the diagonal singular value matrix� can be used
to calculate the singular value spread. The singular value spread is a metric of how
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large the di�erence of performance is between the di�erent parallel channels from
(2.10) [24]. From (2.10) it can be seen that transmitted signal is scaled by the
singular values of the channel, i.e. a small singular value indicates a weak received
signal and a large singular value indicates a strong received signal. Hence, a large
singular value spread means a large variation in signal quality between the di�erent
MIMO subchannels. The singular value spread can be expressed as

S =

� Q M
m=1 � 2

m

� 1
M

1
M

P M
m=1 � 2

m

: (2.11)

Here, the singular value spread, S, is the ratio between the geometric mean and the
arithmetical mean, where� m is the singular value for a speci�c sub channel,m, and
M is the number of parallel channels.

As can be seen in (2.11) the numerator will be close to� 2
m if the singular values are

similar but will be smaller than � 2
m if the singular values are di�erent. The same

goes for the denominator; if the singular values are similar the denominator will be
close to� 2

m but smaller than � 2
m if the singular values di�er. However, the nominator

will shrink faster compared to the denominator if the singular values are di�erent
since it takes the product instead of the sum. Hence, for a channel with similar
singular values, which means that the system provides an equal channel to all user,
the fraction will yield a value close to 1. For cases where the singular values are
di�erent, which means that there is a large di�erence between the best and worst
channel, the fraction will decrease.

2.3 Capacity in a MIMO System

Capacity is a measure of the maximum data rate that can be transmitted over a
channel with an arbitrary small bit error rate [17, pp. 99], [21, pp. 166�167]. In
this section, three capacity measures will be accounted for: the user capacity, sum
capacity and channel capacity. The user capacity in a MIMO system is a metric of
the rate of data that can be transmitted to one user per channel use in the system.
The user capacity is dependent on the individual channel between the transmitter
and a speci�c user, so it can therefore be large variations in user capacity between
users. By taking the sum of all user capacities in the system, the sum capacity can
be calculated. The sum capacity is the maximum total data rate for all users. The
sum capacity is a measure of the throughput for the system per unit frequency. The
channel capacity is a measure of the maximum rate of information possible over the
entire channel.

In the high SNR region it can be assumed that all subchannels have good conditions
for communication and therefore it is optimal to transmit with full power on all
channels. However, with low or highly varying SNR this is not the optimal method.
With low SNR there is a need to apply, so called, water �lling [17, ch. 4]. Water
�lling is a power allocation technique that aims to utilise the channels with good
conditions to achieve higher data rates [25],[17, ch. 4]. The concept is illustrated in
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Fig. 2.5. The bars in the �gure refer to di�erent subchannels with varying SNR,� .
The constant power level is the �water level�, which in the �gure is marked as1=� 0.
The allocated power to each channel is the di�erence between the water level and
the top of each bar,Pm = 1=� 0 � 1=� m .

Figure 2.5: Illustration of the power allocation technique referred to as water
�lling. Each bar represents one subchannel with a individual SNR,� . The height

of each bar is1=� m , a low bar indicates a sub channel with a high SNR. The power
allocated to each subchannel is the di�erence between the constant power level

1=� 0 and the top of the bar. A channel with better conditions receives more power
than a channel with bad conditions.

In this project it is assumed that the system operates in the high SNR region and
therefore close to the optimal capacity is achieved by transmitting with the equal
power in all transmitters.

The expression for the capacity in a multi-user system originates from the Shannon-
Hartley theorem, seen in

C = B � log2(1 + SNR) (2.12)

whereC denotes the capacity over the entire channel andB the bandwidth of the
channel. As stated in [25] the user capacity is a measure of the maximum possible
data rate of a single user per channel use an could therefor be written as

Cm = log2

�
1 + Prm

BN 0

�
: (2.13)

Here, Cm denotes the user capacity for userm, Prm
BN 0

is the SNR for userm, where
Prm is the received signal power for userm. This measure is per unit frequency
so the logarithm is not multiplied with the bandwidth as in (2.12) and the unit is
bits/s/Hz.

Since high SNR is assumed and also that all antennas are identical and assumed to
transmit with equal power the received power for userm, Prm , can be written as

Prm = � 2
m

P
nT

= � 2
mPtx (2.14)
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where � m is the singular value for subchannelm, P is the total transmitted power
and nT is the number of transmitters [25]. Ptx denotes the transmitted power for
one channel. By combining (2.13) and (2.14), the user capacity can be expressed as

Cm = log2

�
1 + � 2

m
Ptx

BN 0

�
: (2.15)

The user capacity is dependent on the individual channel and therefore varies de-
pending on the individual user. A measure of the capacity for all subchannels users
is referred to as sum capacity and according to [25] is expressed as

Csum =
nusersX

m=1

log2

�
1 + � 2

m
Ptx

BN 0

�
: (2.16)

The capacities of each active subchannel are added together. However, since the
power is assumed to be equal the only varying factor is� 2

m .

Both the user capacity and the sum capacity are given in unit frequency, the unit
is bits/s/Hz. However, to express the sum rate capacity for the entire channel the
expression (2.16) is multiplied with the bandwidth as

C = B
nusersX

m=1

log2

�
1 + � 2

m
Prm
BN 0

�
(2.17)

where the sum rate capacity, C, is given in bits/s. In this project the results are
calculated using (2.15) and (2.16).

2.4 Distributed and Cell-Free MIMO

C-MIMO means that all the transmit antennas are placed on the same unit and is
the most common type of MU-MIMO system. Here, a coverage area, a so-called
cell, is formed around the MIMO transmitter and all the transmit antennas serve
the users located inside that given cell. However, this method has its shortcomings
such as cell-edge e�ects, spatial correlation and shadowing [5]. A way to mitigate
this is to implement, so called, D-MIMO.

Instead of having the antennas placed in the same spatial location, they are dis-
tributed in the cell but carefully synchronised to a central unit [26]. This di�erence
between C-MIMO and D-MIMO is shown in Fig. 2.6. By having the antennas
separated, the issue of spatial correlation and shadowing is addressed. The spatial
spread of antennas increases the independence of the di�erent channels which results
in a smaller singular value spread and higher performance. The spread also reduces
the e�ect of shadowing due to the fact that a larger diversity in channels increase
the chance of a line of sight (LoS) connection [3], [27]. The channels can thus be
considered to be independent since they are not interfering with each other [3], [28].
The power of a signal in the wireless channel is decreasing polynomially with the
distance which causes a drop in performance at the cell edge [26]. However, in a
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(a) C-MIMO (b) D-MIMO

Figure 2.6: Illustration of the di�erence between C-MIMO (a) and
D-MIMO (b). Di�erent colours represent di�erent cells. For C-MIMO, the
antennas are placed on the same location and from there serve the users
located within the given cell. For D-MIMO the APs are distributed at

di�erent locations within the cell, all connected to its cell's central unit.

distributed system it is more likely that the distance between the user and the APs
is shorter than in the co-located system [27].

One area of use for a distributed system is implementation of cell-free massive
MIMO. This refers to the removal of traditional cells that are used in C-MIMO
and D-MIMO. Instead of having geographically stationary cells around APs, the
cells are formed around the user and connect to the antennas in a dynamical man-
ner, as illustrated in Fig. 2.7. This is done by having a large number of APs serving
a much smaller number of users with the same time- and frequency resource. The
user can connect to APs using di�erent CUs. The channel state information is
gathered by using TDD [3], [9].

Figure 2.7: The cells are formed around the individual user. The user
can connect to APs using di�erent CUs.

2.5 Antennas

In a wireless communication system the antennas are one of the main components.
An antenna's gain is the measure of the ability of radiating the input power in a
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