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Abstract:

MIMO transceiver designs rely mainly on the knowledge of channel state information
(CSI) at the transmitter and receiver sides of a communication link. In most practical
scenarios due to the fast fading channels, the transmitter side can only have statistical
(or long-term) information about the channel. This thesis investigates and compares five
MIMO transceiver designs over a measured 8x4 MIMO channel obtained from
ERICSSON in terms of Bit-Error-Rate. Three of the algorithms use statistical channel
information (CSI) at the transmitter side and instantaneous channel information at the
receiver side, one of the algorithms uses instantaneous channel information at both the
transmitter and receiver sides, and one algorithm uses no channel information at the
transmitter and instantaneous channel information at the receiver side. The main target
of this study is a recently long-term precoder design proposed in [1] which previously
has showed good performance compared to other long-term precoder designs on
simulated channel. In the evaluation of the precoder designs on the measured MIMO
channel, the precoder in [1] outperformed others long-term precoders and performed
near to performance the short-term precoder in [5] on the slow and line-of-sight (LOS
channels. On the fast channels the long-term precoder in [1] works better than other
long-term precoders but relatively far from the performance of the short-term precoder.



Acknowledgements

This work would not have been possible without the help, guidance and patience of my
two supervisors, Associate Professor Mats Beogtand Mr. Simon Jarmyr. | would
like to thank them for the opportunity to conduct my Master thesis under their

supervision.

I would like to thank Omar Aldayel for his advice. | would also like to thank Fadi Al
Naji for his help in revising the thesis. | would like to extend my gratitude to my
colleaguesit the Master thesis room; | will never forget the enjoydibhe that we have

spent together and the social environment there. | dedicate this thesis to my, parents

brothers, and sisters for supportimg during my studies.



Table Of Contents

1 INEFOAUCTION ..ttt ettt ettt e et e st e e s bt e e sneneeeas 1
00t R @ oY [T o1 4 SRR 1
1.2 MOTIVATION et e e e 2
1.3 MIMO Channel MeasuremMeNts.......ccueeruieeiiieniieeeiieestee et 2
1.3.1  Measurement PrOCESS .....ccciiiiiiiiiiiiiiee ittt 3

I T O - o1 o =Y B Yo TSR 4
1.3.3  Antenna ConfigUration ........ccceeeeecieiiiiiiiie et e s 6
2= A P PSP OO P PP PP PPPR 7
L 1 T=Te T VPRt 7
2. Channel State INformation CSl........c.coiiiiiiiiiiie e 8
D R Yo T T | O PP 8
2.2 Statistical Model OF MIMO Channel........cccooiiiiiiiiiiiiiieeeeeeeeeee e 8
2.3 Channel Matrix Distance (CIMD) ....ccoccuieeiriiiieeerieee ettt e e e e s 9

3 MIMO TransCeIVEI DESIENS ...oeeeeiiiciee e et e e e et e e e e et e e e e e e e e e e e e aaae e e e s 1p
N B = 7= ol =4 £ 1V o Vo PP 10
I IV <1 o T 1V, [ o <] TSP 11
3.3 Short-Term Nonlinear MIMO Transceiver Design (ST DFE) ....ccccveeeeeeeeecnnrnenen.. 12
3.3.1 Optimal RECEIVET DESIZN ....uvrveeeeeeeiicirreeeee ettt e e e e eeerrrere e e e e e s enarraeees 12

RS T I -1 ] 0 T =T Ty = o 1 14

3.4 Long-Term Nonlinear MIMO Transceiver Design (LT DFE-1) ......ccccoeeeviiieeennns 15
3.4.1 Receiver DESIZN (DFE) ..occcceeie ettt e aree e 16
R -1 1] 0 T =T Ty = o 1 16

35V BLAST ettt e h e st e bt e he e et e e be e e aeeebee e eaeeenee 17
3.5.1 RECEIVEN DESIEN .. e aanaarnee 17

R T I -1 ] 0 0T =T g 1Y = o 1 18

3.6 Long-Term Nonlinear MIMO Transceiver Design (LT DFE-2) ......cccoveeeeiiveeeennns 18
3.6.1 RECEIVEN DBSIN .. e anarnee 18
3.6.2 TransSmMItter DeSIGN .. 18

3.7 Long-Term Linear MIMO Transceiver Design (LT LIN) ...cccceevieeeiieenciieenieeenee, 19
3.7.1 RECOIVEN DBSIZN .. e 20




3.7, 2 TransSmMItter DeSIGN .. 20

IR T o =T oo o [ PP P PP P PO PPROPPPROPPPRTON 21
3.8.1 General Triangular Decomposition (GTD)........cccceceverenerenereneenene 21
3.8.2  Water FilliNG...cveoeiiiieieeieeeeeeeeee e 22
2= A | PO OPPPPPPPPTIR 23
NUMEFICAl RESUITS ...ttt e e e e 23
Y 1 0 [V - 1 o T I Y= = £ PR PSR 24
4.1 BasiC ASSUMPTIONS .ccciiiiiiiiiiiii s 24
4.2 Modulation SChEME .......uiiiiiei e 25
4.3 Channel Normalization and large scale fading effect ........ccceeevvveiviieeecciiennn. 25
4.4  Decision Feedback EQUAlIZEI .......cuueviiiiiiiieeieee et 25
4.5  System PerfOrManCe .....ccciicuiieiieiiieeceiiee e estee et e et e e e e aee e s s aaae e e s ssaeaaens 26
4.6 Statistical Channel parameters Estimation ........cccccccvveevieiiiicciiiieeee e, 26

D RESUIES e ettt ae e e es 27
5.1 GeNeral Trends ....ooeo oo 28
5.2 8x4 MIMO Channel for NL = 4 ...c..ooooiiiiieeeeeeeeeeeeeeeee e 28
5.3 Slow-Fading Channel ... 30
5.3.1 Slow Fading Ch-18 BER V5. SNR......ccctiiiiiiiiiieeee ettt e 31
5.3.2 Slow Fading Ch-38 BER V5. SNR......ccceiiiiiiiiiieeteeeee et 32

5.4  Line-Of-Sight Channel..........uuiiiiiii et e e 32
5.4.1 Line-Of-Sight Ch-4 BER VS. SNR......coiiiiiiiiiiiiieieeeere e 33

5.5 Fast-Fadinghannel Ch-2 and Ch-10..........cccceeiiieiierieeiiiecee e e 34
5.5.1 FastFading Ch-2 BER VS. SNR.....c.ciiiiiieiiieieee ettt 34
5.5.2 FastFading Ch-10 BER VS. SNR.......ccciiiiiiiiiieeee et 35

5.6 Fast-Fadinghannel Ch-12 and Ch-14.........ccccoeoveiievieeieeceeeeeee e 36
5.6.1 FastFading Ch-12 BER VS. SNR.......cociiiiiiiiiieeeeeese et 36
5.6.2 FastFading Ch-14 BER VS. SNR....cccuiiiiiiiiiiieeeeee et 37

5.7 Fast-Fadinghannel Ch-22 and Ch-27........ccccveiiieiieiieeieecee e 38
5.7.1 FastFading Ch-22 BER VS. SNR.....cccooiiiiiiiieeieeeere e e 38
5.7.2 FastFading Ch-27 BER VS. SNR.......cooiiiiiiiieieeeeeeere et 39

LY 1| PP UPTPPPRP 40




CONCIUSION e ettt ettt e et e et e e s bt e e s bt e e e bt e e snneesaneeas 40
6 Conclusion and FUTUIE WOIK .........eeiiiiiiiieeiieeieeeee et 41
6.1 CONCIUSION ..ttt ettt ettt e e ane e s bb e e e neeeesanee 41
6.2 FUTUIE WOTK ..ottt ettt sttt et e et e e 41
REFEIEINCES ..ottt ettt e sab e et e e et esneees 42

Vi



List of Tables

Table 1.1:
Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 3.5:

Drive Test Data DetallS. ........ccooiiiiiiiiiiieeeee e 3
Short term Nonlinear MIMO Transceiver design with perfect CSI .............. 15
Long-term precoder design with DFE receiver design (LT DFE .-1-... 17
VBLAST DESION. ..ciiiiiieeeeeiieee s e e e e e e e e e e ettt a e s e e e e e e eaeeeeeeeeenrsannne 18
Long-term nonlinear MIMO transceiver design (LT DFE-2)....................... 19
T VI =2 T | S 21

Table 5.1 : Precoder CharaCteriStCS ........uuuuuuuiiiiiieeeeeeeei et e e e e e e e e e eeeeeeeeeannees 28
Table 5.2: Channel 18 speed and distance information...............ccccceeeeiiiiiiiieeiinieeeeeiiiin, 31
Table 5.3: Channel 38 speed and distance information...............cccccceeiiiiiiiieeiiieieceeeiiiins 32
Table 5.4: Channel 4 speed and distance information......... ......ccccovviiiiiiiiiiiiiin e, 33
Table 5.5: Channel 2 speed and distance information.................cceeeeiiiiiiieee e, 34
Table 5.6: Channel 10 speed and distance information................ccceceeiiiiiiiieeeeeieceeeeeeiieens 36
Table 5.7: Channel 12 speed and distance information...............cccceeeiiiiiiiieeeeeieieeeeeiiieens 37
Table 5.8: Channel 14 speed and distance information...............ccccceeeviiiiiieeeiiiiiieeeeeiinn, 37
Table 5.9: Channel 22 speed and distance information...............ccccceeeeiiiiiiiiieiieiiceeeiiiins 39
Table 5.10: Channel 27 speed and distance information..............ccccceeeeeiiiiieiiiiniieeeeeiinn, 39

vii



List of Figures

Figurel.1: GPS Data of a Drive Test by ERICSSON ... 2
Figur 1.2: GPS speed data of a Drive Test by ERICSSON ..., 3
Figur 1.3: NLOS Slow-Fading Channel spectrogram ...........cccceeieeeeiiieiieceeiiiiceeeenn 4
Figur 1.4: NLOS Fast-Fading Channel Spectrogram.............cccouvvvvvviviiiiiiiiiiiiiieee e eeeeeeeee 5
Figur 1.5: LineOf-Sight Channel Spectrogram. ...........ccccueeieieiiiiiiiiiieeeeeeee e 5
Figur 1.6 a) Transmitter x-pol antennas fixed on a top of a building. b) Receiver
antennas fixé on the corners of Car’s T00f............uuiuiiiiiiiiiii e 6
Figure 3.1 General Structure of the MIMO tranSCeIVer ............cooovvvvviiiiiiiiiiieee e, 12
Figure 3.2: Linear MIMO TranSCERIVET. ......cccciiiiiiiiiiiieeieeee ettt 20
Figure 4.1: General structure of the SIMUIAtOr. ...t 24

Figure 5.1: Highlight sections refered to the channel portions that considred in the
L2372 L1 = 11 0 o RSO 29
Figure 5.2: The eigen-Values Slow-Fading Channel, where N_F and N_P are the

future and estimation interval samples, respectively. ... 30
Figure 5.3: Left) Ch-18 and Ch-38 eigenvalues. Right) Ch-18 and Ch-38 Spectrograms

Figure 5.4: Left) Performance of precoder designs over Ch-18 in terms of BER. Right)
CMD of Expected R_Tx of estimation interval with R_Tx of evaluation interval. ....... 31
Figure 5.5: Left) Performance of precoder designs over Ch-38 in terms of BER. Right)
CMD of Expected R_Tx of estimation interval with R of evaluation interval. ....... 32
Figure 5.6: Left) Ch-4 eigenvalues. Right) Ch-4 Spectrogram. ............coccoeiiiivivviinnnnne. 33
Figure 5.7: Left) Performance of precoder designs over Ch-4 in terms of BER. Right)
CMD of Expected R_Tx of estimation interval with R_Tx of evaluation interval. ....... 33
Figure 5.8: Left) Ch-2 and Ch-10 eigenvalues. Right) Ch-2and Ch-10 Spectrograms.. 34
Figure 5.9: Left) Performance of precoder designs over Ch-2 in terms of BER. Right)
CMD of Expected R_Tx of estimation interval with R_Tx of evaluation interval. .... 35
Figure 5.10: Left) Performance of precoder designs over Ch-10 in terms of BER. Right)
CMD of Expected R_Tx of estimation interval wigh Tx of evaluation interval ........ 35
Figure 5.11: Left) Ch-12and Ch-14 eigenvalues. Right) Ch-12and Ch-14 Spectrograms.

viii



Figure 5.12: Left) Performance of precoder designs over Ch-12 in terms of BER. Right)
CMD of Expected R_Tx of estimation interval with R_Tx of evaluation interval ........ 36
Figure 5.13: Left) Performance of precoder designs over Ch-14 in terms of BER. Right)
CMD of Expected R_Tx of estimation interval with R_Tx of evaluation interval ........ 37
Figure 5.14: Left) Ch-22 and Ch-27 eigenvalues. Right) Ch-22and Ch-27 Spectrograms.
Figure 5.15: Left) Performance of precoder designs over Ch-22 in terms of BER. Right)
CMD of Expected R_Tx of estimation interval with R_Tx of evaluation interval ........ 38
Figure 5.16 Left) Performance of precoder designs over Ch-27 in terms of BER. Right)

CMD of Expected R_Tx of estimation interval with R_Tx of evaluation interval ....... 39



Notation

In the following we will mention the notations that are used throughout this master
thesis. Uppercase boldface letters,Aeand lowercase boldface letters medenote the
matrices and the vectors respectively. A submatrix consists of thé Gdtimns of
matrix A as denoted by;, anda; is denoted théth column of matrid. The operators

()" and ® are Hermitian transpose and the Kronecker product respectively, and the
operator(.)/? defines the Cholesky factorization. The operdtofA) is the trace of

the matrixA anddiag|a] is the diagonal matrix with a vectar having the diagonal
elements.

H Channel Matrix

Ry Correlation Transmit Matrix

Ry, Correlation Receiver Matrix

P Precoder Matrix

W FeedForward Equalizer

B Feedback Equalizer

Nry Number of Transmit Antennas
Ng, Number of Receiver Antennas
N, Number of Transmitted Symbols
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MSE
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Min
Max
Mod
Demod
Ch12

Multiple-Input Multiple-Output

Channel State Information

Instantaneous- Channel State Information
Channel State Information at the Receiver side
Channel State Information at the Transmitter side
Decision Feedback Equalizer

Minimum Mean-Square Error
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1 Introduction

A multiple-input multiple-output (MIMO) system uses multiple antennas at both the
transmitter and the receiver of the communication link to increase the data rate and the
reliability of the communication system. MIMO systems exploit the multiple antennas
to form multiple sub-channels to improve a communications system in terms of spectral
efficiency and link reliability. Mathematically, a MIMO channel is represented by
channel matrix which provides full information about the nature of a channel. MIMO
systems became a significant research field as a result of the high cost of frequency
spectrum in commercial wireless systems.

The design ofh MIMO transceiver is equivalent to finding the parameters of the
equalizer at the receiver and the parameters of the precoder at the transmitter that give
an optimized performance under determined constraints, where the channel state
information (CSI) is given. To estimate the CSI, the transmitter sends a training
sequence or a pilot signal to the receiver side, which is already known to the receiver, to
estimate the CS and then the receiver transfer the estimated CSI over the feedback
channel to the transmitter. The MIMO transceiver based on perfect CSI has been
designed optimally in [2].

In practical communication systems, the CSI is far from perfect, for examplte due
estimation error, quantization error delays that makes the estimates outdated. The
imperfection of the CSI at the receiver (CSIR) can be negligible in many cases, while
the CSI at the transmitter (CSIT) is far from being perfect in many realistic situations.
Many studies have considered the design of MIMO transceivers based on perfect CSIR
and imperfect CSIT [1, 3,]4 The design of imperfect CSIT and perfect CSIR
communication systems reduces doprecoder design at the transmitter since the
receiver lasbeen optimally designed regardless of the precoder value.

1.1 Objective

The objective of this thesis is to investigate and compare the performance of five
precoder designs on measured channel data and evaluate them in terms of Bit-Error-
Rate (BER). Three of the considered precoder designs assumed that the imperfect CSIT
is available, and all of the precoder designs considered here assume the receiver has full
access to the CSI; hence, the receiver always has an optimal design. In order to learn
about the loss in the performance of imperfect CSIT precoder designs compared to the
perfect CSIT design, we consider the perfect CSIT optimal precoder design [2]. We also
consider the VBLAST design evaluation where CSIT is not used, in order to see the
improvements in imperfect CSIT precoder designs. All the designs are evaluated over
measurements of 8x4 MIMO channels which are obtained from ERICSSON.

Usually, the proposed MIMO transceiver designs are evaluated over simulatedighann
which are generated according to specific channel conditions. The objective of this



project is to evaluate five MIMO transceiver designs on a measured MIMO channel. In
this project we evaluate three long-term CSI precoders [1, 3, 4], one short-term CSI
precoder [2], and one with no CSIT precoder [5]. The main focus in this thesis is to
evaluate the long-term adaptive pre-coding algorithm proposed in [1], which has shown
better performance compared to othergiverm precoder methods [3,4].

1.2 Motivation

The main motivation for this thesis comes from recent long-term precoder that was
proposed in [1]. The precoder showed good performance compared to other long term
precoders designs [3, 4] and approached the performance of the perfect CSIT optimal
precoder design [2]. Another main objective is to evaluate the different kind of
precoders to determine their performances averl channel.

1.3 MIMO Channel Measurements

It should be mentioned that the measured channel data for an 8x4 MIMO channel which
we used in the evaluation in this thesis was obtained from ERICSSON. The data was
recorded during a drive test using LTE testbeds. The drive test took place in Kista
Stockholm, where the transmitter was fixed on the top of a building, and the receiver
was mounted on a car roof. Figure 1.1 shows the route taken by the mobile-station (MS)
during the drive test.
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Figure 1.1: GPS Data of a Drive Test by ERICSSON



1.3.1 Measurement Process

The transmitter that contained four cross-polarized antennas was fixédarshape on

top of a building in Kista. The transmitters were transmitting a training sequence over a
bandwidth of 20 MHz, at 2.6 GHz carrier frequency. The receiver that cedtaiar
antennas was fixed on a car roof and collected the training sequence and estimated the
channel every 5.338is with respect to the time and the frequency. Figure 1.2 shows
the speed of the MS during the test drive, where the data have been recorded at different
car speeds. Various parameters related to the derive test is illustrated in Table 1.1.

Carrier Frequency;.
Wavelength
Bandwidth

Drive Time
Average Receiver Speg
Max Receiver Spee
Min Receiver Spee
Samples in Timeg
Samples in frequenc
1 Time sample
1 Frequency sampl
Drive Test Location

2.6 GHz
0.1154 m
20 MHz
8 min

18 Km/h
39 Km/h
0 Km/h
87938
162

16

3 ms
120KHz
Kista, Stockholm.

Table 1.1: Drive Test Data Details.
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Figure 1.2: GPS speed data of a Drive Test by ERICSSON.



1.3.2 Channel Types

In wireless communications systems, the user-terminal is free to move. As a result, the
channel is constantly being changed depending on the location of the transmitter with
respect to the receiver and the surrounding environment. To evaluate the considered
precoder designs based on the measured channel, we have divided the channel behavior
into three channel types, (i) Non-Lit@-Sight (NLOS) Slow-Fading Channel, (ii)

NLOS Fast-Fading Channel, and (iii) Li-Sight (LOS) Channel. These distinctions

have been made based on the channel characteristics. The spectrograms of these
channels are shown below.

1.3.2.1 Non-Line-of-Sight (NLOS) Slow-Fading Channel

The Slow Fading channel arises from slow changes of the channel characteristics, where
the amplitude and the phase of the channel changes slightly relative to time, and can be
considered stationary for a period of time. Figure 1.3 shows the spectrogram of the
Slow Fading channel; it can be noted from the spectrogram that the amplitude of the
channel is barely changing over time.

Frequency [Hz]

Time [sec]

Figure 1.3: NLOS Slow-Fading Channel spectrogram.

1.3.2.2 Non-Line-of-Sight (NLOS) Fast-Fading Channel

Fast fading arises from the quick changing of the channel characteristic in relation to

time and frequency. This usually happens due to the moving of the receiver in non-line

of sight positions relative to the transmitter. Figure 1.4 shows the spectrogram of the

Fast-Fading channel, where the channel changes randomly and rapidly with respect to
the time and the frequency



Figure 1.5: Line©f-Sight Channel spectrogram.
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1.3.2.3 Line-of-Sight (LOS) Channel

LOS channel arises when the receiver is moving in line of sight positions relative to the

transmitter. As a result, the characteristics of the channel are almost constant in
frequency. Figure 1.5 shows the spectrogram of the LOS channel, where the channel
amplitude is barely being changed with respect to the frequency.

1.3.3 Antenna Configuration

For the drive test, four x-pol panel transmitter antennas were used, where each x-pol
antenna had two dual polarized antenna (one vertical and one horizontal), and they were
separated and fixed on top of a tall buildesgshown in Figure 1.6.a. At the receiver
side, four antennas were fixed on the cornersaafra roof as shown in Figure 1.6.b.

L |
_ A0
Eo—0-

b)

Figure 1.6: a) Transmitter x-pol antennas fixed on a top of a buildirgedgiver antennas fixed on the
corners of cds roof.
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2. Channel State Information CSI

2.1 Types of CSI
There are two types of CSI; instantaneous CSI and statistical CSI.

a. Instantaneous CSlI (or short-term CSI): Instantaneous CSI means that the
current channel conditions are known.

b. Statistical CSlI (or long-term CSI): Statistical CSI means that a statistical
characterization of the channel is known. This description can include, for
instance, (i) the type pf fading distributjon, (ii) the average channel gain, (iii) the
[line-of-sight component, and (V) the spatial correlgtion. As with instantaneous
CSI, this information can be used for transmission optimization.

The CSI acquisition is limited by how fast the channel conditions are being changed. In
[fast fading channells where the channel conditions vary rapidly with the period of one
symbol transmissiorthe receiver can’t track the instantaneous changes in the channel
conditions. On the other hand, in relatively slightly changing channel conditions, the
receiver and transmitter can track the instantaneous CSI with reasonable accuracy and
use it for transmission adaptation for some time before becoming outdated.

A precoder design based on the degree of knowledge of CSI can be divided into:

1- Perfect CSIR & perfect CSIT.
2- Perfect CSIR & imperfect CSIT.
3- Imperfect CSIR & Imperfect CSIT.

Perfect CSI means instantaneous QSCSI) is available, in contrast imperfect CSI
means |-CSl is not available; instead the channel distribution information (CDI) is
available.

2.2 Statistical Model OF MIMO Channel

Many studies have considered modeling of wireless MIMO channels for the purpose of
the system design and evaluation. Here, for the sake of clear presentation, we briefly
described the narrowband MIMO channel model that was verified over NLOS indoor
MIMO channel measurements in [6,7]. It was observed that the channel covariance
matrix could be expressed by the kronecker product of the covariance matrices that are
seenin both ends of the communication link as follows:

Ry = Ry, ®Ryg,, (2.1)


http://en.wikipedia.org/wiki/Fading#Fading_models
http://en.wikipedia.org/wiki/Line-of-sight_propagation
http://en.wikipedia.org/wiki/Spatial_Correlation
http://en.wikipedia.org/wiki/Fading#Slow_versus_fast_fading

Where Ry, is the channel covariance matriR;, €N7x*N7x is the transmit correlation
matrix andRy, eVrx*Nrx is the receive correlation matrix. The transmit and receive
correlation matrices of the channel mattare given by

T _ E[(H-D"H-B)]
Ry === (2.2)
and
_ E[H-B)(H-D)"]
Rex =" 3 (2.3)
respectively, wherél is the mean of the channel matrix. TheR,} is normalized to
be equal to the number of antennas at the transmitter side.h&lsbannel covariance

matrix Ry is given by
Ry = E[vec((H — H))vec'((H — H))), (2.4)

wherevec(H) is the vector formed by stacking the columng#lof

2.3 Channel Matrix Distance (CMD)

To interpret the behavior of a long-term precoder on a certain portion of a MIMO
channel, we used the channel matrix distance function to measure the changes in the
channel structure with respect to time. Th&IT function is based on MIMO
correlation matriceR;, andRg,, andit measures the distance between correlation
estimated matrices at different times to characterize how strong the spatial structure of
the channel had been changed. For a correlation nRitix that is being changed with
timet, the correlation matrix distance between two different titpesdt, is

_ Tr{R(t;)R(t;)}
IR IR

Where Tr{} is the trace operator, arid||, denotes the Frobenius norm. The CMD
function was introduced and analyzed using synthetic and measured MIMO data in [8].
The CMD values range from 0 to 1. A 0 value of CMD means the channel structure
doesn’t change, and 1 means the channel structure changes completely. Based on
measured channel data verification, in [8] the threshold where the channel structure is
not changed significantly is 0.2.

CDM =1

(2.6)



3 MIMO Transceiver Designs

3.1 Background

The design of a MIMO communication system depends mainly on the degree of
knowledge of CSI at both sides of the communication link. Since the channel conditions
vary with time, the instantaneous CSI need to be updated in the short term. A popular
method for channel estimation at receiver side is so-called training sequence (or pilot
sequence), where a known signal is transmitted and then the CSI characteristics are
estimated using the priority knowledge of the signal at the receiver side, and the CSI at
the transmitter (CSIT) is typically obtained either via a feedback channel from the
receiver (this technique requires the channel to be sufficiently slowly varying and it has
loss in spectral efficiency), or by exploiting the channel reciprocity (if the uplink and
downlink use the same frequency) allowing us to infer the channel from previous
receiver measurements.

In practical communication systems the perfect CSl is far from reality due to several
imperfections, like (i) estimation error, (ii) quantization error, and (iii) outdated
estimation of channels. To get a robust design of a MIMO transceiver through a
wireless MIMO channel, the designer should take into account these imperfections in
the precoder design problem. In the MIMO systems that work in relatively slow varying
channel environments, it is possible to assume perfect CSI at both sides. The design of
optimal MIMO transceivers in the presence of perfect CSI at both sides has been
studied extensively [2]. In most practical communication systems, when one of the
communication terminals is moving (as in GSM network, base-station is fixed, and the
user-terminal is freely movingthe channel characteristics are varying rapidly in an
unpredictable behavior, which make the tracking of perfect CSI at both sides of the link
a difficult task. In wireless communication system, it is practical to assume perfect
channel at the receiver side, since the channel estimation sequence is sent irethe sam
block of the transmitted data. However, due to the feed-back problems mentioned
above, the transmitter usuallyn’t get instantaneous (or perfect) CSI. As a result, it is

more reliable to assume imperfect CSI at the transmitter side in the MIMO transceiver
design. There are many MIMO transceiver designs that have considered the uncertainty
of the channel at the transmitter side to improve the throughput of the MIMO
communication system [1, 3,4

In the following sections, the theory part of the considered precazleisscribedin

section 3.2 the general MIMO transceiver structure and signal model of the received
signal are introduced. All the precoders considered here are assumed to have perfect
CSIR, therefore, the receiver design is always optimum. For the purpose of comparison
in the performance loss between the long-term precoders and the short-term precoder
(perfect CSIT), the optimal precoder based on perfect CSIT [2] in section 3.3 is
described. In section 3.4 the long-term precoder proposed in [1] is described,svhich
based on the first and second order statistics of the CSI, and is the main precoder of this

10



thesis. In section 3.5 V-BLAST (no CSIT)][B described in order to understand how
much gain is added to the MIMO systarperformance by the knowledge of long-term

CSI. In section 3.6 long-term precoder design based on the second order of the CSI is
described [3]. The main difference betweenltfieprecoder proposed in [3] and the LT
precoder proposed in [1] is that the precoder in [1] assumed that first and second order
statistics of the CSI are available at the transmitter side, in corftegeetoder in [3]
assumed only the availability of second order statistic of CSI at the transmitteinside
section 3.7 the long-term precoder waHinear receiver that was proposad[4] is
described. In section 3.8 we mentioned some algorithms that used to generate the
precoder matrix in some precoder designs.

3.2 System Model
The baseband signal model corresponding to transmission through a MIMO
communication channel df;, transmit antenna ani,, receive antenna is represented

by:
y=Hs+n (3.1)

Where y € CVrx is the received vectorll € CNrx*NTx js the channel matrixs €
C1*Ntx js the transmitted vector, ande CVrRx*1 is a zero-mean circularly symmetric
complex Gaussian interference-plus-noise vector with covariance rRatexI .

The structure ofa nonlinear MIMO transceiver (linear precoder at transmitter and
nonlinear equalizer at receiver) is shown in Figurel. In the beginning we cedsder
nonlinear MIMO transceiver designs and in the last section we coeditter linear

MIMO transceiver as a special case (linear precoder at transmitter and linear equalizer
at receiver). The transmitted vector frafp, transmitter antennas can be written as

s = Px (3.2)

WhereP € cN7x*NL is the linear precoder matrix, ande CV: is the data vector that
containsN; symbols to be transmitted which were drawn from a set of constellations
where x is assumed to be zero-mean with unit-energy uncorrelated symbols, i.e.,
E[xx"] =1y, We assumed that the number of transmitted syniols

< min (Nr,, Ng,). The total average transmitted power per transmission (in units of
energy) is

Pr = E[lIsl?] = Tr(PP") (3.3)

Figure 3.1 shows the general structure of a nonlinear MIMO transceiver, which consists
of a linear precoder at transmitter and a DFE at the receiver. The DFE recédots de

the transmitted vector and uses the past detected symbols to eliminate its interference on
the late detected symbols; as a result the DFE receiver has a better performance than the
linear receiver. If the detectios erroneous, it may cause more errors in the subsequent

11



detections, which i&nown as ‘error propagation effectBased on the assumption that
previously detected symbols in the feedback filter are correct, the estimated data vector
at the receiver side is:

x=wHy—Bx (3.4
= [WHHP — Blx + WHn

whereW € CNL*Nrx js the equalizing filter an® € cNVi*Ni is the feedback filter, and
whereB is an upper triangular matrix under the condition that the equalization process
at the receiver start fromi;, to 1. In Figure 3.1Q[.] stands for mapping the estimated
signal to the nearest constellation signal.

Y

n
ad —'-aég—-y i —O— el

Figure 3.1 General Structure of the MIMO transceiver

One common way to design the nonlinear MIMO transceiver is to formulate the
problem in an optimization formula:

min F(P,W,B)
PW,B

subject to tr(PHP) < Ppqy (3.5)

whereF is the arbitrary cost function, arR},,, is the maximum expected transmitted
power. All considered designs in this thesis considering the mean square error (MSE)
matrix of the nonlinear MIMO system as an objective function are to be minimized

MSE = E[(X — x)(X — x)"] (3.6)
= [WHHP — (B + D][W! HP — (B + D] + WHR,W

3.3 Short-Term Nonlinear MIMO Transceiver Design (ST DFE)

The optimal nonlinear MIMO transceiver design is based on the assumption of perfect
CSlis available at both the receiver and the transmittes.ditle design of ST DFE has
been obtained from [2], that is based on majorization thdor@.3.1 and 3.3.2 we
provide a brief description of the receiver and transmitter designg in [2

3.3.1 Optimal Receiver Design
According to the signal model in section 3.2, the estimated subsfieainthe receiver
side can be written as

12



Np

Qi = WiHy_ z bl]x],l <i< NL (37)

j=i+1

Denotep; theith column ofP, the performance of substraems measured in terms of the
MSE is

MSE; = E[|%; — x;]°] (3.8)

N i-1
2 2
= Wi Hp = 172+ ) [wiHp; = by|*+ ) |wibip|” + w1
j=i+1 j=1

Also, the performance of substreams can be measured in terms of the signal to
interference plus noise ratio (SINR) as follows

desired component

SINR; = 3.9
"7 undesired component (39)
B lw;"Hp; — 1|
T N 2 i 2
ijLi+1|WiHHPj —b|" + Z§-=11|WiHPj| + |lw;|?

According to equations (3.8) and (3.9), to minimize the MSEs and maximize the SINRs,
the DF coefficients should be

b =wHp,1<i<j<N, (3.10)

as a result, the MSEs become

i—1
2
MSE; = |w;"Hp; — 1|> + Z|winj| + w2 (3.11)
j=1

Thus, the optimum feedback matBxis
B =u(W"HP), (3.12)

Whereu(.) stands for strictly keeping the upper triangular entries of the matrix while
setting the others to zero. Now we need to find the optimum feed-forwardwijter
which minimizes theMSE; in (3.11). LetG = HP denote the effective channel matrix.
DenotingG;e"r*! as the submatrix consisting of the fitstolumns ofG and g;e"&*!

as theith column ofG, thus equation (3.)Tan be written as

MSEl = WiH(GiGl'H + I)Wl - Wl'Hgl' - giHWl' + 1. (313)

To minimizeMSE;, equate the derivative of (3.13) with respeawvtdo zero, as a result

13



(66" +Dw;—g;=0.  (3.14)
Thus, the optimum feed-forward filter for twh substream is
w; = (66" + 1)_1 g, 1<i<N,. (3.15)

SubstitutingW = [wy, ...,wy, ] in (3.12) yieldsB, both of them represent the optimum
filters of DFE. The following result providescomputationally efficient expression for
calculating the optimum DFE filters [9, 10].

Lemma 1:

Let theQR decomposition of the argument matrix be

G, = [IGL] = QR. (3.16)

(Nrx+NL)XN

Parition@Q into

_[e
Q—lgl, (3.17)

WhereQe"r=*N1 andQe"+*". Thus, the optimum feed-forward and feedback matrices
that minimize the MSEs are
W =QDg*, B=D; 'R-1, (3.18)

WhereDy, is a diagonal matrix that has the same diagonRIThus, the resulting MSE
matrix is diagonal

E=E(®@-x)X—x)")=Dp% (3.19)

3.3.2 Transmitter Design

Since the receiver side has been optimally designed in the previous section, the problem
is reducedo the transmitter side design based on perfect CSI, where the optimization
problem reduced to

miniPmize f({DR_z})

HP

subject to ( I )= QR (3.20)
Tr(PP") <P,

If the cost functiorf(.) € RNt - R is an increasing function in each argument and
f(exp({}) is Schur-convex oRM:, then, the optimum precoder matrix has the
following structure [5]:

14



P =Vydiag(\/p)Q". (3.21)

andp is the power allocation vector given by the standard water-filling solution

pi = Wu—

1 K
2)+'Pmax = Zpi (3.22)
Zii i=1

whereV ,e"7x*K comes from the Singular Value Decomposition (SVD) of the channel
matrix H
H=UyzyuVy". (3.23)

and the semi-unitary matriR eN.*X is obtained by using the generalized triangular
decomposition (GTD)

[UHsziag(\/E)] = QRP," (3.24)
I

such that the matriR has equal diagonal elements. Table 3.1 gives in a concise way
the optimal design parameters of the nonlinear MIMO transceiver whibhsed on
perfect CSI at both sides of the communication link.

Table3.1: Short termNonlinear MIMO Transceiver design with perfect CSI (ST DFE).

Step Operation
1 Compute the SVD ol = UyZgVy".
2 Obtain the optimized power allocations by using waterfilling algorithm
— 1+
pi=W—57)"
3 Compute the GTD
] — [UHZH[dlag(\/E) OKX(NL—K)] — QRP]H
I
Where the diagonal elementsifre equal.
4 Obtain the precoder matrix
P = VH[dla’g('\/E).OKX(NL—K)]P]
5 Compute the DFE parameters
W=QDg!, and B=Dg 'R-1I

3.4 Long-Term Nonlinear MIMO Transceiver Design (LT DFE-1)
The long-term precoder proposed in [1] relies on the first and second-order statistics of

the CSI at the transmitter side and on the perfect CSI at the receiver side. The proposed

precoder in [1] showed good performance compared to other long-term precoder

designs. In section 3.4.1 and 3.4.2 we will describe the transmitter and receiver designs

of the long-term precoder obtained from [1].
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3.4.1 Receiver Design (DFE)

Since the CSl is perfectly known at the receiver, the optimal design of the receiver side
follows exactly the same approach introduced in section 3.3.1 as a function in the
channel matrixd and the precoder matrB Thus, the feed-back matrB and the feed-
forward matrixi are

B = u(WHHP),

w; = (66" + 1)_1 gi

3.4.2 Transmitter Design

Since the receiver parameters, feed-back malkixand feed-forward matrix//
concentrated out from the optimization problem, the optimization problem has been
reduced to an optimization of the cost function in (3.20) under the assumption that long-
term CSl is only available at transmitter side.

The MSEs are identified by the diagonal elements oMBE& matrix
E=E(@-x)&-x")
= [WHHP — (B + D][WHfHP — (B+ D]" + WHR,W. (3.25)

Reformulated MSEs and substitute eand B as functionsn the channel matril
and precoder matriR

MSEL = Eii =1- pl'HHH(HPiPiHHH + Rn)_ali' (326)
By using the matrix-inversion lemma
Ei = [ +p/H'R,'HP)™"] . (3.27)

Since perfect channel is not available at the transmitter side, equation (3.27) should be a
function in the expected channel. In [1] by using matrix convexity of the matrix inverse,
the lower bound of the expectation of the MSEs is obtained

E(Ei) = E([( +p"H"R,"HP)™] ) = [( + p H*H P))™], (3.28)
WhereH is implicitly given by

HYH = E(H"R,”'H)

NRx

=H"R,'H + (z [Rn_l]kl [R ] (14 N o= 1D, (k4 N [i—1D)) i+ (3:29)
k=1
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In this special case, the channel covariance matrix has a Kronecker structure that has
been verifiedn measured data in [8,9Ry = Rr,’ ® Rg,, equation (3.29) reduces to

H"H = H'R,”"H + tr(Rg, R, )R, . (3.30)

Since the expected MSEs in (3.28) have the same form of the MSEs of the perfect TX-
CSl in section 3.3.1, the long-term precoder follows the same approach of the solution
in section 3.3.2 but with expected chanikinstead of instantaneolis Table 3.2
summarizes the procedure design of the long-term precodea dfrequalizer.

Table 3.2 Long-term precoder design with DFE receiver design (LT DBE -

Step Operation
1 Compute the SVD ol = UxZyVy".
2 Obtain the power allocation by using the water filling algorithm
1
pi= (- ﬁ)#

3 | Calculate the GTD
J= [Unzn[diag(x/?) 0Kx<NL—K)] = QRP,".

I
Where the diagonal elementsfare equal.
4 Obtain precodeP = Vy[diag(y/p): Oxxv,-x)|P)-
5 Compute the DFB® = QDir!, and B=Dg '‘R-1L

3.5 VBLAST

The VBLAST design in [bis based on perfect CSI at the receiver side and no priority
knowledge of the channel at the transmitter side. The simple equal power precoder
(distribute the total power equally among the transmitted symbols) is used at the
transmitter side.

3.5.1 Receiver Design
Based on perfect CSIR, the optimal DFE has been obtained in [5]. The receiver design

follows the same approach in the previous sections (receiver design of the optimal
transceiver) where the feed-back filter maiBixand feed-forward filter matriid’ have
the following formula

B = w(WHHP),

w; = (66" + 1)_1 gi
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3.5.2 Transmitter Design
The simple precoder are used at the transmitter side, where their function is to distribute
the total power equally among the transmitted symbols

p; = 1<i<N,. (3.31)

wherep; is the transmitted power for theh symbol, Table 3.3 presents thesign’s
steps for VBLAST.

Table 33: VBLAST Design.

Step Operation
1 Obtain the equal power allocation
_ Ptotal
Pz
2 Compute the DFE filters
W=0QDp !, and B=Dp 'R-1I

3.6 Long-Term Nonlinear MIMO Transceiver Design (LT DFE-2)

The long-term precoder proposed in [3] also performed well compared to VBLAST
over aflat-fading MIMO channel. The precoder design i i8based on second-order
statistics information of the CSI with the assumption that the receiver side has perfect
access to CSlI.

3.6.1 Receiver Design

The receiver design in [3] optimized according to minimum mean square error (MMSE)
criterion under the assumption of perfect channel state information is available at
receiver side. The MSE matrix is

MSE = E[||Wy — Bx||?]. (3.34)

From the standard theory of Wiener linear filtering, and after algebraic manipulations,
the feed-forward filter matriis

-1
w; = (66" +1) g, (3.35)
and the feed-back matrix
B = u(WH"HP), (3.36)

3.6.2 Transmitter Design
Under the assumption that the long-term CSI (LT-ClB[IﬁHFI] is the only given
information to the transmitter, the precodenas the following form [3]

P=U®. (3.37)
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whereU is obtained from the eigenvalue decomposition of the LT-CSI
E[H"H| = UAUY. (3.38)

andA is adiagonal matrix that has eigenvaluesEfi” H| at their diagonal, and is a
diagonal matrix such that

+

N+ 3N ™ 1
| |2 =< LZ’V Zz-l_f/"z Aii_l/z—/l—) . (3.39)
n=1/"nn i

where,,,, is the eigenvalue of the expected channel m#krigx)* = max (0,x) and

N < N, is such that®,,,|> > 0 for n €[1,N,] and|®,,,|> = 0 for all othern. Table 4
summarizes the operations neddo obtain the transmitter and receiver parameters
according to the design proposed ii [3

Table3.4: Long-term nonlinear MIMO transceiver design (LT DFE-2

Step Operation

i Compute the SVD of[HH| = UAU".

2 | Obtain the power allocation

+

2 _ NL + Zg_=1/1nn_1 -1/2 1
|®;|° = = =y G
Zn:llnn i

3 Obtain precoder matrix
P=Ud
4 Compute the DFE filters

W=QDp !, and B=Dyp 'R-1.

3.7 Long-Term Linear MIMO Transceiver Design (LT LIN)

All four linear precoder designs described in the previous sections have been optimized
jointly with a DFE (nonlinear) receiver. In this section, the proposed linear precoder in
[4] that optimized jointly with MMSE linear receiver based on long-term CSI at the
transmitter side and perfect CSI at receiver side is described. The difference between the
DFE receiver and the linear receiver is that, the DFE uses the feed-back information to
carcel the interference effect of the previous detected symbols as shown in Figure3.1,
alsoin the processing aspect, the linear receiver filter can be applied on the receiver
symbols simultaneously, in contrast to the DFE receiver that needs to equalize the
received symbols successively. Figure 3.2 shows the structure of the linear MIMO
transceiver (linear precoder and linear equalizer).

19



n

Figure3.2: Linear MIMO Transceiver.

3.7.1 Receiver Design
As shown in Figure 3.2 the baseband received vector is

y = HPx + n. (3.40)
The constraint on the average transmitted power is
Tr(PP") < Ppax. (3.41)

The linear MIMO transceiver in [4s optimized based on minimizing the mean square
error (MSE) matrix

E(P,W)=E(@-x)R—-2)"). (342)
= (WHHP — D(PPHYW —I) + WHR, W.

whereR,, the noise covariance matrix, which has been assumed to be known perfectly
at both sides of the link. The linear MMSE recei##rthat minimizes the MSE matrix
in equation (3.42) is the well-known Wiener filter [11]

W = (HPPHHY + R,)"*HP. (3.43)

3.7.2 Transmitter Design
The optimization problem reduced to minimizing the expected MSE with respect to the
precoder matriP

E(MSE) = (I + PPW,P)~1. (3.44)
where the equivalent channel covariance matrix is
Wy = HR, "H" + Tr[RgR, '|Ry,".  (3.45)

whereH is the mean of channel matriR, and R, are the channel covariance matrices
seen by the receiver and the transmitter, respectively. The solution for the optimized
precoder has the following structure [4]

P = U\.p’NLzPV. (34‘6)

where the matriyUy y, consists of thév, eigenvectors oWy corresponding to thev,
largest eigenvalues in increasing ofder< A, < ... < y,), Zp = diag[{\/p:}]
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contains the power allocatidp;}, in the diagonal, and&eVt*Nt is a unitary matrix
such that equation (3.44) has identical diagonal elements. The robust design of linear
MIMO transceiver that proposed in [4] is summarized in Table 3.5.

Table3.5: LT LIN Design.

Step Operation

1 | Compute the SVD oy
Wy = Uy, Ty, Upy,”

2 Obtain the water filling power allocation
1
pi = (- ﬁ)ﬂ

3 | Calculate the GTD of

J= Uy, Zw, [diag(y/p): OKX(NL—K)] = QRV.
I
Where the diagonal elementsihre equal.

4 Obtain precoder
P = Uy y, diag(\/p)V.

5 Compute the MMSE equalizer
W = (HPP"H" + R,)"'HP.

3.8 Precoder
Here we present some important algorithms that we considered to generate the precoder
matrix in some MIMO designs.

3.8.1 General Triangular Decomposition (GTD)
Let the structure of the optimized precoder is

P =Vydiag(,/p)Q". (4.1)

Where Q! is a unitary matrix calculated by using GTD. For the report, we reproduce
the theorem of GTD here. For more details about GTD algorithm and implementation

referto .

Theorem 4.1: GTD

AssumeHe™ ™ to be a matrix with rankk and singular valuesoy, = oy, ... =
oy > 0 . There is an upper triangular matixe**¥ and semi-unitary matrice@ and
P such that

H = QRP!
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If and only if the diagonal elements Rfsatisfy

n n
| |RuS| |0H,i 1<n<K
i=1 1

i=

K

K
| | R; = | | Oy,
i=1 '

i=1
WhereR;; and oy ; values are in noeimcreasing order [2].

3.8.2 Water Filling
To distribute the total powet;,;; Optimally on the transmit elements, the water filling
form is used

p; = (ua; — b;)* (4.2)

Where a;’s and b;’s are some fixed numbers apdis the waterlevel that has to be
calculated such that the power constraint satisfies

Protar = z p; (4.3)
i
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4 Simulation settings

This chapter mainly deals with the simulation settings and assumptions used to generate
the numerical results in this thesis. This information is being mentioned here, so that it
may be possible for others to reproduce similar results.

4.1 Basic Assumptions

We used MATLAB software to do all simulations in this thesis work. The system model
used to simulate the nonlinear MIMO system (linear precoder at transmitter and
decision feedback equalization at receiver) is shown in Figure 4.1. The transmission
bits are represented by which is independent and identically distributed (I.1.D). We
use QPSK modulation to convértbits into symbols and form a vector 8f symbols

and pass it to precoder block for preprocessing using precoder Raffix*N.. The
output of the precoder block is sent throwgh x Nr, MIMOchannel where we
assume that zero-mean noise with identity covariance mate#xCN (0,R, =1) is

added to the channel response vector.

Figure 4.1: General structure of the simulator.

At the receiver side, MMSE filter equalizes each symbol in the received \(gcter
[v1, -, ¥n.]) One by onesuch thatit equalizes first the symbg),,, and passes the
resultzy, into Modem/Mod to recover the nearest constellation. Thgnis fed back
to cancel its interference from the next equalized syripol, and so on. Finally, the
estimated received symbols are coreettackinto bits and then compared with the
transmitted bits to calculate the Bit-Error-Rate (BER) of the system.



4.2 Modulation Scheme

We used Gray coding QPSK modulation in all simulations in this thesis. QPSK uses
four points on the constellation diagram, equally spaced around a circle. With four
phases, QPSK can encode two bits per symbol with Gray coding mode.

4.3 Channel Normalization and large scale fading effect
In a wireless communication system the transmitted signals arrive to the receiver by
multiple paths and due to tleenstructive and destructive addition of received signals at
the receiver side, the resulted received signal is sebjéxtthe problem of amplitude
fluctuations with respect to time. Since the measured channel data were recorded when
the receiver terminal was moving, resulted in large scale fading effects on the
measurements of the channel. Thereforehave carefully choose the portions of the
channels thatlon’t have large scale fading samples, and then we applied channel
normalization on them in order to have fair sigtwahoise ratios (SNR) in simulations
We use the following method to normalize the channel matrices. Consider the received
signal model given by:

y =HPx +n, (4.4)

Thus, signal to noise ratio is

_ E[IIHPx||?]

SNR = W ) (4.5)

Wheren € CNrx*1 is a zero-mean circularly symmetric complex Gaussian vector with
covariance matriR, = Iy, .

E[lnl?] = Tr(R,) = Tr(I) = Npy,  (4.6)
Wherex is assumed to be zero-mean with unit-energy uncorrelated symbols

E[xx"] =1y, (4.7)
In order to have constant contribution in the resuBNR at the receiver side, we
normalized the channel matrix such that the
SNR = Tr(PP") = Prorar,  (4.8)

Hencewe can control the SNR of the system from the precoder matrix. Therefore, the
channel is normalized in time using the formula shown below.

H(n) V NrxNpy
(AT,

H,(n) = (4.9)

4.4 Decision Feedback Equalizer

It is worthwhile noting that, the DF equalizer has error propagation. Therefore the DFE
should detect the substream with the smallest error probability first in order to minimize
the error propagation toward the substreams detected later.
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4.5 System Performance

The performance of the considered precoders is measured in terms of BER for a QPSK
constellation (M=4), for measure@lx 4 MIMO channel. The BER is evaluated at
different SNR levels using Monte Carlo simulations.

4.6 Statistical Channel parameters Estimation

In simulation settings in long-term precoder designs, we use the estimation interval
samplesN, to estimate the statistical parameters of the channel, and then we use this
statistical parameter to calculate the precoder matrix to use it for the transmitting on the
evaluation interval samplég in order to make it a causal system. At the receiver side,

we use the instantaneous CSI (I-CSIl) which updated (%\6!9@6‘ In the perfect CSI

MIMO transceiver design, we use the same I-CSI at both sides of the communication
link.
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5 Results

5.1 General Trends

The main observation of this thesis is the long-term precoder proposed in [1] that
showed good performance in terms of numerical simulations compared to other long-
term designs. In this section we usemeasured MIMO channel obtained from
ERICSSON to evaluate the performance of precoder designs considered in this thesis in
term of BER. Table 5.1 summarizes the differences between the precoders.

CSl at the CSl at the Receiver
transmitter recelver Type

Precoder Name

Nonlinear receiver

Short-term CSI Short-term CSI (DFE)

First and second

LT DFE-1 orders statistics of  Short-term CSI N@INEEL B

csl (DFE)
Second order statisti Nonlinear receiver
LT DFE-2 of CSI Short-term CSI (DFE)

First and second
orders statistics of  Short-term CSI
CSlI

Linear Receiver
(MMSE)

Nonlinear receiver

VBLAST No CSI Short-term CSI (DFE)

Table 5.1: Precoders Characteristics.

5.2 8x4 MIMO Channel for N; = 4

In this section, five MIMO transceiver designs are evaluated over 8x4 MIMO measured
channe$. The data rate of the MIMO systeim4 symbols/channel use. We have

picked up different portions from the measured channel which have different
characteristics. The highlighted sections in Figure 5.1 represent the considered channel
portions and their code number. Based on the spectrograms of the channel portions, we
have classified them to certain channel types as shown in the colored sections in Figure
5.1.
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ERICSSON-GPS Data
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Figure 5.1: Highlight sections refered to the channel portions that considreckirathation.

To get information abou& channels charactristics, we have included plots of the
spectrogram and eigenvaluesigaon for each considred channel portion. Also to get
information about the changing of the channel structure over time, we plot the
correlation matrix distance (CMD) between the estimated correlation matrix

1<
Rre == Rr(),  (5.1)
P n=1

and the correlation transmit matrices of the evaluation interval
[Rrx(1), Ry (2),...,Rpx(Ng)] (or that channel that used to evaluate a precoder
performance). To be causal system evaluation, weVgs@ast8 x 4 MIMO channel
samples to estimate the long term precoder parameters, and then we use the estimated
precoder to preprocess symbols that are going to transmit over thé&/yektannel
samples as shown in Figure 5.2
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Slow-Fading Channel EigenValues for:8x4 MIMO channel
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Figure 5.2: The eigen-Values Slow-Fading Channel, wNgrend N, are the evaluation interval (future
channel samples) and the estimation interval (past channel samgsesktively.

5.3 Slow-Fading Channel

We have classified the channel Ch-18 and Ch-38 as slow fading channels based on their
spectrograms shown in Figure 5.3 (left). Also their eigenvalues that change over time
are plotted in Figure 5.3 (right).
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Figure 5.3: Left}Ch-18 and Ch38 eigenvalues. Right) Ch-18 and Ch-38 Spectrograms.
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5.3.1 Slow Fading Ch-18 BER Vs. SNR

Figure 5.4.(Left) shows the performance of the considered precoder designs over the
measured channel CI8 in term of BER versus SNR. Also the CMD between the
expected coelation transmit matrix of the estimation interval and the correlation
transmit matrices of the evaluation interval is shown in Figure 5.4.(Right). Table 5.1
presents the values of the evaluation inteNgahnd estimation interva¥, expressed in
meters, as well as the average speed of the receiver.

Average receiver Speed | 2.51 km/h
Distance of evaluation interval, | 0.37 m
Distance of estimation intervalVp | 3.33 m

Table 5.2 Channel 18 speed and distance information

Chi#18, N=100, N;=900 :8x4 MIMO Channel with 4 QPSK symbols Ng = 100, N, = 900. CDM mean =0.9887, CDM Max =0.99687, CDMMin =0.97716
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Figure 5.4: Left)Performance of precoder designs o@&¥18 in terms of BER. Right) CMD of
ExpectedR, of estimation interval witlR,’s of evaluation interval.

On the NLOS slow channel (Ch-18), the LT DFE-1 precoder performs better than other
long-term precoders (LT DFE-1 and LT LIN). Since the LT LIN uses linear equatizer
the receiver side, we always expect LT LIN precoder to be worse than LT DFE-1
precoder at high SNR. All precoder designs outperform the VBLAST design that
doesn’t use any CSI at the transmitter side. It is clear that the short-term CSI precoder

(ST DFE) works better than other precoders as expected. As shown in figure 5.4 (right),
the structure of the expected correlation matrix of the estimation interval has week
correlation with the correlation matrices of the evaluation interval.
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5.3.2 Slow Fading Ch-38 BER Vs. SNR

Average receiver Spee
Distance of evaluation intervik
Distance of estimation intervaNp

1.87 km/h
0.21m
3.95m

Table 5.3 Channél8 speed and distance information

10°

Ch#38, NF=99,NP=100. : 8x4 MIMO Channel with 4 QPSK symbols

N =99, N, = 1900. CDM mean =0.21249, CDM Max =0.31204, CDMMin =0.1085
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Figure 5.5: Left) Performance of precoder designs over Ch-38 is te#rBER. Right) CMD of Expected

R, of estimation interval witlR,.’s of evaluation interval.

In Figure 5.5 (left) the LT DFE-1 precoder outperforms the other long term precoders
and the VBLAST, and approaches the performance of the optimal precoder design (ST
DFE). It is clear from Figure 5.5. (right) that the expected correlation transmit matrix of
the estimation interval has stronger correlation with the correlation transmit matrices of
the evaluation interval compared with Ch-18.

5.4 Line-Of-Sight Channel
Ch-4 is classified aa Line-Of-Sight channel according to their spectrogram that is
shown in Fig.5.6. Figure 5.6 also shows the eigenvalues of Ch-4 that vary with time.
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Channel EigenValues for CH-4:8x4 MIMO channel
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Figure 5.6: Left) Ch eigenvalues. Right) Ch-4 Spectrogram.
5.4.1 Line-Of-Sight Ch-4 BER Vs. SNR
Average receiver Speg 27.5 km/h
Distance of evaluation intervll | 4 m
Distance of estimation intervdlp | 77/ m
Table 5.4 Channel speed and distance information
Chi#t4, N=99, N;=1901. : 8x4 MIMO Channel with 4 QPSK symbols Ng = 100, N, = 940. CDM mean =0.32281, CDM Max =0.7934, CDMMin =0.068085
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Figure 5.7: Left) Performance of precoder desigW&r Ch-4 in terms of BER. Right) CMD of Expected
R, of the estimation channel wikty.,’s of evaluation channel.
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In Figure 5.7 (left) the LT DFE-1 precoder works better than other long-term precoders
and VBLST. Figure 5.7. (right) clearly shows the significant change in the channel
structure of the evaluation interval compared with the estimation interval.

5.5 Fast-Fading Channel Ch-2 and Ch-10

The Non-Line©Of-Sight Fading (NLOF) channét due to fast changing in the channel
parameters. Since the fast fading channel is the most common channel in the wireless
channels, we considered 6 channel portions in the precoder design eval@tians.
Ch10, Ch-12, Ch-22, and Ch-27 are classified as fast-fading channels according to their
spectrograms that are shown in Figure 5.8, Figure 5.11 and Figure 5.14.
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Figure 5.8: Left)Ch-2 and Ch10 eigenvalues. Right) Ch-2and @B-Spectrograms.

5.5.1 Fast Fading Ch-2 BER Vs. SNR

Average receiver Speg 20 km/h
Distance of evaluation intervhll; | 2.93 m
Distance of estimation intervalp | 56.3 m

Table 5.5 Channel 2 speed and distance information
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Ch#2, NZ=99, N;=1900 :8x4 MIMO Channel with 4 QPSK symbols Ng =99, N, = 1900. CDM mean =0.45732, CDM Max =0.98643, CDMMin =0.15957
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Figure 5.9 (Left) Performance of precoder designs o8&f2 in terms of BER. (Right) CMD of
ExpectedR, of estimation intervahith R;,’s of evaluation interval

Figure 5.9. (left) shows the performance of the considered precoder designs on the fast
channel. It is clear from Figure 5.9. (left) that the long-term precoders with DFE
receivers (LT DFE-1 and LT DFE-2) have almost no difference in their performance
and they outperform the long-term precoder with linear receiver (LT LIN) because of
the advantage of DFE. The performance curves of the long term precoders are located in
the middle of the performance curves of optimal precoder and VBLAST and closer to
the VBLAST.

5.5.2 Fast Fading Ch-10 BER Vs. SNR

Ch#10, N-=99, N;=1900 :8x4 MIMO Channel with 4 QPSK symbols Ne= 99, N, = 1900. CDM mean =0.54728, CDM Max =0.97112, CDMMin =0.17529
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Figure 510: (Left) Performance of precoder designs over Ch-10 in termsER. BRight) CMD of
ExpectedR, of estimation interval witlR,’s of evaluation interval
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Average receiver Speg 29 km/h
Distance of evaluation intervally | 4.2 m
Distance of estimation intervalp | 81.71 m

Table 5.6 Channdl0 speed and distance information

It is clear from Figure 5.10. (left) the LT DFE-1 precoder outperforms the other long-
term precoders and the VBLAST. LT DFE-1 performance curve approaches the
performance of the optimal precoder (ST DFE). Figure 5.10. (right) shows the high
dynamic range in CMD.

5.6 Fast-Fading Channel Ch-12 and Ch-14
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Figure 5.11: Left) CHt2and Ch14 eigenvalues. Right) Ch2and Ch-14 Spectrograms.

5.6.1 Fast Fading Ch-12 BER Vs. SNR

Ch#12, NF:59’ NP:1940 :8x4 MIMO Channel with 4 QPSK symbols NF =59, NP: 1940. CDM mean =0.86674, CDM Max =0.99968, CDMMin =0.42231
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Figure 5.12 (Left) Performance of precoder designs o@&+12 in terms of BER. (Right) CMD of
ExpectedR -, of estimation intervalith R;,’s of evaluation interval
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Average receiver Speg 27.1 km/h
Distance of evaluation intervaly | 2.37 m
Distance of estimation intervalp | 77.9 m

Table 57 Channell2 speed and distance information

In Figure 5.12. (left) the long-term precoders with DFE receivers (LT DFE-1 &nd L
DFE-2) almost have the same performance and work better than the long-term precoder
with linear receivers (LT LIN) and VBLST. Figure 5.12. (right) shows the high
dynamic range in CMD.

5.6.2 Fast Fading Ch-14 BER Vs. SNR

Ch#14, NF:SQ' NP:1940 :8x4 MIMO Channel with 4 QPSK symbols NF =59, Np: 1940. CDM mean =0.76648, CDM Max =0.99535, CDMMin =0.42104
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Figure 5.13 (Left) Performance of precoder designs o@&rl4 in terms of BER. (Right) CMD of
ExpectedR,, of estimation intervahith R;,’s of evaluation interval

We note the same conclusions of the previous section.

Average receiver Speg 19.2 km/h
Distance of evaluation intervalp | 1.68 m
Distance of estimation intervalp | 55.15 m

Table 5.8 Channdl4 speed and distance information
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5.7 Fast-Fading Channel Ch-22 and Ch-27

Channel EigenValues for CH-22:8x4 MIMO channel
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Figure 514: Left) Ch-22 and CI27 eigenvalues. Right) Ch-22and Ch-27 Spectrograms.

5.7.1 Fast Fading Ch-22 BER Vs. SNR

Chi#22, N=99, N,=1900 :8x4 MIMO Channel vith 4 QPSK symbols Ne.= 99, N, = 1900. CDM mean =0.53874, CDM Max =0.95972, CDMMin =0.26725
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Figure 5.15 (Left) Performance of precoder designs o@¥¥22 in terms of BER. (Right) CMD of
ExpectedR, of estimation intervahith R;,’s of evaluation interval

Here, it is clear the LT DFE-1 outperforms other long term precoders (LT DFT-2 and
LT LIN) and VBLST. The optimal precoder ST DFE significantly outperforms all
others precoders.
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Average receiver Speed
Distance of evaluation intervalNg
Distance of estimation intervalNp

17.2 km/h
2.5m
48.2 m

Table5.9 ChanneP2 speed and distance information

5.7.2 Fast Fading Ch-27 BER Vs. SNR

Average receiver Spee
Distance of evaluation intervalp
Distance of estimation intervalp

27.2 km/h
40m
76.6 m

Table 510 ChanneR7 speed and distance information

Ch#27, NF:99, NP:1900 :8x4 MIMO Channel with 4 QPSK symbols

Ne= 99, Np= 1900. CDM mean =0.31781, CDM Max =0.58026, CDMMin =0.095817
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Figure 5.16 Left) Performance of precoder designs over Ch-Zérins of BER. Right) CMD of

ExpectedR,, of estimation intervaith R;,’s of

evaluation interval

We note the same conclusions of the previous section.
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6 Conclusion and Future work

6.1 Conclusion

We have evaluated the performance of five different precoder designs on 8x4 MIMO
channel measurements. Our main focus was on the performances of long-term precoder
designs, for their similarity to the scenarios in the real situations ofaC®lreless
communication systems. The precoder designs have been evaluated over different
channel characteristic types, (i) Slow Fading Channel, (ii) Fast Fading Channel, and (iii)
Line of Sight Channel. The recent proposed long-term precoder in [1] has demonstrated
better performance compared to other long-term designs which are considered in this
evaluation [3, 4]. To have almost complete background about the characteristics of the
channel portions that were used in this evaluation, the spectrograms and the eigenvalues
that vary with time are plotted and added next to the plots of the performance
evaluations. Since the long-term precoders rely on statisnformation of the channel
matrix, the correlation matrix distance (CMD) between the estimated correlation
transmit matrix ( estimated of the estimation interval) and the correlation transmit
matrices of the channel matrix samples in the evaluation interval are computed.

6.2 Future Work

Study the spatial correlation of the measured channel, and find the relationship between
the long-term precoders performance and the amount of spatial correlation of the
channel.
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