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Abstract

Massive  multiple-input-multiple-output (MIMO)  is  a  wireless  communication
technology that uses a large number of antennas at the base station and serves
multiple terminals over the same time-frequency resource. This technique can
achieve higher data rates than existing communication technology, which only
serves one terminal per resource. That is why Massive MIMO is considered a
promising  candidate  for  5G.  Orthogonal  frequency  division  multiplexing
(OFDM) can be used for transmitting information at different sub-channels. The
cyclic  prefix  (CP)  is  a  repetition  of  the  last  samples  in  a  symbol,  which  is
appended at the beginning of the symbol. It serves as a guard interval between
consecutive symbols to avoid inter-symbol interference (ISI) and to make sub-
channels orthogonal. In this thesis it is proposed to shorten the CP length in
Massive  MIMO.  The  shortening  of  the  CP  length  will  increase  the  effective
spectral  efficiency  but  also  create  additional  interference.  This  trade-off  is
investigated.  A  simulation  based  study  is  performed to  analyse  the  effective
achievable  rate  of  an uplink  Massive  MIMO  system in  a  single-cell  scenario
when 10000 Gaussian symbols are transmitted. In the simulation, the number
of sub-channels is 128. They are transmitted through a channel with 10 taps. 
With the classical CP length 9 samples and a massive MIMO base station with
50  antennas  serving  3  terminals,  the  effective  achievable  rate  was  3.863
bits/s/Hz. It was found that the effective achievable rate is maximized when the
CP length is shortened to 6 samples; the effective achievable rate then became
4.112  bits/s/Hz.  In  the  same  system  when  100  antennas  are  used,  the
corresponding effective achievable rates are 4.791 bits/s/Hz and 4.895 bits/s/Hz
with an optimum CP length  of  5  samples.  It  is  shown that  the optimum CP
length in Massive MIMO is not equal to the number of taps minus one which is
the conventional choice. Yes, the CP is needed in Massive MIMO, but it can be
shorter than conventionally.
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1
Introduction

Massive  MIMO  is  a  technique  for  increasing  the  capacity  of  a  radio  link  by
means of a very large number of antennas at the base station communicating
with multiple terminals [1]. With available resources, terminals can be allocated
to same time slots and frequency sub-channels but different spatial beams [2].
Massive MIMO operates on time-division duplex (TDD) mode which is based on
transmitting  downlink  or  uplink  information,  where  the  information  is
transmitted at the same frequency by using different time slots [3].

The advantages of Massive MIMO are as follows [3]:

 Increased data  rate: Because  of  large  number  antennas,  more
independent data streams can be transmitted. 

 Better reliability: This is possible because of large number of antennas
which enables the possibility of distinct paths in which the signal can
travel through.

 Radiated energy efficiency:  By using a  large number of antennas,  the
array gain gives stronger signal at the desired terminal. 

In wireless communications, the radio signal from the transmitter to the receiver
travels through multiple paths and arrives with different delays.  
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Therefore,  at  the  receiver  the  multipath  components  are  added  either
constructively  or  destructively,  so  the  signal  strength  can  be  either weak or
strong  which  has  an  influence  on  the  estimated  signal.  When  the  baseband
signal  is transmitted this results in strong attenuation in certain frequencies.
This  is  called  frequency-selective  channel.  In case  of  baseband  single  carrier
transmission, all signal information will be lost when deep fade occurs. To avoid
this  problem,  orthogonal  frequency-division  multiplexing  (OFDM)  is  a
technique used for transmitting the signal in many sub-channels [4]. 

The cyclic prefix (CP) is a repetition of the last few samples in a symbol, which is
appended at the beginning of the symbol to avoid a distortion of signals called
inter-symbol  interference  (ISI)  [5]. But  adding  CP  decreases  the  spectral
efficiency as it carries redundant samples [6]. 

1.1 Motivation

Since  Massive  MIMO  operates  on  TDD  mode,  the  available  time  for  data
transmission  is  reduced  due  to  the  addition  of  CP.  This  results  in  reduced
spectral  efficiency.  Therefore  it  is  important  to  study  the  possibility  of
shortening the CP length. It is believed that the CP can be shortened in Massive
MIMO system because of distinct paths in which symbols can propagate.

1.2 Purpose

The objective of the thesis is to investigate the possibility of data transmission by
shortening a CP length and describe to what extent the CP can be reduced in
Massive  MIMO  in  order  to  increase  the  effective  spectral  efficiency  of  the
transmission.   

1.3 Problem statements

                                                                                                        
In this thesis, the following questions are asked and answered. 

 What is the impact of cyclic prefix length on the bit  error rate (BER)
performance of a Massive MIMO system?
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 What  is  the  impact  of  cyclic  prefix  length  on  the  achievable  rate  
performance of a Massive MIMO system?

 For a given number of antennas at the base station serving terminals, 
what is the optimal cyclic prefix length that maximizes the Massive 
MIMO system performance?

1.4 Delimitations

 Matlab simulations to obtain the effective achievable rate is done when 
Gaussian symbols are transmitted because it is important to see the 
behavior of the system when a random signal is transmitted, which is 
valuable to make a scientific decision in wireless commutations.

 The  BER  analysis  is  done  for  an  uncoded  system  to  reduce  the
complexity of the system.

1.5 Assumptions

The thesis makes the following assumptions.

 Channel inversion power control is assumed so that the signal to noise
ratio (SNR) of the received signal at the base station is the same for all
terminals.

 The channel is assumed to be known at the base station to make easier
the computational of the combining process at the base station.

1.6 Thesis structure

The thesis is organized as follows:

 Chapter  2 presents  the  background  of  multipath  propagation  and
frequency-selective channel in wireless communication systems.
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 Chapter 3 gives  a  description  of  theory  used in  this  thesis  such  an
uplink Massive  MIMO technique,  where the transmitter,  channel and
receiver are explained with underlying mathematical equations. 

 Chapter  4  describes  the evaluation  methods  including  BER  and
effective achievable rate for an uplink implementation of Massive MIMO
system.

 Chapter 5 presents numerical results when CP is shortened in Massive
MIMO.

 Chapter  6  discusses  the  obtained  results to  increase  the  spectral
efficiency in a Massive MIMO system.

 Chapter 7 concludes the investigation of shortening the CP in Massive
MIMO and proposes further research.

1.7 Summary of existing work

This section summarizes the existing literature. The guard interval is the interval
between consecutive blocks called sub-channel containing symbols [14]. 
It is used to avoid ISI and maintain orthogonality between symbols [14]. This
guard interval can be implemented by using either Zero padding (ZP) or CP. ZP
or CP guard interval can be used in OFDM system [15].  The thesis work includes
to learn CP in Massive MIMO not ZP, that is why in order to limit the scope of
the thesis topic provided by the department of Communications systems division
at Linköping University.

The CP is a repetition of the last samples in a symbol, which is appended at the
beginning  of  the  symbol  [5][6].  The  CP  in  communication  link  can  be
implemented as fixed or variable. For a fixed CP length, it is used conventionally
as a number of channel taps minus one [12]. Inserting the CP length lowers BER
because it avoids ISI [11]. There are resources or spectral efficiency lost since the
information is redundantly transmitted [6]. Moreover the wastage of the energy
of the terminal is another challenge due to this fixed CP length [14]. This results
in using expensive high power amplifiers [16]. The benefit of using a variable CP
such as increase the effective achievable rate has been touched in this thesis.

The Zero Padding consists of tailing every block with zeros as guard interval
between two sub-channel [16]. The ZP works in the same way as using the CP,
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but for the communication link to work, the Finite Impulse Response (FIR) filter
replaces the single FFT.  That creates the complexity of receiving system. Thus
the cost of the OFDM receiver becomes higher [15].

The  paper [13]  highlights the benefits of using a variable guard interval (VGI)
such as cyclic prefix in OFDM based on wireless local  area network (WLAN)
systems. However, in this paper serving a terminal by using a single antenna at
the base station has been studied. To shorten the CP length and increase the
throughput, they considered the requirement to increase SNR. I chose to study a
Massive  MIMO system and it  will  be  an opportunity  to  observe  if  there  are
values of the CP length at which the effective achievable rate is maximized. The
performance comparison between a single terminal communicating with a single
antenna and Massive MIMO system will be done.  There is no paper found on
Massive MIMO where they considered shortening the cyclic prefix.
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2
                           Background

In this section the details of multipath propagation phenomena and frequency-
selective channels are discussed. 

2.1 Multipath propagation

In wireless communication, the multipath propagation is characterized by the
following physical phenomena: Reflection, diffraction, and scattering.

 
Consider Figure 2.1.1 where the signal from the transmitting antenna arrives at
the receiving end  with  delays τ1 , τ2 , ,… τL  after  passing through a  multipath
channel. Reflection happens when an electromagnetic wave as an incident wave
arrives  on  a  barrier  of  bigger  dimension  than  the  wavelength  of  signal  and
changes its direction. The result  of this is that the received signal is made of
many components of the transmitted signal [7].
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Diffraction occurs when a wave arrives at the edge of an obstacle and bends
towards another direction. Scattering happens when the radiating wave is forced
to deviate from an obstacle which is not smooth [4],[8][9]. 

           Scattering
         Path 1   

          
                                Receiving

                                                         antenna
Terminal
                                 Path 2  

                                                        ⋮
                      Path L                                                  

                          
                             Reflection     

   
                                                                                                                          Diffraction

                                                                                          
Figure 2.1.1: Multipath components for one transmit-receive antenna link.

Let  x [n] be  the transmitted signal at duration [n] , the received signal can be
written as 

y [n]=∑
l=1

L

h [n]x [n−τ l]+z [n] , (1)

where h[n] and z [n]  are the channel and the thermal noise of the base station
antenna respectively.

Considered that the channel is linear [4], the channel can be described by the
response h[n , τ ]  at time n to an impulse transmitted at time n−τ ,
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h[n , τ ]=∑
l=1

L

al [n] δ [n−τ l] (2)

where al[n] is  the gain, τ l  is  an integer value representing the delay of  l -th

path and δ [n]={1,n=0 ,
0,n≠0

is the Kronecker delta function.

|h [n]|

                       |a1|             
                                   |a3|                 

                 

|a2|

                  

|a4|

             ...             

|aL|

                                                                                                                                       τ

                         τ1      τ2          τ3     τ 4                                                 τ L

          
                                                                  T max

Figure 2.1.2: Modelling of multipath impulse response of the channel.
                         
where |.| represents the  absolute  value.  The  maximum  excess  delay  time
T max=τL−τ1 is defined as the time delay between the first and the last received

impulse [4].

a1 , a2 ,⋯ , aL  are complex numbers representation of the gain which contain

information about the amplitude and phase of the signal [4]. A change of the

signal amplitude and phase is called Fading and it has consequence that some

portion of the signal can be lost. 

As  shown  in  Figure  2.1.2 different  length  of  arrows  means that  a  multipath

channel is expected to have different energy at different delay.
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2.2 Frequency-selective channel

A  communication  bandwidth W  is  the  range  of  frequencies  over  which  the
signal is transmitted. The carrier frequency f c is the frequency which is used to
carry the modulated signal.  Let  the channel be  like a filter  of  entered signal
where the delays corresponds to points are called taps of the filter (L). The delay
spread T d=max l , j[τ l−τ j] , is the difference between propagation delays of the
l -th longest  and  j -th shortest  path but  considering paths with remarkable

energy [4], because the transmitted signal is attenuated and delayed differently
in the channel. 

The  coherence  bandwidth  is  frequencies  at  which  the  channel  allows  in  all
spectral  components  with  approximately  equal  gains  and  phase.  Coherence
bandwidth can be expressed as W c=1 /2T d . The small-scale fading includes flat
fading and frequency-selective fading. When the coherence bandwidth is much
larger than the communication bandwidth  (W C≫W ) and the delay spread is

less than the symbol time (T d≪ 1/W ) , this type of channel is called flat fading
and a single filter tap is enough to model the channel [4].

When  the  coherence  bandwidth  is  much  smaller  than  the  communication
bandwidth WC≪W and  the  delay  spread  is  larger  than  the  symbol  time
T d>1/W ,  the channel is called frequency-selective and multiple filter taps are

required to model that kind of channel [4]. Frequency-selective channel results
in overlapping of signals. The received signal contain errors caused by ISI hence
transmitting  information  at  different  sub-channel  (OFDM  technique)  can  be
used to combat ISI.
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Figure 2.2.1: Flat and frequency selective (curved) channel.

2.3 Summary

In  this  chapter,  the  multipath  propagation  phenomena  such  as  reflection,
refraction, and scattering were studied. The multipath channel was modelled as
frequency- selective which creates ISI.
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3
                                    Theory

This chapter presents an uplink Massive MIMO communication system.  Each
transmitted signal from a given terminal is done by using OFDM. Maximal-Ratio
Combing  (MRC)  and  Zero-Forcing  (ZF)  combining  techniques  for  equalizing
signals at the base station are studied. Then QPSK and Gaussian symbols are
investigated, further the BER and achievable rate are described.

3.1 Massive MIMO

The Figure 3.1.1 shows the system model of an uplink Massive MIMO by using
OFDM transmission. OFDM is a multi-carrier transmission technique in which
information is transmitted by using many orthogonal sub-channels [5][10]. 
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S1[ν ]      x1[n ]       x1
'
[n ]                   y1

'
[n]      y1[n]      ~y1[ν ]           Ŝ1[ν]

                                                                                                   

     ⋮

     ⋮

S K [ν ]

      

xK [n ]

    

xK
' [n ]

                           

yM
'
[n]

   

yM [n]

  

~yM [ν]

 

Ŝ K [ν]

  

                                     

Figure 3.1.1: The system model for Massive MIMO uplink using OFDM

transmission.

In  OFDM,  a  sequence  of  symbols  is  divided  into  blocks  of  length N .  The

symbols of the k -th terminal are Sk=[Sk [1] , Sk [2] ,⋯ Sk [N ] ] , where Sk [ ν] is

the symbol mapped to ν -th sub-channel ν=1,2,⋯ , N . The power of the signal

is normalized such that E[|Sk [ν]|
2
]=1 [12]. The Inverse Fast Fourier Transform

(IFFT) as way to compute the Inverse Discrete Fourier (IDFT) is used to convert
Sk [ ν] in  time  domain  signal xk [n] .  The  time  domain  signal  of  the  k -th

terminal is expressed as 

xk [n]=
1

√N
∑
ν=0

N−1

xk [ ν]e
j2πnν

N , n=0,…,N−1 (3)

After that the Cyclic prefix (CP) of length L'
=L−1 is added [12], the resultant

OFDM signal length of N+L' is shown in Figure 3.1.2 becomes 

xk
'
[n]=xk [n+N ] ,−L'

<n<0, (4)

xk
'
[n]=xk [n] ,0≤n<N−1. (5)
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Figure 3.1.2: OFDM symbol after adding CP.

The transmitted signal is convolved with the time-domain complex baseband
impulse response of the channel. 
Let gm, k [l ]  be the channel gain between k -th terminal and m -th antenna at l
-th tap. It has the same meaning as in (2) and can be expressed as the product of
the small-scale fading hm, k [l ] and the large-scale fading √ βk as 

gm, k [l ]=√βk hm, k [ l] . (6)

The mean of the small scale fading is E [hm,k [ l ]]=0 and its variance is given by
[12]

E[|hm ,k [ l ]|
2]=p [l ] ,∀ l , (7)

where p [ l ] is the power delay profile of the channel for which 

∑
l=0

L−1

p [l ]=1. (8)

It is assumed that the sum of the power delay profile  is equal to 1 since the
channel  is  normalized  and  its  distribution  is  given  by CN (0,1) ,  where  the
variance of the channel is 1 [4].

The M × K matrix of the channel frequency response H [ν]  is given by
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H [ν]=(
~
h1,1[ν ] ⋯

~
h1,K [ν ]

⋮ ⋱ ⋮
~hM ,1[ν ] ⋯

~hM , K [ν ]
),

(9)

where (m,k ) element of the H [ν] is given by 

~hm,k [ ν]=∑
l=0

L−1

hm,k [ l ]e
− j2πnl

N . (10)

After the CP is discarded, the matrix M ×1 of the received OFDM time domain
signals at the base station antennas is given by

Y [n]=(
y1[n]
⋮

y M [n]) (11)

 where 

ym[n]=∑
k=1

K

∑
l=0

L−1

√Pk gm,k [ l ]Sk [n−l]+ z [n] . (12)

 is the received signal at the symbol duration n  at m antenna. 

After removing the CP length,  the OFDM signal at an m -th antenna is Fourier
transformed to get ~ym[ν ]  and it is expressed as [12]

~ym[ν ]=
1

√N
∑
n=0

N−1

ym [n ]e
− j2πnν

N . (13)

If the conventional CP is used,(13) can be written as

~ym[ν ]=∑
k=1

K

√βk Pk
~
hm,k [ν] Sk [ν]+

~z m[ν ] , (14)

where Pk is  the transmit  power of  k -th terminal  and  ~ym[ν ] can be defined
again  as the  Fourier  transform of  the  received time domain  signal  at  m -th
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antenna.  ~z m[ν ]=CN (0,N0)  is the Fourier transform of z [n] and is defined as
random variable used to model the thermal noise of the base station hardware.
It is assumed that  ~z m[ν ] is Identical Independently Distributed (IID) over ν

and m and independent of all other variables [12]. 

If we have a shorter CP length, there will inter-sub carrier interference between
two consecutive symbols. Then there is a need to use the formula (13).     

The matrix of the received signals in frequency domain is represented by 

Y [ν]=(
~y1[ ν]
⋮

~ym[ ν]
), (15)

where Y [ν ]  has dimension M ×1 .

 The signal-to-noise ratio (ρ) is defined as the ration of the power of the signal 

and the power spectral density of the noise N o . It is expressed as ρ=βk

Pk

No

. The

power is assumed controlled that the received ρ is same for all terminals at the 
base station. 

 To estimate the transmitted symbols, the base station combines the received
signals using a filter of a finite duration called a Finite Impulse Response (FIR)
filter [12]. 
The transfer function of this filter is W [ν ]∈ CK × M is used to avoid the effect of
ISI. The corresponding K ×M matrix can be expressed as 

W [ν ]=(
~w1,1[ν] ⋯ ~wK ,1[ ν]

⋮ ⋱ ⋮
~w1,M [ν ] ⋯ ~wK , M [ν ]

), (16)

The estimates of the transmit signals in the frequency domain Ŝ [ν] is given by
[12]
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Ŝ [ν]=(
Ŝ1 [ν]
⋮

Ŝ K [ν ]
)=W [ ν]Y [ν ] , (17)

where Ŝ [ν]  has dimension K ×1 .

3.2 Combining Techniques

Combining  techniques  are  equalizers  used  in  wireless  communication  to
mitigate the effect of the channel and recovers the signals affected by ISI [17].  In
this  thesis  it  is  assumed that  the channel  is known at the base station,  then
Maximal-Ratio Combining(MRC) and Zero-Forcing(ZF) are are utilized. 

3.2.1  Maximal-Ratio Combining (MRC)

MRC  is  a  combining  technique  of  detecting  multipath  signals  by  combining
them.  MRC  can  increase  the  gain  of  the  communication  but  it  increases
interfering  power  between  signal  through  amplification.  The  MRC  transfer
function filter is given by [12].

                                      W [ν ]=H *
[ν ] ,           if MRC (18)

3.2.2 Zero Forcing (ZF)

ZF combiner is a technique for inverting the channel, it is used to null out the
interference power caused by the channel, but it has drawback of not reducing
the noise [18].  The combiner matrix by using Zero-Forcing (ZF) technique is
given by [12].

        W [ν ]=(H *
[ν ]H [ν ])−1H *

[ν ] ,     if ZF (19)

where (.)* is the conjugate transpose operation.
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3.3 Transmitted signal in Massive MIMO

This section presents the signal transmitted in an uplink massive MIMO system.

3.3.1  QPSK symbols 

There are different techniques which can be used to transmit digital information
over analog channel.  Three techniques such as Amplitude Shift  Keying(ASK),
Frequency Shift Keying (FSK) and Phase Shift Keying (PSK) respectively, have
been  identified  to  alter  the  amplitude,  frequency,  and  phase  of  the  carrier
signal[19].

In this thesis QPSK is used because it has proved in wireless technology such as
WiMAX(IEEE 802.16) to keep the BER low while the bandwidth efficiency of
wireless communication increases [19]. QPSK constellation diagram is shown in
the Figure 3.3.1.

By  using  QPSK,  bits  are  grouped  into  pairs,  each  pair  is  represented  by  a

waveform called symbol [19]. Each symbol can take values 00, 01, 10 or 11 and it

has In-phase part and Quadrature part.

Figure 3.3.1: QPSK constellation diagram.

3.3.2  Gaussian Symbols 

In communication systems, it happens that signals are unkown or random thus
there is a need to model them.  A stochastic variable is a mapping to allocate a
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value  to  each  of  the  outcome  from  a  given  experiment  containing
information[20]. When the realizations of the outcome is a function of the time
rather scalars, the stochastic variable is called stochastic process [20] 

The probability distribution function is defined as FS(s)=Pr {S≤s} , where S is
the stochastic variable and s is the outcome of the experiment. The probability

Density Function (PDF) is given by f S(s)=
d
ds

FS(s) , where d is the derivative

function[20]. The stochastic variable S is called Gaussian symbol if its PDF is
given by [20]

f S(s)=
1

√2πσ
e−(s−r )2/ 2σ2 , (20)

where the mean E {S}=r and variance Var {S }=σ2 .

The  probability  distribution  function  cannot  be  calculated  analytically.  It  is
found through approximation by using the Q function equal 1−F (s) if F(s) is
the probability distribution function of a Gaussian symbol with r=0 and σ

2
=1

[20]. 

Q(s)>
1

√2π s
(1−

1

s2
)e−s2/2 , s>1. (21)

3.4 Bit Error Rate (BER)

The size of the QPSK constellation is denoted by C=2x where x=2 , the points
are distributed evenly on the Figure 3.3.1. Suppose that the points are on a circle,
the  radius  from  the  center  to  each  point  is  given  by √Eavg ,  the  minimum
distance of the constellation can be given by [21]

dmin=2√Eavg sin( πC ) , (22)

where Eavg=xEb is the average energy of the signal and Eb is the transmitted 
energy per bit [21].
The symbol error probability is approximated by [21]
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Pe=2Q( dmin

√2No
)=2Q(√ 2Eavg

N o

sin(
π
C )) . (23)

Then bit error probability is given by Pb=
Pe

x
 

Pb=Q(√ 4 Eb

No

sin(
π
4 ))=Q(√ 2 Eb

N o
) . (24)

3.5 Achievable rate of Massive MIMO system

This section presents the achievable rate with the mathematical equation. The
estimated signal Ŝk [ ν] can be expressed by as the sum of two terms [12] 

Ŝk [ ν]=aSk [ν ]+ϛk [ ν] , (25)

where ϛk [ ν] is  the  residual  error  and  the  factor a=E [Sk
*
[ν] Ŝk [ν ]] .  The

variance of error  ϛk [ ν] is minimized so that the error is not correlated to the

transmit signal Sk [ ν] . The variance of the error is given by

E[|ςk [ν]|
2
]=E [|Ŝk [ν ]|

2
]−|E[ Sk

*
[ ν] Ŝk [ ν]]|

2. (26)

The  achievable  rate Rk of  the  terminal k expressed  in  bits/s/Hz  is  done
assuming Gaussian symbols are transmitted [12]

Rk=log2(1+ |E [Sk
*
[ν ] Ŝk [ν ]]|

2

E [|Ŝk [ν ]|
2 ]−|E [Sk

*
[ν] Ŝk [ν] ]|

2). (27)
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4
Method 

This section we summarizes the implementation and methodology used for the

performance evaluation of the uplink Massive MIMO system.

4.1 Implementation

The uplink of Massive MIMO system described in chapter 3 is implemented by
using  MATLAB  software.  Further,  increasing  antennas  at  the  base  station
serving terminals while reducing CP length is considered, then study the BER
and effective achievable rate. The performance analysis in this work is carried
out through Monte Carlo simulations. The approach is to shorten the CP length
in a specific Massive MIMO system. 

4.2 Metrics used for performance evaluation 

The metrics used for the performance  evaluation of an uplink Massive MIMO
are the BER and the achievable rate in bits/s/Hz.
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4.2.1 Bit Error Rate (BER) metric 

The BER is a reliability measure of communication and it is calculated as the

ratio of the number of bits in error to the total number of bits transmitted. 

Assume that the complex symbols are taken from the constellation of QPSK with

four points as shown in Figure 3.3.1. Symbols are generated from a sequence of
bits  of the  first to  the  i-th  bit  is b=[b1,b2,…,b i ] ,  where  the  probabilities

P (b i=0)=0.5 and P(b i=1)=0.5 are equal. 

When  bits  are  in  error  there  will  be  a  shift  of  location  of  points  in  the
constellation. The results of this is  that to identify the position where symbols
belong to becomes not clear. That increases the probability of error. 

4.2.2 Effective achievable rate of Massive MIMO system

This section presents the method used to analyse the effective achievable rate
Reff (L ') of terminals. Note that only  MRC combiner is used for the effective

achievable  rate  in  this  thesis  and  simulations  will  be  done  at  low  SNR  to
demonstrate the rates the terminals with bad channel conditions can achieve.
After obtaining the achievable rate with the help of a theory described in section
3.5, the goal is to find the CP length which maximizes the achievable rate,

L' opt=max
L' (

N
L'+N

Rk (L ' )) , (28)

Reff [L ' ]=( N
L'+N

log2(1+ |E [Sk
*
[ν] Ŝk [ν] ]|

2

E [|Ŝk [ν ]|
2 ]−|E [Sk

*
[ ν] Ŝk [ ν] ]|

2).) , (29)

where Rk (L ' ) is the rate achieved for a specific L' . Reducing the CP length will
increase the factor in front of the log, but decrease the term inside the log. This
is what create the trade off that there is an optimum length.
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4.3 Summary

This chapter presented the performance evaluation methods including BER and
the effective achievable rate  for  an uplink implementation of Massive MIMO
system. In the next chapter the results obtained through Matlab simulations are
presented.     
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5
Results

This section presents the results obtained from Matlab simulations. First, some
initial numerical examples are discussed to show the details of communication
link from a user  terminal  to  a BS antenna. Then BER and effective achievable
rate are analysed to show the impact of shortening  the  CP length in Massive
MIMO system performance. 

Table 5.1: The parameters used for simulations of BER vs. SNR.

Number of transmitted bits  10000

Number of sub-channel                 64

Number of FFT points N              64

CP length 9, 5, and 0 samples

Number of terminals 1,3

Number of antennas 30, 50

 29



5.1 Single communication link

 
This section presents some initial results to show how the signals looks like at
different parts of the communication link i.e. from the transmitter input to the
receiver output.

5.1.1  Time domain OFDM signal

Figure 5.1.1 shows time domain OFDM signals before and after adding CP. It can
be  seen  that  before  adding  CP,  the  OFDM  signal xk [n]  consists  of  N  =  64
samples.  After adding the CP length of  9 samples,  the resultant OFDM signal

xk
'
[n] contains 73 samples. 

Figure 5.1.1: Transmitted time domain signal before CP (upper figure) and after
adding CP (lower figure), respectively.
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5.1.2 Channel response

The channel between the transmitting and receiving antennas is modeled as an
L -tap  channel. From the variance assumption in  (7),  Figure 5.1.2 shows the

channel energy with 10 taps from the terminal to a base station antenna and its
frequency response, respectively. Note that the channel response should be flat if
we had a  single  tap but  it  is  is  different  because  we  considered a  multipath
channel modelled as frequency-selective channel.

Figure 5.1.2: The channel energy (upper figure) and frequency response (lower
figure) of the multi-tap channel.

5.1.3 Receiver processing

Figure 5.1.3 shows the received signals before and after removing  the  CP. For
different samples, the signal is different from the transmitted signal because of
the fading and additive noise. 
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Figure 5.1.3: Received signal before (upper figure) and after removing CP (lower
figure), respectively,

at ρ=20 dB.

Figure 5.1.4 shows the spectrum of the received signal and estimated signal by
using  MRC  and  ZF,  respectively  for  M=50 antennas  serving K=3  terminals.
Higher  SNR  has  been  considered  to  ensure  less  interference  power  in  the
simulation. For many antennas at the base station, it can be seen that the signal
after ZF combining is  uniform since  the symbols have the same amplitude on
QPSK constellation, but for MRC due to lack of normalization the signal results
in non uniformity.
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Figure 5.1.4: Spectrum of the received signal, estimated signal by using MRC and
ZF, respectively for M=50, K=3, and ρ=20 dB.

The following constellations presents the impact of shortening the CP length in a
Massive MIMO of M=50 antennas serving K=3 terminals. 
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Figure 5.1.5: Constellation of estimated symbols for K=3, M =50, L’ =9, and ρ=20
dB, by using MRC and ZF receivers, respectively.

Figure 5.1.6: Constellation of estimated symbols for K=3, M =50, L’=5, and ρ=20 dB
by using MRC and ZF receivers, respectively.
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Figure 5.1.7: Constellation of estimated symbols for K=3, M=50, L’=0,and ρ=20 dB
by using MRC and ZF receivers, respectively.

Figure 5.1.5 shows  constellations of estimated symbols by using (17) for ρ=20
dB,  when M=50 antennas and K=3 terminals. It can be seen that when the CP
length is shortened in Massive MIMO, the inter-symbol interference increases as
can be seen in Figure 5.1.6 and Figure 5.1.7. It becomes difficult to differentiate
symbols from which positions they belong to. This increases the probability of
error in symbol detection.

5.2 BER analysis

This section presents BER vs. SNR curves obtained through Matlab simulations. 
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Figure 5.2.1: BER vs. SNR for K=1 and M=30 by using MRC or ZF.

Figure 5.2.1 shows the BER vs. SNR for different values of CP length for M=30
antennas and K=1 terminal. It can be observed that by shortening the CP length,
the BER increasing because of ISI.  Note that for  M  antennas serving a single
terminal, the plots overlap for MRC or ZF combiners.
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Figure 5.2.2:  BER vs. SNR for K=1 and M=50 by using MRC or ZF.

Figure 5.2.2 shows the BER vs. SNR for different values of CP length for M=50
antennas  and K=1  terminal. It  can  be seen that  the  BER  is  increasing  by
shortening the CP length because of ISI. 

Figure 5.2.3: BER vs. SNR for K=3 and M=50 by using MRC or ZF combiner.
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Figure 5.2.3 shows the BER vs. SNR performance for M=50 antennas and K=3
terminals. It  can be observed from Figure 5.2.2 and  Figure 5.2.3 that the BER
increases  when  the  number  of  terminals  increases  because  of  inter-channel
interference of signals from many terminals. In comparison to MRC, it  can be
observed that by using many antennas, ZF performs better in terms of BER since
the interference power tends to zero at higher SNR.

5.3 Effective achievable rate

This  section  presents  the  results  the  effective  achievable  rate  of  an  uplink
massive MIMO system.

Table 5.2: The parameters used for simulations of effective achievable rate vs.
CP length.

Number of transmitted symbols:  10000

Number FFT points N                     128

SNR -10dB

Figure 5.3.1: Effective achievable rate vs. CP length for K=3, M=100, and ρ= -10 dB
by using MRC combiner.
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In Figure 5.3.1  it is shown that for the rate maximization in a Massive MIMO 0f
M=100 antennas serving K=3 terminals,  the CP length can be shortened in the
range from 9 samples to an optimum of 5 samples. 

Figure 5.3.2: Effective achievable rate vs. CP length for K=3, M=50, and ρ= -10 dB
by using MRC combiner.

In Figure 5.3.2 it is observed that for the rate maximization in a Massive MIMO
0f M=50 antennas serving K=3 terminals, the CP length can be shortened in the
range from 9 samples to an optimum of 6 samples. 

Figure 5.3.3: Effective achievable rate vs. CP length for K=3,1, M=100, 50, 1 and
ρ= -10 dB by using MRC combiner.
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In Figure 5.3.3 it is shown that not only in Massive MIMO system where there
are values of the CP length which maximize the effective achievable rate, in a
single terminal communicating with a single antenna there are.

5.4 Summary

This  chapter  presented  the  communication  link  performance.  Solutions  of
problems stated in Section  1.3 have been found. Question 1 was the impact of
cyclic prefix length on the bit error rate, the answer is that shortening the CP
length  while increasing the number of antennas at the base station  resulted in
BER decrement in a single terminal communicating with many antennas and in
Massive MIMO system. Question 2 was the impact of cyclic prefix length on the
achievable rate,  the answer is that to keep the higher effective achievable rate in
Massive MIMO, the results indicated that the CP length can be reduces for a
specific  range.  Question 3  was  the  optimum CP length  in a  specific  Massive
MIMO, the answer is that for 50 antennas serving 3 terminals, the CP length can
be  shortened  in  to  6  samples  while  30  antennas  serving  same  number  of
terminals, the CP length can be shortened in to 6 samples. 
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6
                           Discussion

Chapter  5  presented the results as a solution to the research questions that
were stated in Section 1.3.  This chapter discusses the results that are described
in Chapter 5.

6.1 Results

The results have been obtained by using trial parameters in the simulations of a
Massive  MIMO  system.  Conclusions  depends  on  the  simulation  scenarios
performed. Yes, the CP length can be reduced and in some cases it is enough
with half the conventional CP length to increase the spectral efficiency.

An uplink design of M antennas serving terminals by shorterning the CP length
was done using theory described in Chapter  3. The BER in  Figure 5.2.2 is less
compared  with  the  result  in  Figure  5.2.1 because  more  antennas  exploit  the
multipath channel and avoid ISI as much as possible,  This is possible because of
large number of antennas which enables the possibility of distinct paths in which
the signal can travel through. The array antennas can also direct the transmitted
signal taking care where interference is much probable.Thus the CP length can
be shorten by increasing the number of antennas at the base station. 
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On the other hand, as can be seen in Figure 5.2.3  in comparison to Figure 5.2.1
and  Figure 5.2.2, not only shortening the CP length increases BER. It is also
remarked  that  the  BER  increases  when  the  number  of  terminals  increases
because this makes the interfering power between channels increase. 

The  results  of  the  effective  achievable  rate  have  been  produced  by  using
Equation29.  It  is  shown  in  Figure  5.3.3 that  both  in  a  single  terminal
communicate with single antenna and in a given Massive MIMO system, there
are other values of the CP length that maximize the effective achievable rate than
using a conventional CP length. But the performance became better when the
number of antennas increases. From results of a Massive MIMO system, it was
observed  that there  are  different  optimum  CP  length  when  the  number  of
antennas in a typical massive MIMO system increases. Thus the performance
loss can be compensated. The effective achievable rate in Figure 5.3.1 is higher
than in  Figure 5.3.2  because  of  more  antennas advantages such as increased
data rate as explained in Chapter 1. 

6.2 Method

The  methods  discussed in  Chapter 4 for  evaluating a  given Massive  MIMO
system provided good results. It has been shown that shortening the CP length
increases  the  BER  performance   and  more  antennas  can  lower  the  BER
performance, that trade off has been analyzed. In this thesis it was notable that
increasing the number of  antennas  in a given Massive MIMO system,  the CP
length can be reduced and achieve an improvement in BER performance.
For the effective achievable rate, MRC combiner has been used. It was seen that
the rate  increases in massive  MIMO for  a  specific  range of  CP length  but  it
increases higher when the number of antennas increases.  

On  the  other  hand  consequences  of  deploying  a  Massive  MIMO  system  for
example  channel  estimation  and  the  cost  of  using  many  antennas  were  not
studied in this thesis.  I think I will  go in deep after my graduate studies for
future opportunity of working in Telecommunication industry.
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6.3 The work in wider perspective

The  thesis  was  carried  out  in  the  division  of  Communication  Systems  at
Linköping  University. Most of courses I took in Commucation Systems program
including  Wireless  Communications,  Radio  Communication,  Digital
communication, Error Control Coding and Digital signal processing were helpful
to get ideas about what to do in this thesis. The environment was good, initially
and during the thesis I was in need of support of experts in the field of Massive
MIMO. Honestly I appreciate that I got relevant guidance. 
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7
Conclusion and Future work

7.1 Conclusion

This thesis investigated the performance of an uplink Massive MIMO system by
using OFDM transmission. The shortening of the cyclic prefix has been studied
to increase the spectral efficiency of the communication when the signals are
transmitted through a frequency-selective channel.

An uplink Massive MIMO system has been implemented in order to study the
BER and effective achievable rate performance.  The BER analysis has been done
considering QPSK modulation scheme while  the rate  is  studied for  Gaussian
symbols.  The  performance  analysis has  been  done by  using  ZF  and  MRC
combiners. 

The  results  indicated  that  ZF  performs  better  compared  to  MRC  because  it
reduces the interference power as much as possible. The analysis showed that
there is a possibility to shorten the CP length for a specific range of samples in
order to increase the spectral efficiency in Massive MIMO. It has shown that by
increasing the number of antennas at the base station, the performance loss can
be compensated.

 45



7.2 Future work

I  wish  to  learn  in  the  future  about  the design  of  Massive  MIMO  in
telecommunication industry. I think it will be the right moment to try different
antenna  array  in  one  dimensional  or  two  dimensional  configuration.  Then
analyze how the results improve Massive MIMO system.
I suggest that the future research will be to analyze how the channel estimation
is affected in Massive MIMO system while the CP length is shortened. That will
be the opportunity to address the feasibility of using a large number of antennas
at the base station in a practical environment when the CP length is shortened.
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