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Abstract

MIMO wireless communication system is gaining popularity by days due to its versatility
and wide applicability. When signal travels through wireless link it gets affected due to the
disturbances present in the channel i.e. different sorts of interference and noise. Plus because
there may or may not be a Line of sight (LOS) path between transmitter and receiver signal
copies leaving the transmitter at the same time reaches the receiver with different delays and
attenuation due to multiple reflections and interfere with each other at the receiver. Therefore

fading of received signal power is also observed in case of a wireless MIMO link.

In case of wireless two most important objectives can be channel estimation and
signal detection. The importance of the wireless channel estimation can be attributed to
faithful signal detection and transmit beam forming, power allocation etc. when Channel
state information (CSI) is communicated to the transmitter via feedback loop in case of
uni-directional channel or by simultaneous estimation by the transmitter itself in case of

bi-directional channel.

This text introduces different aspects of signal detection and channel estimation, it also
explains why channel estimation is important in context of signal detection, beam forming
etc. A brief introduction to antenna arrays and beam forming procedures have been given

here.

The cause of occurrence of spatial and temporal correlations have been discussed and
different ways of modelling the spatial and temporal correlations involved are also briefly
introduced in this text. How different link and link-end properties e.g. antenna spacing,
angular spread of radiation beam, mean angle of radiation, mutual coupling present between
elements of an antenna array etc. affects the channel correlations thereby affecting the overall

performances of the MIMO wireless communication channel.

Modelling of antenna mutual coupling and different estimation and compensation

techniques that are already in use are also discussed here.

Keywords — Wireless Communication; MIMO; Signal Detection; Channel Estimation;

Spatial and Temporal Correlations; Antenna Mutual Coupling; Beam-forming.



Contents

Supervisor’s CertifiCate ..o iii
DT [ Tor= 1 o] o ISP iv
Declaration of OFIgiNGIITY........c.ccoiiieiiiice et e s be e sreeraesresre s v
ACKNOWIEAGEMENT ...t Vi
AN ] L - Uod TP vii
(TS o o U L= SR xi
I g € oL [0 Tox £ o] o TP P RSP PORPTRN 1
11 Introduction to wireless communication systems and MIMO: ...........cccocoiiiiiencnenne. 1
1.2 Introduction to channel fading coefficients and MIMO channel structure: ...................... 2
1.3 Some commonly encountered terminologies in studying MIMO: .........c.ccccoeveviviiieinene. 5
131 Channel state iNfOrMation: ..........cocvivee i 5
1.3.2 Path-10SS attenUALION: .......ccviieiicice st ee e 5
1.3.3 Static vs. time-varying Channel: ..........cccocooeiiiii i 5
1.34 SIOW VS. TaSt FAOING: ..o 6
1.35 Flat vs. frequency-selective fading:..........ccoeveiriiiiiiireees e 6
1.3.6 2] 10103 =10 1o S SRS 6
1.3.7 SNAAOWING: .. et re e sre e 6
1.3.8 DIVEISITY 1.ttt 7
1.3.9 MURTPIEXING: 1. et 7
1.3.10  Pre-coding and beam fOrming: ........cccocveviiiiic i 7

1.4  Advantages and disadvantages of MIMO wireless communication systems:.................. 8
14.1 AGVANTAGES: ...ttt bbbttt bt 8
1.4.2 DiISAOVANTAGES: ..vvveveereeieite ettt sre et be ettt e e e be s ae e se e s be et e sbeera e besbe e e e sbesneesreares 8

1.5  Motivation for this PrOJECE: ......cviiiiiie e e 10
1.6 [T o LN =Y =LY SRR 11
1.7 DisSertation OULIINE: .........ccveiiiiiie et sre e e e 13
1.7.1 Chapter L: INtrodUCTION .....c..oiviiie e 14
1.7.2 Chapter 2: Fundamentals of Signal Detection............ccocooerereieinienisisesc e 14
1.7.3 Chapter 3: Basics of Channel EStimation.............ccocuvirininiiiicieen e 14
174 Chapter 4: Fundamentals of Channel EsStimation............cccccoocvoveiiniiiencniee e 14
1.75 Chapter 5: Correlated MIMO Wireless Channel............ccoooeoiiiiiieniiieneieee e 15
1.7.6 Chapter 6: Conclusion and FULUre WOTK...........ccooiiiirinineiceese e 15

1.8  Challenges faced in case of wireless MIMO communication: ..........c.cccocvvveveiviennnnnns 15
2. Fundamentals of Signal DeteCLION ........cccccveii e 17



2.2  Different types of SIMO detection Methods: ..........ccevieiiiiiriiiieee e 18

2.3 Different types of MIMO detection Methods: .........cccovvieiiiiiiiicie s 19
2.4 Simulation of signal detection SYSIEMS: ........coviieiiii e 19
. Beam forming and Capacity ENNaNCEMENT ...........ccoviiiiiiiiiiie e 23
3.1 DIifferent aNtENNA GITAYS: ......cceiveirereeeieiise sttt n e 26
3.1.1 gL T Uy 1YL S RSURSSN 26
3.1.2 RECTANGUIAT BITAYS: ....veeeeeeet e 27
3.1.3 CITCUIAN BITAYS: ...t 28
3.2 Introduction to Beam fOrming: ..o 29
3.2.1 DoA/DoD hased Beam forming: ........ccocvviieiiiiiiiiesc e 29
3.2.2 Eigen Beam FOrMING: ......coviiiiiiiiiise s 29
3.3 Different types of Beam fOrming: ........ccccoviieiiiiicii i 30
3.3.1 Fixed Beam fOrMING: .....c.coiiiiiiiiie e st sae s 31
3.3.2 Adaptive Beam fOIrMING: ..o 31
3.4 Transmit Beam forming and Ergodic capacity improvement: ...........cccccoovvvvrereneriennenn 31
3.5  Mutual coupling influence on MIMO channel capacity: .........cccocevveiieiieiiieieieeve e, 32
. Fundamentals of Channel EStIMAation ..ot 34
4.1 LS Channel EStIMALOL: .......ccoiiieiiieiie ettt st sne e e nnes 34
4.2 SLS Channel EStIMALOI: ......ccooeieieieiiiie sttt 35
4.3 MMSE Channel EStIMALOr: ......ccooiiiiiiiiiiiie ettt 36
4.4  RMMSE Channel ESHMALOr: .......cccooiiiiieiiieieecie ettt 38
Correlated MIMO Wireless Channel ...........coovieiiiieii e 43
5.1 Introduction to Channel Correlation Modelling:.........cccocvoveiiiiieviiiiiiccese e 45
5.2 Few popular models and brief descriptions about them: ... 45
521 KrONECKErS MOUEBL: . .o.veiiiieiee ettt et et sre et aenne s 46
522 Virtual channel representation (VCR or Sayeeds) model: ..........ccooovviinininenns 46
5.2.3 WeiChSelDergers MOGEL: .........oci i 47
524 Chen and SUS MOUEL: .......eeieiiiie et nreees 47
5.3  Basic description of Spatial and Temporal Correlations:...........ccoccevcvevieiencverescnere s 48
5.3.1 Spatial correlation in MIMO channel:..........ccccooveiiiiiii i 48
5.3.2 Temporal correlation in MIMO channel: ... 49
5.4  Effects of Spatial Correlation on Channel Estimation and Signal Detection:................. 50
54.1 Methodology for this eXPeriment: .........cccoce oo 50
54.2 Results of this eXPerimENnt: ..........co i 51
5.4.3 Discussions and CONCIUSION: .........civieeieieeieeseseese e se e sre e saenneas 53
55  Channel Estimation using Chen and Sus MOdel:...........cccocoiiiiiiiiiiciesce e 54

55.1 Methodology for this eXPeriment: .........c.coci oo 54



55.2 Results of this eXPerimENnt: .........cco i 55
55.3 Discussions and CONCIUSION: .........cviiiirinie e 57
554 Importance of estimation of directional MatriX:...........cccoovveviiiiiie v, 58

5.6  Effect of different channel properties on correlated channel: ............cccocooiinincicnnn 58
56.1 Effect of multi-scattering enVIrONMENT: ..........ccoovviiiiiniieeeees s 58
5.6.2 Effect of terminal velocity of channel or scatterer’s relative velocity: ................... 59
5.6.3 Effect of close antenna SPaCING: .........vreierierreiieieeres s 59
5.6.4 Effect of angular SPread: ..........cooviiiiiiieieeee s 59
5.6.5 Effect of mutual coupling between antennas: .........ccccevvviveveniiie s 60
5.6.6 Results of varying separation or AS for a simulated MC scenario: ...........c.ccccue.... 60
5.6.7 Discussions on the Simulation reSUILS:..........cccoviieriiieie e 61

5.7  Detailed description of the effects of Mutual Coupling: ..........ccccevevveieiieiii v 62
57.1 Effect of MC on correlation COEffiCIENtS: ........cccoviiiiiiiie s 65
5.7.3 Mutual coupling estimation and COMPENSALION: .........c.ccvviveieriirieere e e re e 67

6. CoNCIUSION aNd FULUIE WOTK......c..iiiiie ettt st nne s 70
6.1 CONCIUSION: ..ottt b ettt ettt be e e s 70
6.2 FULUIE WOIK: ...ttt st enes 70
] (= =] (0TSSR 71



List of Figures

Fig. 1.1 Block Diagram of a Digital Communication SYSteM .........ccccccevviieieviesiese e 2
Fig. 1.2 Structure of a MIMO Wireless Communication SYStEM ..........cccovrerereieeieniinineneseneeeas 3
Fig. 1.3 Signal propagation in a wireless communication SYStEM ..........ccccccveveveeiieienieeiese e 4
Fig. 2.4 Different multi-antenna teCANIQUES............coveiriiieieiiisises e 18
Fig. 2.5 Plot: SNR vs. BER for wired, wireless SISO and MRC..........cccoviviviiennie e, 20
Fig. 2.6 Plot: SNR vs. BER for wired, EGC and MRC..........cc.cociiiiiiiiiiiic e 20
Fig. 2.7 Plot: SNR vs. BER for wired, wireless SISO, MRC and ZF ............cccoevvviveein i, 21
Fig. 2.8 Plot: SNR vs. BER for wired, wireless SISO, MRC, ZF and MMSE ............c.ccccoveienenn. 21
Fig. 3.1 Antenna radiation rEQIONS .......cvcviiiiie et st re e e 24
Fig. 3.2 Antenna radiation PATEIM..........coviiiiiiieie e 25
Fig. 3.3 LIiNEAr @NtENNA GITAY ......ccccveiviieeieiteeiesiesteeiestesteestesteeseestesteesaestesssestesteeeesteeseessesseessessenns 27
Fig. 3.4 Rectangular @ntenNa aITAY..........ccuiuiiririrerienesiesieeee sttt sb e 28
Fig. 3.5 CirCular aNtENNA AITAY .........cceiveieiteiiesiesteeeeste e e stesre e beste e sresbe e b e stesteebesbeeraebesreeneenseens 28
Fig. 3.6 ANalog Beam FOIMEN ........cviiiiiicc et be e e e 31
Fig. 4.1 Plot: SNR vS. MSE fOr LS €SUMALON ......cc.civiiviieieiiiisesese e 39
Fig. 4.2 Plot: SNR vs. MSE fOr SLS @SHMALOr ........ccvciiiieiiiecicite et s s 39
Fig. 4.3 Plot: SNR vs. MSE for MMSE and RMMSE eStimators ............ccoeoeiriininenine e 40
Fig. 4.4 Plot: SNR vs. MSE for different eStimators............ccoouviriiiiineneneeees e 41
Fig. 4.5 Plot: SNR vs. MSE for LS, SLS and MMSE eStimators ..........ccccooevveieeveve e, 41
Fig. 4.6 Plot: SNR vs. MSE for LS, SLS, MMSE and RMMSE estimators..........c.cccccevevveveriennnnn. 42
Fig. 4.7 Plot: SNR vs. MSE for different eStimators...........cccooveviiiiiieie i 42
Fig. 5.1 Low-rank and high-rank channel properties ...........cccouviiirenineneieeesesesese e 44
Fig. 5.2 Different Correlation STUCTUIE...........oiiiiiiieieeeeee e 51
Fig. 5.3 Plot: Estimation for different Spatial Correlation SCENArios ...........cccccvvevevecvicieciecriennnn, 52
Fig. 5.4 Plot: Detection for different Spatial Correlation SCENArios...........ccceeervrieriniinenenenesens 52
Fig. 5.5 Plot: SNR vs. MSE for LS estimator Correlated ..........c.cccovveveieiieie e 53
Fig. 5.6 Plot: SNR vs. MSE for LS estimators Correlated and Un-correlated..............c.ccccoevenennee. 54
Fig. 5.7 Plot: MSE vs. SNR for a no. of dominant spatial MOdes...........ccccoereiriininininiiencens 56
Fig. 5.8 Plot: MSE vs. SNR for fixed Spatial and variable dominant temporal modes .................. 57
Fig. 5.9 Plot: Element separation vs. BER for fixed AS in correlated scenario............cc.ccoceeernennns 60
Fig. 5.10 Plot: AS vs. BER for fixed element separations in correlated scenario............cc.cocuveuee.e. 61
Fig. 5.11 Plot: Mean capacity vs. number of antenna elements for coupled and un-coupled......... 61

Fig

. 5.12 Self and Mutual impedance CalCulations ............ccooviiiiiiiiienee e 63



Chapter 1 Introduction

Chapter 1

Introduction

This chapter gives an introduction on multi-input multi-output (MIMO) wireless
communication systems, the channel estimation problem for such a system and attempts to
answer some fundamental questions in that context e.g. Why the MIMO wireless system is
S0 important in communication perspective? What are problems faced in using such
systems? How the problems faced may be alleviated? This chapter is organized into six
sections: section 1.1 gives a basic introduction to the MIMO wireless communication
systems, section 1.2 introduces the MIMO channel fading coefficients and the channel
structure, section 1.3 introduces some commonly encountered terminologies in the study of
MIMO wireless communication, section 1.4 presents some most important advantages and
disadvantages in MIMO wireless communication, section 1.5 presents the motivation of this
work, section 1.6 gives the literature review of this work, section 1.7 familiarizes the outline
followed in this text and finally section 1.8 presents the challenges faced in case of

correlated MIMO channel processing.

1.1 Introduction to wireless communication systems and
MIMO:

When the communication medium through which signal transmission occurs is a wireless
‘ether’ medium the communication is properly termed as wireless communication. The
MIMO terminology was first introduced in 1970s. While communicating through a wireless
communication link a signal coming from a transmitter may/may not directly reach a
receiver, a direct path is called LoS (Line of Sight) and an indirect path is called NLoS
(Non-LoS). In case of NLoS the EM waves are deflected/scattered by barriers (or scatterers)
on their path e.g. buildings, trees etc. while transmission through the wireless link. Finally
all of the LoS/NLoS EM signals mutually interfere either constructively or destructively
upon reaching the receiver with different phases and amplitudes, due to this reason the
received signal power enhances/decays (i.e. fluctuates) from time-to-time and this
phenomenon is called ‘fading’. In a multipath scenario every signal component is
characterized by its amplitude, phase shift, delay and Direction of Arrival (DOA). 21 A

basic parameter that describes the behaviour of all this is the Power Delay Profile (PDP)
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which gives the signal power as a function of the delay of the multipath components.[2%
Usually in a wireless environment the PDP has one or more peaks which indicates inherent
clustering of the delays. The information obtained from the PDP can be used to calculate
the delay spread, [ which is explained later in this text. Additive White Gaussian Noise
also plays an important role in corrupting the received signal. The complexity is actually
increased due to the mobility of receiver/transmitter, which aids short-term fluctuations
(fading) and also long-term fluctuations (shadowing) of the received signal envelope.!?"]

Block diagram of a modern digital communication system can be given as follows:

Block Diagram for a Digital Communication System

Original
message signal ‘ Source Channel
analog’ * A/D & 3 *| Modulator
(analog) Encoder Encoder

Channel
Recovered
message D/A Source Channel De-
signal g Decoder Decoder modulator
(analog)

Fig. 1.1 Block Diagram of a Digital Communication System

1.2 Introduction to channel fading coefficients and MIMO

channel structure:

The main disruptive effect observed in the case of MIMO wireless communication channel
is fading (apart from shadowing and path-loss effects) Signal transmitted through a path in
wireless medium can be represented as: a; X 6(t — ;) for i € [0, L — 1] where ‘L’ is the
number of individual paths and ‘a;’s are attenuations and ‘t;’s are amount of delays for i
paths therefore the channel impulse response can finally be expressed as:h(t) =

Yi-ta; x 8(t — 1;). The basic MIMO structure can be represented by the following figure:
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7 \IXI IRXIK—\

X2

Transmitter Receiver

TX 3

S

Fig. 1.2 Structure of a MIMO Wireless Communication System

On the other hand the fading coefficients can be represented in terms of fading coefficients.

Now fading can be modelled in different manners, following are a few common examples:

a) Rayleigh fading: In this case the channel matrix can be modelled as: H; =

A;e’®ior H; = x; + jy; where i € [1, MN] here the envelope ‘A;’s are Rayleigh
ZZ
distributed i.e. pdf,, (2) = %e_? for z > 0 and ‘0’ otherwise, for all ‘i’ where

‘P’ is a constant, ‘¢;’s are uniformly distributed i.e. pdf(¢;) = % for all ‘i’

Alternatively the in-phase components ‘x;’s and quadrature-phase components

_ @?
.. . . . . 1 2 2
‘y;’s are i.i.d. Gaussian distributed i.e. pdfy, o y,(2) = ———e 2(o% o7 o})

2n(o% or 03)

here as mentioned ‘x;’s or ‘y;’s are assumed to be identically distributed (this is

assumed quite logically when is there are no direct paths between transmitter

and receiver) and the envelope: 4; = fxlz + yZ. The final channel matrix can be

hyy hiz - hyy
represented as: H = h:21 h:22 hzizv _
hyi hmz -+ hyn

b) Rician fading: In this case the envelope of the fading coefficients ‘A;’s are

. . .. . 2z(r+1) _r_(TH)ZZ r(r+1)
Rician distributed i.e. pdfy, () = — e Pl | 2z |— forz>0

and ‘0’ otherwise, where Io(x) = ﬁf;ﬂ e 25¢ d¢p where ‘¢’s are uniformly
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distributed in [0,27] gives first order Bessel function and kind zero, ‘r’ is the
Rice factor.
Nakagami fading: In this case the distribution of the envelopes ‘A4;’s is

described by a central chi-squared distribution of degree ‘my’ and is given by:

_myz?
e P

mpy ZZmN—l

F(mpy)

for z>0 and my>1/, and ‘0’

pdfs, (2) = 2 (%)
elsewhere. Here ‘my,’ is also called Nakagami parameter and I'(.) Is the Euler-

Gamma function.

While transmission through any wireless medium the baseband signal is first converted to

passband using digital modulation techniques and then encoded for transmission bandwidth

utilization (source-coding) and for error detection/correction and ISI removal (channel-

coding). Some other techniques are also employed for improvement of quality of service

(QoS) such as pre-coding e.g. water-filling type power allocation and beamforming i.e.

multiplexing technique at the transmitter and maximal-ratio combining (MRC), zero-

forcing (ZF) or minimum mean-squared error (MMSE) i.e. different diversity techniques at

the receiver for performance (capacity or reliability) improvement. The following block

diagram shows all the steps of signal transmission and reception:

: SENDER 5
' Source Channel Transmitter
Source > Modulator
Encoder ] Encoder Ki ] Antenna - ¥...

"""""""""""""""""""""""""""""""""""""""""""" CHANNEL
Turbulence

"""""""'"""""""""""""""""'""""""""""""'"""""',% Nu‘ise

' | Destination Source | | Channel Detector/ Receiver :

' Decoder Decoder Demodulator Antenna ¢

' RECEIVER

Fig. 1.3 Signal propagation in a wireless communication system

Signal detection is done at the receiver for distortion and noise reduction and proper

decoding of the transmitted signal. Channel estimation is required because a good estimate

of the channel is mandatory at the receiver for proper signal detection and also at the

transmitter for transmit pre-coding.
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1.3 Some commonly encountered terminologies in studying
MIMO:

Following are a few common terminologies encountered in the study of MIMO wireless

communication:

1.3.1 Channel state information:

Channel state information (CSI) is the overall information regarding the wireless channel
fading characteristics. CSI can be of two types: a) full or b) average. CSI can be explicitly
given by the actual fading coefficients of the channel (usually non-parametric) or by detailed
description of the multi-paths and scatterers etc. present in the link (usually parametric),
which is called full CSI. But instead CSI can also be given only by the description of the
fading correlation(s) i.e. in this case the channel fading characteristics are known in average,
which is therefore purposefully called mean/average CSI.

1.3.2 Path-loss attenuation:

It is the power density reduction of an Electro-Magnetic (EM) wave while propagation
between transmitter and receiver pertaining to typical scattering scenario, other
environmental effects etc. Path-loss model is defined accordingly to encompass these effects
on the EM wave propagation, from approximate Friis formula (with path-loss adjustment):

PexVaGexG , , . : .
P, = W where ‘P;,’ and ‘B, are respectively transmitted and received powers and

‘a’ is the path-loss exponent.

1.3.3 Static vs. time-varying channel:

The channel can be of static or time-varying in nature. So for signal detection at the receiver
if equalization of noise/distortion is to be done properly and therefore good channel estimate
is required, the practical systems being all non-real-time in nature if the channel varies so
quickly that the variation cannot be captured at the receiver it poses a difficult problem in
signal detection. The same explanation also applies for the case of pre-coding which too
relies on a good channel estimate. A channel may not be completely static (i.e. for any
amount of time) but it may show static nature for a finite amount of time i.e. quasi-static

nature.
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1.3.4 Slow vs. fast fading:

The terms slow and fast fading refer to the rate at which the magnitude and phase change
imposed by the channel on the signal changes. The coherence time is a measure of the
minimum time required for the magnitude change or phase change of the channel to become
uncorrelated from its previous value. Slow fading arises when the coherence time of the
channel is large relative to the delay requirement of the application. Fast fading occurs when
the coherence time of the channel is small relative to the delay requirement of the
application. So for maximum Doppler frequency (often called maximum Doppler spread

but both may be different) ‘f,,,’, channel coherence time is ‘T,.’ and symbol duration is ‘T’

then: T, « fi and T, > Ty gives slow fading and T, < T gives fast fading conditions.

1.3.5 Flat vs. frequency-selective fading:

As the carrier frequency of a signal is varied the magnitude of the change in amplitude will
vary. The coherence bandwidth measures the separation in frequency after which two
signals will experience uncorrelated fading. In case of flat fading the coherence bandwidth
of the channel is larger than the bandwidth of the signal. Therefore all frequency
components of the signal will experience the same magnitude of fading. On the other hand
in case of frequency-selective fading the coherence bandwidth of the channel is smaller than
the bandwidth of the signal. Different frequency components of the signal therefore
experience uncorrelated fading. So for channel coherence bandwidth ‘B.’, symbol duration

is ‘T’ and the root mean-square (RMS) delay-spread of the received signal is ‘o’ then:

B, x Ui and thus T; > g, corresponds to flat-fading and Ty < o, corresponds to frequency-

selective fading conditions.

1.3.6 Block fading:

When the fading process is approximately constant for a number of symbol intervals it is
called block fading. A channel can be doubly block-fading when it is block fading in both

time and frequency domains.

1.3.7 Shadowing:

Large-scale variations in received signal level (also called large-scale fading) owing to

slow-fading nature of the channel is called shadowing. This large-scale fluctuations in mean
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received signal envelope occur due to the motion of receiver/transmitter node(s) which are
in the proximity of objects like buildings, trees etc. which corresponds to the shadowing

effect already mentioned. Shadowing can be described as a log-normal distribution:

(logz—p)?
1 - <N’ (3] [
Pdfenvetope (2) = Vot 202 for z > 0 and ‘0’ elsewhere, here ‘i’ and ‘o’ are the

mean and variance of log z respectively.

1.3.8 Diversity:

A diversity scheme is a method for improving the reliability of the received signal by using
two or more communication links with different characteristics, such that probability of

error in signal detection reduces.

1.3.9 Multiplexing:

Multiplexing is a method by which multiple digital data streams are combined into one
(multiplexed) signal to be transmitted over a common medium, where the aim is to share
the communication medium. In case of MIMO if multiple paths can be resolved from the
common ether medium between transmitter and receiver then different signals can be
effectively multiplexed for efficiency in transmission and therefore channel capacity

enhancement.

1.3.10Pre-coding and beam forming:

Pre-coding is a generalization of beamforming to support multi-stream transmission in
multi-antenna wireless communications. In conventional single-stream beamforming the
same signal is emitted from each of the transmit antennas with appropriate weighting such
that the signal power is maximized at the receiver output, so it is a single-user (SU)
technique that exploits transmit diversity. It reduces the signal corruption level at the
receiver side of the communication channel. If the receiver has perfect CSI and the
transmitter has average CSI, eigen-beam forming is known to achieve the MIMO channel

capacity upper-bound.
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1.4 Advantages and disadvantages of MIMO wireless

communication systems:

1.4.1 Advantages:

There are certain advantages that MIMO wireless communication offers over SIMO/MISO

or SISO wireless communication systems, such as:

1.4.1.1 Diversity gain:

In MIMO SU case multiple transmit or receive antennas are used to transmit or receive the
same information stream thereby providing diversity gain and therefore more signal
reliability by reducing noise and fading effects over other wireless communication systems.
In case of receiver diversity, different combining techniques are used to extract the original
signal transmitted from multiple copies of noisy and multi-path faded signals, interfering
with each other obtained at the individual antennas of the receiver antenna array. In case of
transmit diversity, space-time coding (STC) or beamforming (pre-coding) to different
antenna elements of transmitter multi-element antenna system (MEA) is employed to send
multiple streams of the same information in the hope that at least some of them may survive
the physical path between transmission and reception in a good enough state to allow

reliable reception.

1.4.1.1 Multiplexing gain:

In MIMO multi-user (MU) case multiple transmit and receive antennas are used for
transmission and reception of multiple different data streams, such that the different data
streams are multiplexed over available discreet paths present in the MIMO wireless
communication channel. This technique boasts much superiority in comparison to several
other techniques based on other wireless communication configurations. High capacity
improvement is observed if all possible discreet paths between transmitter and receiver are

properly utilized and water-filling type power allocation is done among them.

1.4.2 Disadvantages:

There are certain disadvantages to a wireless communication configuration like MIMO as

compared to wired communication, such as:
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1.4.2.1 Noise:

As MIMO corresponds to a wireless channel configuration, it observes the inevitable
degrading effects of surrounding noise. Noise corrupts the transmitted signal amplitude
heavily and if noise statistics are completely unknown, it is impossible to model the noise

in received signals and therefore very difficult to try to mitigate its effects.

1.4.2.2 Fading:

In a multipath propagation channel the transmitted signal propagates to each receiver
antenna over numerous propagation paths, where each path has an associated time delay
and complex gain. In such a channel each receiver antenna receives the superposition of
multiple delayed, attenuated and phase-shifted copies of the transmitted signal. Hence
because of the multi-path effects e.g. reflections, refractions, diffractions, scattering etc.
signal copies obtained at each receiver antenna is faded i.e. multiplied with finite channel
gain and has phase offset and thus received signal power varies with time even if transmitted
signal power is constant. If channel fading coefficients are static and completely known at
the receiver, signal can be faithfully extracted considering noise only but if they are
unknown or completely time-varying then it is very difficult to detect the original
transmitted signals.

1.4.2.3 Co-channel interference:

Co-channel interference (CCI) is mainly cross-talk between different transmitters operating
at the same radio frequency e.g. in case of cellular systems employing frequency re-use,
assigning same frequency band to different users of adjacent clusters. If the difference in
the path delays of the various propagation paths is significantly greater than the duration of
a transmitted information symbol then ISI is present at the receiver. During poor weather
conditions, when the radio frequencies are not properly allocated in the spectrum or due to
some adverse effects present in the spectrum because of a crowded scenario, this effect is

seen. If the radio spectrum is allocated properly then this problem can be mostly alleviated.

1.4.2.4 Inter-symbol interference:

Inter-symbol interference (ISI) mostly occurs in communication systems when the
transmitted signals interfere with each other. This interference occurs due to overlapping of

symbols and it produces signal distortion. ISl is observed for MIMO as well, owing to its
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multi-path effect. While transmitted symbols interfere with each other it may be the case
that the symbols overlap in the same symbol duration thus producing a distorted symbol at
the receiver, which corresponds to ISI. In case of band-limited signals it can be avoided by
using pulse shaping or by making the channel impulse response thinner, so that when

symbols interfere with each other they don’t overlap in the same symbol interval.

1.5 Motivation for this project:

Vast migration of the entire wireless communication field over the current years from the
age of 2G/2.5G i.e. second generation to the age of MIMO communications i.e. third
generation or 3G is because of the promise made by 3G technologies to drastically improve
throughput and reliability issues i.e. overall quality of service (QoS) improvement of the
communication systems. Most dominant technologies in 3G wireless communication are :
multiplexing, diversity etc. techniques coupled with access methods e.g. CDMA, SDMA
etc. and coding techniques like OFDM ensures higher data rate as well as more reliability
in reception for wireless communication systems.

In case of unknown spatial correlation channel estimate is erroneous, which increases with
higher degree of correlation although for known spatial correlation only the channel
diversity gain is reduced at the link ends as well the spatial multiplexing and therefore
channel capacity gain also decreases because of unavailability of discreet eigen-links. To
reduce all these effects the spatial correlation needs to be estimated or needs to be previously
known such that optimum beam former can be designed to improve diversity performance
and power allocation strategies can be used to improve the ultimate ergodic capacity
performance at the receiver by transmitting through dominant eigen-link. Channel
estimation in presence of channel correlation is therefore beneficial for pre-processing
applications.

For a fixed average transmit power, when n = min(Ny, N;) grows towards oo if i.i.d.
Rayleigh fading is assumed for the channel, the average channel capacity divided by ‘7’
approaches non-zero constant determined by the average signal to noise ratio (SNR). This
large capacity grows even if transmitter has no knowledge of the channel. ["}

If an average knowledge of the channel is available at the transmitter instead, correlated
fading can be used in advantage and actually may lead to higher capacity obtainable than
the uncorrelated case, only if some time/frequency is available. ¢

10
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It will be later seen in this text that antenna mutual coupling (MC) also plays an important
role in determining/modifying the existing spatial correlation characteristics and therefore
affects signal detection and channel estimator performances, so MC needs to be estimated
properly (in case of unknown MC) otherwise it needs to be accurately known for optimal

performances of beam former, transmit power allocation etc. (101 [16-20]

1.6 Literature review:

Study has been going on for Multi input multi output (MIMQO) wireless communication
channels for a long time and many advancements have been made regarding capacity
enhancement and error reduction for this type of system. Under ideal conditions the
information theoretic capacity of a MIMO system grows linearly with the minimum of
transmit or receive antennas is mentioned in Weichselberger et al.®l However various
measurements show that realistic MIMO channel gives out a significantly lower capacity!®!
and this reduction of capacity is due to spatial correlation present between channel elements
of the MIMO system!®! is also mentioned in Weichselberger et al.®! It is mentioned in Yen-
Chih Chen and Yu T. Sus paper that in comparison with single antenna systems significant
capacity gains are achievable when Multi element antennas (MEASs) are used at both
transmitter and receiver sides and also various spatial multiplexing techniques are used to
attain high spectral efficiency for the case of rich-scattering environments.?! It is also
mentioned that although ideal rich scattering environments de-correlate channels between
different pairs of transmit and receive antennas so that maximum capacity is available,
however in practice because of spatial correlation the actual capacity obtainable is often
much lesser.ZI¥] This consideration is also important for channel estimation and receiver
design.

In case of MEA, one more consideration is required, if the mean angle of separation between
antenna elements of both transmitter and receiver sides are small but not ‘zero’ then a
directional matrix is incorporated in the channel model, which is diagonal in shape and bears
a typical structurel® is given in the Klaus I. Pedersen et al.[®! If the directional matrix is not
an identity matrix, i.e. AS is not ‘zero’ the overall channel matrix, because of large eigen-
spread it admits a reduced-rank form. The rank-reduction is most obvious for typical urban
macro-cellular environments in which an MS is surrounded by local scatterers while the BS

is not obstructed by local scattererst?! as mentioned in Yen-Chih Chen and Yu T. Sus paper.

11
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Finally spatial multiplexing for capacity enhancements and beamforming for MISO gain
trade-off is studied in the context of the given models in Pradhan B. B. et al. [®!

In M. Biguesh and A. B. Gershmans et al. [l a few orthogonal training signal based wireless
channel estimation techniques have been considered. Here they have shown how optimal
training signal for the signal detection techniques can be found out from the constraints.
They have also compared the various channel estimation methods based on normalised MSE

for the given values of: P/az , Where ‘P’ is transmit power and ‘g2’ is the noise variance.

In Shiu et al. ¥ modelling of spatial correlation among channel fading coefficients is
focussed upon. For this purpose mainly Jake’s ‘one-ring’” model is followed & extended for
making it appropriate for fixed wireless communication context, where BS is at an elevated
height and seldom obstructed. Here effect of correlation on capacity, when both transmitter
and receiver employ MEAs have also been studied. This paper shows that for N transmit
and Ny receive antennas being used, the system consists of n = min(Ny, Ni) subchannels
(eigen-modes) so the channel capacity becomes the sum of individual capacities of the
subchannels. Here the fading correlation determines the distributions of sub channel
capacities. From the consideration above the upper bound and lower bound of the MEA
channel capacity can be found. It is also derived and shown with simulation results that for
low transmit power rank deficient channel yields higher capacity than full-rank channel due
to antenna gain but for higher transmit power case due to availability of multi-stream
transmission full-rank channel behaves favourably.

In Ivrlac et al.[®l it is shown that the possible availability of time-diversity (using fast-fading
channel property) in case of time-selective channels have essential influence on
performance with assumption that channel information is known at the transmitter side as
well. Here different information theoretic measures e.g. capacity is considered and it is
shown that in some cases correlated fading may offer better performance than what

uncorrelated fading can offer. We know that for rank of channel— oo capacity C,, =

(1/ln2) X Z—Z ~ 1.45 X ’;—;" , S0 asymptotically the capacity becomes a linear function of the

transmit power. In case a MIMO channel has Ny = N; = r , rank of the channel the
maximum capacity condition occurs, which is called the channel matrix being ‘diagonal’
although in practice this situation seldom occurs. In this paper it is also shown that the rank
deficiency of a MIMO channel can in fact be used to improve the channel capacity than that

obtainable by even a diagonal (full-rank) channel matrix.

12
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In Michael A. Jensen and Jon W. Wallace ! a detailed review of some of the factors that
affects signal propagation through MIMO channel is given. It is this study we have
simulated link and link-end properties such as distance between elements of an MEA,
polarization properties of the individual elements of an MEA, signal correlation at the
transmitter side, mutual coupling present between MEA elements etc. affects the overall
performance in terms of diversity or multiplexing gains etc. of the MIMO wireless
communication system. According to Michael A. Jensen and Jon W. Wallace® beam
forming using singular vectors of channel matrix ‘H’ in case of complete CSI at both
transmitter and receiver sides produces eigen-patterns that creates independent (spatially
orthogonal) parallel communication channels in the multi-path environment.

In Luo et al.’ as well description about how different link-end channel properties affect
the overall performances in terms of bit error rate (BER) of the received signal, channel
capacity performances and magnitude of spatial correlation present in the channel is given
and the results compared for different scenarios in case of spatially correlated Nakagami
faded channel, calculation regarding spatial correlation with and without considering mutual
coupling between antennas are also given in the paper.

In Ghaffar et al. !4 the basic time correlation structure of the MIMO wireless
communication channel is discussed in detail.

M. Comisso? gives a detailed description how, in case of low-rank i.e. correlated MIMO
channel efficient beam forming can be done for capacity enhancement.

In Kuan-Hao Chen and Jean-Fu Kiang ¢!, T. Svantesson!®!, X. Liu et al.l** and H. T. Huil?"
the effects of mutual coupling on estimation, capacity and also DoA estimation are
discussed. In Michael A. Jensen, Jon W. Wallace "1, S. A. Shelkunoff, H. T. Friis®®, in J.
P. Daniel®Y and also in T. Svantesson(?>?®l structure and formulation of mutual coupling
matrix (i.e. modelling) has been discussed. In M. Comissol?, J. Fuhl, A.F. Molisch and E.
Bonek3, A.D. Kucar!?? and P.H. Lehne and M. Pettersen!?® different aspects of MC, their
occurrences in MEA systems and their effects have been discussed. Several methods to
accurately estimate the MC matrix and to decouple its effects are discussed in H. S. Luil?®l,
Pasala®™ and H. T. Huil?®,

1.7 Dissertation outline:

This thesis is mainly divided into six chapters, a brief description of them are as follows:

13
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1.7.1 Chapter 1: Introduction

This chapter introduces the basic and related concepts of wireless communication, its
evolution through several generations into its current form and important notations that will
be used in this text. This chapter also contains a detailed literature survey of this text. In a
nutshell this chapter gives an overview of the work done in the field of wireless

communication.

1.7.2 Chapter 2: Fundamentals of Signal Detection

This chapter introduces the concept of signal detection which is very important for digital
communication. Because of the wireless communication link many effects such as channel
fading, additive noise etc. corrupts the signal transmitted while at reaches the receiver
therefore faithful detection of the transmitted signal is absolutely necessary and signal
processing at the receiver end takes care of this. Comparison of detection error performance
between wired and different wireless scenarios for SIMO and SISO has been shown for
fixed number of information bits transmitted in all cases, where for different techniques
concerning SIMO has shown considerable detection error reduction due to exploitable

diversity at the receiver link-end.

1.7.3 Chapter 3: Beam forming and Capacity Enhancement

This chapter introduces the structure and radiation characteristics of multi element antenna
(MEA) arrays and discusses different types of beam forming in that context. It also discusses
and shows the calculations regarding ergodic capacity enhancement due to transmit beam

forming.
1.7.4 Chapter 4: Fundamentals of Channel Estimation

This chapter deals with importance of channel estimation, also some basic non-statistical
channel estimation techniques commonly used and their error performance comparison has
been shown. The expression for optimum training signal has been found out for the case of
every estimators and their minimum attainable estimation mean square error (MSE) have
been calculated. The performance comparison shows that minimum mean square error

(MMSE) estimator are best among non-statistical estimators considered, relaxed minimum

14
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mean square error (RMMSE) estimator gives a notably comparable performance for high
SNR values.

1.7.5 Chapter 5: Correlated MIMO Wireless Channel

This chapter discusses spatial and temporal correlations in MIMO channels and their effects
in details and also how it can be modelled. This chapter also shows how different types of
correlation can affect channel estimation and signal detection performances. Here a detailed
description on how different link and link-end properties e.g. antenna element-spacing in an
array, angular spread, mean AoA/AoD of radiation and antenna mutual coupling etc. affects
the channel correlation and thus affects the channel estimation, detection error performances
and also the capacity. A little elaboration on how mutual coupling between antenna elements
affects the performance has been done and few mutual coupling estimation and

compensation methods also discussed.

1.7.6 Chapter 6: Conclusion and Future work

This chapter concludes this text and gives a brief hint on further research scopes on the topic

addressed here.

1.8 Challenges faced in case of wireless MIMO

communication:

The following are some of the challenges faced in wireless MIMO communication:

I.  In practical wireless communication systems major unknown factors like timing
offset, phase shift, frequency offset etc. affect the system apart from fading and
additive noise etc., which if properly modelled or estimated can create trouble in
faithful communication.

ii.  Without proper co-operative technology and feedback appropriate CSI cannot be
communicated for uni-directional channels, which might be essential for beam
forming like applications.

iii.  The assumption of homogeneous ether medium is not applicable in practice and if
cell allocation is not done with proper caution then signal coverage as well as power

efficiency may reduce.

15



Chapter 1 Introduction

iv.

Proper number of orthogonal sub-channels in the wireless link enable the MIMO
system to communicate with full capability but instead due to reflectors,
environmental conditions etc. rank reduction of the channel matrix is observed
which in turn puts performance barrier much lower than that achievable in case of
full-rank channel, resulting in a decrease in average throughput.

Proper power allocation due to weak or unreliable sub-channels in the link enforces

the transmitter to use complex circuitry.
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Chapter 2

Fundamentals of Signal Detection

As we have seen earlier in this text that because of multi-path fading and channel noise
transmitted signal gets corrupted when it reaches the receiver, therefore signal detection is
an important step in wireless communication systems. From the comparison of wired vs
wireless it has been shown that degree of error is more in case of wireless communication
channels, the expressions of bit error rate BER in case of received signals (for known

transmitted signals) for both wired and wireless communication links*®! (SISO) are given

as.
BERirea = Q(V/SNR) (2.1)
1 SNR 1/2
BERireless = 2 1- (2+SNR) (2-2)

2.1 Benefits of using multi-antenna systems:

For satisfying the needs of high bandwidth demand (therefore high data rate) in case of
different wireless communication scenarios e.g. WLAN. Traditionally user communications
are separated by frequency as in Frequency Division Multiple Access (FDMA) by time as
in Time Division Multiple Access (TDMA) or by code as in Code Division Multiple Access
(CDMA).[?2 Recently the possibility of separating the different users by space has led to
the development of a new multiplexing technique called Space Division Multiple Access
(SDMA\).12%l The fundamental element of SDMA is the antenna array whose elements are
dynamically controlled to produce multiple beams towards the desired directions and nulls
towards the undesired ones.

“Antenna arrays can be employed to improve the link quality by combating the effects
due to multipath propagation. Alternatively, adopting multiple antennas the different signal
paths can be exploited to combat fading by spatial diversity techniques or can be used to
increase the link capacity by allowing transmission of different data streams from different
antennas. Therefore, the amount of traffic that can be sustained by a communication system
for a given frequency bandwidth can be increased, leading to considerable spectral
efficiency improvements. Antenna arrays can also be employed to focus the energy towards
certain directions and to mitigate or adopting more sophisticated adaptive solutions to

17
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suppress the transmission/reception towards other directions. This leads to a reduction of
the transmitted/received interference and enables the spatial filtering of the incoming
signals. Wireless networks in which the topology is subdivided by cells, such as the wireless
mesh networks or the classical cellular systems, may obtain large benefits from the adoption
of multiple antennas. In particular, the increased coverage range, which decreases the power
requirements, and the possibility to track the mobile nodes using proper non-overlapping
beams, reduce the number of required handovers together with the need to deploy new base
stations or mesh routers. Therefore, multi-antenna technology may have a considerable
impact not only in terms of performance improvement, but also in terms of cost reduction
for wireless operators.”?%

The following gives an idea how different multi-antenna techniques can be employed for

faithful signal detection and improving throughput [2%:

MULTIPLE ANTENNA TECHNIQUES

LOW SPATTIAL FADING HIGH SPATIAL FADING
CORRELATION CORRELATION

|

Fig. 2.4 Different multi-antenna techniques
2.2 Different types of SIMO detection methods:

We may now observe the expressions for different wireless communication detectors and
also compare their performances. These types of detection methods employ receiver
diversity for efficient detection of signals transmitted. Following are a few SIMO detection
methods:

a) MRC (Maximal Ratio Combination) detection

b) EGC (Equal Gain Combination) detection

In case of MRC detection, when SIMO channel matrix ‘h’ is known the weight vector
‘w’ can be found as: w = IIZ—”for multiplication with received signal vector (for one transmit

antenna and ‘r’ receive antennas). The BER expression for BPSK in this case is:
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(52) stz et () 2.3)

2

Where 1 = /ziIZSR. Although In case of EGC detection, knowledge of channel matrix

‘h’ is not required and is therefore the simplest to implement.
Now we will observe the expressions of BER for BPSK modulated signal and different

MIMO wireless communication detection methods and also compare their performances.

2.3 Different types of MIMO detection methods:
Following are a few MIMO detection methods:

a) ZF (Zero Forcing) detection

b) MMSE (Minimum Mean Square Error) detection

In case of ZF detection, when MIMO channel matrix ‘H’ is known the estimate of
transmitted symbols can be found out as: £ = th((H¥H)"1HH"S) where ‘S’ is the received
signal vector and ‘th(.)’ denotes thresolding. In case of MMSE detection, when MIMO

channel matrix ‘H’ is known the estimate of transmitted symbol can be found as:
% = th(P;(P;H"H + 021)"1HHS) (2.4)

Where ‘a2 is the noise variance and ‘I’ stands for identity matrix.

2.4 Simulation of signal detection systems:

The respective error performance plots (SNR in dB vs BER plots) are given below:
The SNR vs BER plot comparison for MRC (employing receiver diversity) and the case
with no diversity (single receiver) have been given for comparison here, the plots directly

suggest the diversity gain for and therefore less errors for MRC receiver.
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SNR vs BER plot for MRC and for wireless case without diversity for BPSK
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Fig. 2.5 Plot: SNR vs. BER for wired, wireless SISO and MRC

The SNR vs BER plot comparison between EGC (not requiring any information about
the channel) and MRC (employing channel state information) clearly shows that MRC is

advantageous than EGC in terms of detection errors.

SNR vs BER plot comparnison between EGC and MRC for BPSK
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Fig. 2.6 Plot: SNR vs. BER for wired, EGC and MRC
The SNR vs BER plot comparison between ZF (employing multiplexing gain) and MRC

with same nos. of receivers to show that ZF detection is indeed superior to MRC in terms

of error performance.
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SNR vs BER plot comparing ZF, wired, wireless SISO and MRC for BPSK

—BER for ZF

— BER for wired
—BER for wireless SISO
BER for MRC

SNR ->

Fig. 2.7 Plot: SNR vs. BER for wired, wireless SISO, MRC and ZF

The SNR vs BER plot comparison between MMSE (also employing multiplexing gain)

and ZF and also MRC with same nos. of receivers to show that MMSE detection is the better

than the others in terms of error performance.

SNR vs BER plot comparing MMSE, ZF, wired, wireless SISO and MRC for BPSK
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Fig. 2.8 Plot: SNR vs. BER for wired, wireless SISO, MRC, ZF and MMSE

Now we will discuss the importance of channel estimation with respect to signal

detection problem. As we have seen in the above portion of this chapter for proper signal

detection a complete knowledge of channel is essential to equalize the fading effects of the

wireless channel, which supports our point towards channel estimation. So now in the

following chapters we are going to discuss in detail the problem of channel estimation, how

MIMO offers several advantages to this problem, how different spatial distribution of
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channel scatterers e.g. trees, tall buildings etc. creates spatial correlation in the channel
which and also other correlation properties of the channel affect the performance of channel

estimation and ways to alleviate those problems.
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Chapter 3
Beam forming and Capacity

Enhancement

Wireless communications are based upon the transmission and reception of electromagnetic
signals from antennas, which are in turn governed by Maxwell’s equations. The following

gives the instantaneous ‘E’ and ‘H’ fields assuming harmonic variations:
E(r,t) = Re{Es(r)e/®t} (3.1)
H(r,t) = Re{Hy(r)e/*t} (3.2)

The power flow through an antenna can be described with the help of the quantity,

Poynting vector represented as:
W(r) £ 2E,(r) x Hy (r) (3.3)
From this equation the radiated power can be found out as:
Praa = $§,, W(r) ds = @M%Re{Es(r) x H:(r)}ds (3.4)

The strength of EM field at any point and radiation characteristics of an antenna is
determined by its physical size and operating wavelength. Based on radiation properties of
an antenna the space around the antenna is divided into three different parts or regions. The

different regions for antenna radiation field are depicted as below:
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Fraunhofer region

near-field region

|7

Dﬂm
1.

Fig. 3.9 Antenna radiation regions

The most important amongst these are the radiating near-field or Fresnel’s and far-field

. . . . 2D3
or Fraunhofer regions which are separated approximately as: radius < % corresponds

, . . 2D3 s . s
to Fresnel’s region and radius > % corresponds to Fraunhofer’s region where ‘D, qx

is the maximum dimension of the radiating element i.e. antenna. Now for the far-field or
Fraunhofer’s region, the following can be approximately observed:
Es(r) =noHs(r) X 7 (3.5)

Hy(r) = %f X E (1) (3.6)

Antenna radiation characteristics given as a function of space coordinates (cartesian or
angular coordinates) is called antenna radiation pattern, this is represented with a function:

4TW, (6,9)

D(6,¢) £ (3.7)

Prad

The radiation pattern for a specific type of antenna is given below:
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Main lobe

ELEVATION

z Minor lobes

Fig. 3.10 Antenna radiation pattern

Some important definitions are given 2% below:

i.  Null: It is the direction in which the pattern is approximately zero.

ii.  Lobe: It is any angular region bounded by two nulls.

iii.  Main lobe: A lobe that contains the direction of maximum radiation.

iv.  Minor lobe: A lobe except the main one, where the pattern becomes maximum.

v.  Side lobe: A minor lobe that is usually adjacent to the main lobe and occupies the
same hemisphere in the direction of maximum gain.

vi. Half Power Beam Width (HPBW) or 3 dB Beam Width: The angular region
containing the direction of maximum radiation that lies between the two directions
in which the radiation is one-half of this maximum.

vii.  First Null Beam Width (FNBW): The entire angle spanned by the main lobe. The

FNBW can be associated to the ability of an antenna to reject interference.

Now we are going to discuss about array antennas i.e. antennas containing multiple
radiating elements which are also called Multi-element antennas (MEAS). Sometimes a very
high directive gain is required at a certain direction but in general single antenna elements
cannot provide very high directivity, so instead an array of antenna elements is used which
has the capability to form a very highly directive beam (another facility in using an antenna
array is its capability to steer the beam to any required direction of interest). Antenna

element arrangement also plays an important role in generating the desired radiation pattern.
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The total field radiated by an antenna array is determined by a vector summation, steering

vector summarizes the far-field radiation pattern as:

2TV 2TVc T
a(6,9) 2 |&:(6,¢)e = O, ey(6,p)e’ T VOV (38)

When the array elements are identical, the radiation pattern produced by an antenna array
can be found out from the multiplication of the pattern of a single element with the array
factor (AF), this principle is called the principle of pattern multiplication for finding the

array response, where the array factor is represented as:
2TV
AF(0,9) 2 YN_ wyel 7 *OP) (3.9)

3.1 Different antenna arrays:

Different types of antenna arrays are encountered in practice some of which are very
popular, namely:

I.  Linear arrays

ii.  Rectangular arrays

iii.  Circular arrays

3.1.1 Linear arrays:

This is the most common type of array encountered in practice. Uniform linear array (ULA)

is a special case of linear arrays. The normalized AF can be given for the case of linear

arrays as, for azimuth plane i.e.6 = §3

_m oy _ asin[5(*cosgl)]
AE, 0rm (9 -3 ¢) - N Sin[%(%cos ¢+l)]

(3.10)

Here ‘I’ is the progressive phase, ‘N’ is the number of elements. The following figure

gives the structure of linear arrays:
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Fig. 3.11 Linear antenna array

3.1.2 Rectangular arrays:

Rectangular arrays are yet another popular type of antenna array configuration and it
provides more versatility with respect to linear arrays, it can be visualized as a number of
linear arrays arranged in a linear grid (or similarly array elements arranged in a rectangular
grid). The construction being somewhat similar to linear arrays (except the fact that linear
arrays are 1D whereas rectangular arrays are 2D) the array response matches somewhat with
the linear array response but in case of 2D rectangular array more control can be achieved
over steering the beam or suppress side lobes and improving the main beam directional gain.

The normalized AF for the rectangular arrays is given as:

x N y
sin &<ﬂsin fOcos ¢+lx) sin —y(ﬂsine sin ¢p+1 )
AR orm = - X i an)lx i - Ay > (3.11)
NxNy sin[E(T‘sin fcos ¢+lx)] sin[;(%sin@sin ¢>+ly)]

The array construction is given in the following figure:
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Fig. 3.12 Rectangular antenna array

3.1.3 Circular arrays:

Another commonly encountered array configuration is the circular or ring configuration, it
is also a 2D configuration and provides thinner beam shaping, side lobe suppressing and
beam steering capabilities that linear antenna arrays cannot provide. Uniform circular array

(UCA) is a special case of circular arrays. The normalized AF in this case is as given below:

L 2TC .
AFnorm (el ¢) = legzl wkeJTPC sin 6 COS((P_fk) (312)

The shape of the array is as given in the following figure:

Fig. 3.13 Circular antenna array
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3.2 Introduction to Beam forming:

In contrast to transmit diversity techniques the antenna elements can be used to adjust the
strength of transmit/receive signals based on their direction (AoA/AoD). Focussing of the
energy is achieved by choosing appropriate weights for each antenna element according to

a certain criterion. Beam forming can be divided in to two principal sub-classes:

1. DoA/DaoD based Beam forming

2. Eigen Beam forming

3.2.1 DoA/DoD based Beam forming:

Various signals can be characterized by their DoA/DoD (direction of arrival/departure). The
DoA/DoDs can be measured using signal processing techniques and from those acquired
DoA/DoDs the beam former creates a weighting factor for antenna elements to focus the
signal towards a desired user while suppressing undesired interferences.

The arrival/departure time delay can be calculated as: 7 = (d/c)sine, where ‘d’ denotes

the inter-element distance of the ULA, ‘0’ is the AoA/AoD of the signal and ‘c’ is the
velocity of the RF wave, finally the received signal vector:
T
[}’1@)' YZ(t)'--;yNR(t)]

= y,(t) [1 exp (—j27‘[ @) .. exp (—j2n(NR -1) ds;—ne)] (3.13)
a(8)

Where ‘a(@)’ is called response vector. Now a beam forming vector: w =

[Wy, W, .., w,]T can be multiplied ¥ as:

w*[a(8,),a(8,),..,a®,)]” =[00..1..0 0] (3.14)

3.2.2 Eigen Beam forming:

Instead of using array response vectors from AoA/AoDs, eigen beam forming exploits the
channel impulse response of each antenna element to find array weights that satisfy a desired
criterion. By using CSIT eigen beam forming utilizes eigen-decomposed channel response
for focussing transmit signal to the desired user even if there are cochannel interfering
signals with numerous AoA/AoDs. After transmit signal pre-coding:

s=Vs§ (3.15)
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Forr = rank(HH") = rank(H) and3 2 [§,55,..,5.]", s’ maps ‘5’ to Ny X 1 desired
transmit signal vector. Now the received signal:
r =\/;Hs+z=\/EHV§+Z (3.16)

‘UM is pre-multiplied for detection:

(>

72 UHr (3.17)

Finally:
m=pJAs + 5 (3.18)
For1 < i <rand‘U’ and ‘V’ and ‘A;’s can be found out from SVD of ‘H’: H = UDV#
andD = diag(y/A,+/A2,-.,+/4,). We see from the above formulation that for i eigen
channel the received SNR:
pi = pELISI?}A; (3.19)
Finally the capacity:
C =Xi_1logs|1 + pE{I5,1?}Al (3.20)
Now the transmit power can be optimally allocated at the transmit antennas for CSIT in
a water-filling manner such that ‘)};P; = P =1’ for normalized case based on the

Lagrange’s function:

F=Y;log,|1+ piPi| + 1/ x (P = % P) (3.21)

dF 1\*
Lo (=L [13]-
For = 0, where P, (M pli) so that!*°!:

Cope = Tiloga [1+pPy,, A (3:22)
3.3 Different types of Beam forming:

The name beam forming comes from the early forms of antenna arrays that were used to
generate pencil beams, so as to receive signals from a specific direction and attenuate signals
incoming from other directions. From this primary meaning related to propagation
environments characterized by a low angular spread, beam forming has been extended to
rich scattering scenarios and, at present, this term is used to denote the antenna processing
techniques operating both in low and high-rank channels. In a low-rank environment,
depending on the level of sophistication of the adopted processing algorithm, beam forming
techniques can be subdivided in two main groups: fixed beam forming and adaptive beam
forming. 2%

Some important types of low-rank beam forming techniques are given as following:
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1. Fixed Beam forming
a. Switched-beam Beam forming
b. Delay and sum Beam forming
c. Beam space Beam forming

2. Adaptive Beam forming

A brief description of the above mentioned techniques are given below:

3.3.1 Fixed Beam forming:

Fixed beam forming does not perform the amplitude weighting of the received signals and
can be realized adopting either an analog approach (e.g. switched beam, delay and sum) or
a digital approach (e.g. beam-space beam forming). 2°]

Diagram of an analog beam former:

Beamforming network

Too [ om
S } ——
Y i \>_</ |
; i & i
B0 | oW
! X) i v(1)
- 1z
’v i * E
X .([) i — “V‘.'V :
LN () ——1
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Fig. 3.14 Analog beam former

3.3.2 Adaptive Beam forming:

In case of adaptive beam forming the radiation pattern is dynamically controlled to perform
the electrical beam steering to a desired direction and null steering to reject interfering

signals. 2%

3.4 Transmit Beam forming and Ergodic capacity

improvement:

From the basic MIMO system structure:
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r= \/ZH’S +z (3.23)

Where \/EH’ = H ‘r’ is the Ny X 1 received signal vector, ‘H"’ is the Ni X Np
normalized channel matrix, ‘s’ is the N; X 1 transmit signal vector, ‘p’ is the received SNR,

‘c2’ is signal covariance and ‘2’ is noise power. From the capacity formula:

C = log, |In, + - HRsH" |, where Rys 2 E{SS"} = 62ly, ~ (3.24)

For CSIR only consideration optimal case is when equal power is distributed among transmit

antennas, so that;

C = log, |Iny + HH" (3.25)

Now considering the fact that multipath channels are capable of supporting transmission
of multiple independent data streams (through independent eigen-modes or eigen channels)

the final capacity expression can be found as:

C =X log, |1+ NiTAi| (3.26)

For A; =2,A,,.., A, from eigen decomposition of Hermitian matrix: HHY =

UnpDn U IIJR. The expression is similar to that for ‘7’ number of parallel SISO channels with
. . . . 1, . .
power gain ‘A;’ also the effective transmitted power being ‘N—’ times transmitted power.
T

Hence we see that channel rank is a quantitative way of characterizing scattering richness
of the channel. Now optimum eigen value distribution can be found out from the constrained
optimization problem: 2 ¥7_. A; = ||H||% , where ‘{ is the constraint constant.[*?]
Coherence distance gives a rule of thumb as to how far away antenna elements should
be placed so that signals transmitted/received are statistically independent. For small
coherence distance large antenna arrays give rich diversity but if coherence distance is large,
more number of antennas packed in a given distance makes it impossible to exploit spatial
diversity because of spatial correlation, so in that case rather than directly employing
diversity techniques, beam forming is employed to extract the diversity benefits. Hence the

importance of beam forming is observed.

3.5 Mutual coupling influence on MIMO channel capacity:

Here for the MIMO systems considered here, the receiver MC structure is assumed and the

case of printed dipoles with ~0.564 inter-element spacing is studied for the following
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discussion 31, Although for multi-path scattering channels may sufficiently be able to
exploit full-rank i.e. rank = max(n,ng) for capacity considerations alike independent spatial
paths. But in reality capacity is dependent on received SNR as well as correlations between
sub channels out of channel imperfections.

Considering only receiver coupling present, the normalized pen (thin beam) formed can
be expressed as:

E{——3 577 |lcH]y |} = 1 (3.27)

nrng =
Where ‘CH’ is the matrix product, ray-tracing model is assumed with u; = sin 8, and

u, = sin @, where ‘6, and ‘6,.’ are randomly chosen from specified AS and each ray is

assigned arbitrary phase: ée[—m, ] and the rays share equal power i.e. E = 1/\@ where

‘R’ is the total number of rays.
From impinging wave the direct component and the coupled components from m™

receive array element can be expressed as:

U (W) = Cum EoF (w)el*amt 4+ 3 o Conn EoF (w) /K dnt (3.28)

For Fi(u)e/k4m¥ giving isolated element radiation pattern, ‘C,,,’ gives coupling
coefficient and “u’ is the direction cosine i.e.u = sin @, ‘d,,’ is the position of the m!"
element with respect to the phase centre.

Now the radiation pattern can be approximated as complex coupling coefficient weighted
superimposed isolated element patterns of the array, in ideal case. Distortion and pattern
diversity due to the coupling may initially bring forth capacity improvement but due to MC
itself spatial correlation is decreased at the link-ends so that the directional nature of the

channel at the link-end decreases and so does beam forming gains and capacity.

33



Chapter 4 Basics of Channel Estimation

Chapter 4

Fundamentals of Channel Estimation

Here we start discussing on channel estimation because we have seen that for symbol
detection CSI is essentially important therefore a good channel estimate is inevitably
important for the knowledge of the receiver. For channel estimation purpose many types of
techniques are employed, some of which are:

a) Blind channel estimation
b) Semi-blind channel estimation
c) Training signal based channel estimation

Amongst these training signal based channel estimation is the most reliable method of
channel estimation. Among different Training signal based channel estimation techniques a

few are to be mentioned here, namely:

I. LS (Least Square) based channel estimation

Il.  SLS (Scaled LS) based channel estimation
I, MMSE (Minimum Mean Square Error) based channel estimation
IV. RMMSE (Relaxed MMSE) based channel estimation

Now an explanation about the training signal based channel estimators in brief in the
following section is in order, but first the system must be introduced for which the analyses
are to be done. Let us consider a block fading MIMO system with ‘t’ transmit and ‘r’
receive antennas. The r X 1 complex received signal vector can be expressed as : S =
HP +V where S = [sq4,S5,...,Sy] is the r X N received signal matrix, ‘H’ is the r X t
channel matrix, P = [py,p,, ... py] IS the t X N training matrix and V = [v,, v,, ..., Uy] iS
the » X N noise matrix. The task of a channel estimation here is to recover the channel

matrix ‘H’ based on the knowledge of ‘S’ and “P’.

4.1 LS Channel Estimator:

When received signal ‘S’ and training matrix ‘P’ are known an estimate of ‘H’ can be found

as:
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Where PT = PH(PPH)™1 is the pseudo inverse of ‘P’ and ‘(. )"’ denotes the Hermitian
transpose function. A power constraint: P = ||P||% where ‘P’ is the total power constant and
‘Il Il z* denotes Frobenius norm is also present here. For estimated channel vector ‘H, s’ the
MSE (Mean Square Error) expression: J.s = E{||[H — H.5||%} , the expression finally

becomes:
Jus = a?r x tr{(PP)™1} (4.2)

Where ‘tr{.}" is the trace of a matrix and the fact: E{VHV} = oI is used. For the
following situation the LS estimator can be found when the optimization problem is solved:
mPin(tr{(PPH)_l}) fortr{PP*} = P. Solving this problem leaves us with the equation:
PPH = %I so that any orthogonal training matrix (training matrix with orthogonal rows)

satisfying it will be optimal. A choice can be taken in this case as:

1 1 1
1w w1

p= -l L g (4.3)
1 Wl\gt—n Wl\gt—n(zv—l)

Where all elements of the matrix have same power contribution andWy = e/2™/N_ For

this optimal training the LS channel estimate becomes:

ﬁLS = %SPH (44)

Which is therefore: H, = H + ﬁVPH using condition that S = HP + V the channel
estimation error for optimal training ™ is:

o2t3r

mPin Uis) =— (4.5)

4.2 SLS Channel Estimator:

This estimator is very close in terms of operation and principle with LS channel estimator,
the main focus of this type of estimator is to further reduce the channel estimation error
(MSE) with a scaling component (bias) multiplied with the estimate found out using LS

channel estimator. If this bias term is represented by ‘y’ then:

MSE = E {||H - yﬁL5||;} = (1 = y)%tr{Ry} + y2a?r x tr{(PPF)"1}  (4.6)
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Which is equal to:

~ tr{R JLstr{R
E{|H — yH 5|12} = (ps + tr{Ry}) X (y — —Rud_y | JustriRidy g 7y

Jisttr{Ruy}  JLsttr{Rp}
Where Ry = E{H"H} is the channel correlation matrix. This expression of ‘J, s’ is
minimized by choosing:

Yo = — ) (4.8)

" Jus+tr{Ry}

JLstr{Ry}

The minimum MSE in this case is:
JLs+tr{Ry}

< J.s therefore SLS estimation error is

always less than LS case. Finally the SLS estimator [ expression is obtained as:

g 0 — tr{Ry} +
Hsis = vollLs = o2rxtr{(PPH)~1}+tr{Ry} sP (4.9)

The optimal training matrix for SLS estimator can be found by solving : mpin(]sm) for

tr{PPH} = P, now since ‘J5;¢’ is a monotonically increasing function of ‘J,¢’, from the
expression of ‘Jg; ¢’ we see that the only term bearing dependency on ‘P* is ‘J; s’ therefore
the optimal choice of training matrix ‘P’ for SLS estimator would be same as that of LS

estimator. The final expression of MSE considering optimal training is:

o?t?rxtr{Ry}

min(Usis) = o pxrrg (4.10)
Also for either ‘t = 0’ or ‘r = 0” we observe:
lim min(Jg;5) = tr{Ry} (4.11)

r/t-c P

Therefore it doesn’t have a restriction on the upper limit of ‘t’ or ‘r’ like the case of LS

estimator.

4.3 MMSE Channel Estimator:

For received signal ‘S’ the MMSE estimator can be expressed as:
Hymse = SAo (4.12)
Where A, = argmAinE(”H — Hyusell?) , the final estimation error is expressed as:
E = E(||H — SA||%) = tr(Ry) — tr(RyPA) — tr(A¥PHRy)
+tr{A¥(PHR,P + o%r])A} (4.13)
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Now forcing:

O0E 0 0 d
—_— JE— —_— - HpH
A tr{aA tr(Ry) 9 tr(RyPA) 9 tr(A"P"Ry)

O tr[AH(PHR,P + c2rDA}| =0 (4.14)

+
9A A=A,

Thus we observe tr(PHRy, + PERy) = tr{2(P¥RyP + a?r)A,} or Ay = (PAR,P +
a?r)71PHRy so that:
Hymse = S(PHRyP + o?r1)~*PHRy, (4.15)

Now we are in a position to observe the MSE for MMSE estimator expression as:

Juwse = tr(EEEY) = o ({Ri* + -pp#) ) (4.16)

Now from the Lagrange multiplier method /s Ccan be satisfied for power constraint

as:
|P||z = tr(PPH) =P (4.17)

The problem can be stated as:
-1
L(P,p) = tr ({R,;l + ﬁPPH} ) + u(tr{PPH} — P) (4.18)

To find any solution to this problem Eigen-decomposition in the form: R, = QAQ¥ can
be used where ‘Q’ is unitary eigenvector matrix and ‘A’ is diagonal matrix containing non-

negative Eigen values. Hence the expression can be obtained:

Jumse = tr({A™" + ﬁﬁH}_l) (4.19)
~ 1 . .
Where P = mQH P so that the power constraint can be expressed as:
== P
tr(PP?) = pr (4.20)

For this the Lagrange multiplier expression can be given as:

L(P, i) = tr({A™ + PP} + p(er{PPH} — ) (4.21)

Now setting % =0 fori=1,...,t aWater-filling type solution can be found as:

Di
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i = o — A7 (4.22)

For A7 <y, , otherwise ‘0”. So that B = ([uol — A~1]*) /2 and finally the optimal

training:
P = Va?rQ[{(uol — A™)*}/2, 04y _c]l (4.23)

For N =t but for any arbitrary value N >t ‘I’ can be replaced with a suitable matrix
U, [1]

4.4 RMMSE Channel Estimator:

RMMSE channel estimator is a basic improvement over MMSE estimator, with the merits
of this estimator being almost same as the MMSE estimator. The basic improvement is
regarding the fact that this type of estimator uses orthogonal signal matrix as training matrix.
The final expression of the estimated channel matrix using RMMSE technique is:

OZRT

Hpyumse = S[PHP + tr(Rp)

1-'pH (4.24)

While the MSE for this case is calculated ! as:

J _ tr(Rg)oART?
RMMSE ™ t1(Ry)P+02RT?

(4.25)

Finally the performance comparisons are given and the Error performances (normalized
MSEs vs. SNR dB) plotted for LS and SLS estimators as follows:
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SNR vs MSE plot for LS estimator

practical MSE
theoritical MSE

MSE ->

Fig. 4.15 Plot: SNR vs. MSE for LS estimator

SNR vs MSE plot for SLS estimator

practical MSE
theoritical MSE
—— MSE for LS estimator

MSE ->

Fig. 4.16 Plot: SNR vs. MSE for SLS estimator

Here we have simulated for r = 3,t = 2, N = 2 and SNR dB range: [0,20] we see for
low SNR cases SLS estimator gives less MSE with respect to LS estimator, however for
high SNR cases both give almost the same result in terms of MSE performance in
estimation. Again for SLS estimator exact knowledge of channel correlation matrix is
needed, we know in case when channel matrix ‘H’ is unknown some performance trade-off
can be done by replacing tr(Rj;) with tr(Ry) by using information about channel matrix

from LS estimator H; i.e. for LS-SLS estimator. From MMSE Error performance we know
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that MMSE performs better than both of LS and SLS estimators with a few demerits: no
simple signal (matrix) can be used as optimal training, good estimate requires knowledge
of channel correlation matrix. Pros are more than cons in case of MMSE estimator in terms
of performance so MMSE estimator should be used in case of high performance estimation,
some performance trade-off is always tolerable in most of the cases, so that an estimate of
Ry e.g. HIXH, s otherwise a model of Ry, can also be assumed e.g. [Ry]nm = re™ ™! for
0 < & < 1 where ‘n’ and ‘m’ are arbitrary indexes can be used.

The Error performances (normalized MSEs vs SNR dB) for MMSE and RMMSE
estimators can be plotted as:

SNR vs MSE plot for different estimators

I T
| —&— practical MSE for MMSE  [H
-| —B—thearitical MSE for MMSE [
| —&—theaoritical MSE for RMMSE [
+— practical MSE for RMMSE  []

Fig. 4.17 Plot: SNR vs. MSE for MMSE and RMMSE estimators
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SNR vs MSE plot for different estimators
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Fig. 4.18 Plot: SNR vs. MSE for different estimators
i SNR vs MSE plot for different estimators
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Fig. 4.19 Plot: SNR vs. MSE for LS, SLS and MMSE estimators
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WinE ->

SNR vs MSE plot for different estimators
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Fig. 4.20 Plot: SNR vs. MSE for LS, SLS, MMSE and RMMSE estimators
SNR vs MSE plot for different estimators
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Fig. 4.21 Plot: SNR vs. MSE for different estimators

Here we have simulated for r = 3,t = 2, N = 2 and SNR dB range [0,20] we see for

low SNR cases MMSE estimator gives less MSE with respect to RMMSE estimator but for

high SNR cases both give almost the same result in terms of MSE performance in

estimation, so that RMMSE gives the performance of MMSE estimator and with reduced

complexity of the estimator and relaxed choice of training signal. It can be concluded that

MMSE estimator gives the best error performance amongst the channel estimators that are

discussed here.
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Chapter 5
Correlated MIMO Wireless Channel

Channel correlation can be interpreted as dependence between time/space/frequency and
average signal gain e.g. spatial correlation can be depicted as correlation of
transmitted/received signal gain with a/some spatial direction(s) (or angle of
arrival/departure) it can be also expressed as non-zero components in cross-diagonal
elements of channel covariance matrix representing a/some specific direction(s) (similarly
for temporal correlation non-zero components of cross-diagonal elements of time-
autocorrelation function).

It is called correlation based on the fact that because of the existence of this phenomenon
between different channel fading co-efficients (spatial correlation) or between samples of
same channel fading coefficients at different time instants (temporal correlation) and
because of that the received signal gains/phases are affected with respect to and because of
each other.

This part of the text mainly focusses first on channel estimation for spatially correlated
and next for spatio-temporally correlated flat-faded MIMO systems. For the first part, due
to problem in handling with two extreme channel assumptions, namely: The Statistical
model and the Physical model we may proceed with the intermediate Virtual channel
representation model ! consideration of Sayeed Akbar M. but actually follow the improved
model of Weichselberger et al. ¥ and compare the results of channel estimations and
corresponding signal detections for different assumptions of ‘coupling matrices’ and that
for the un-correlated case. Next we consider the model of Yen-Chih Chen et al. [ which
encompasses the merits of all the aforementioned models and even presents those models
as its special cases.

Classical models involve time and frequency domains but however when advanced
antenna array techniques are adopted, the spatial characteristics of the scattering
environment have an enormous impact on the system performance.?®! With reference to the
spatial domain, some parameters have been defined to take into account the antenna
characteristics with respect to the spatial distribution of the different signal components.?!

2

The power azimuth spectrum (PAS) ‘Py(¢)’ and angular spread (AS) ‘gg’ are used to

characterize the spatial properties of the channel in the azimuth domain.[?®! From the PAS a
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low-rank channel can be defined as: when oy < ¢3P (and the channel is flat-fading) and
a high-rank channel when o4 < 3?0 or channel is frequency-selective. The following

diagram gives an idea about this:
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Fig. 5.22 Low-rank and high-rank channel properties

We consider the model based on assumption that the associated MIMO channel the
transmit side antenna array has a small AS which occurs quite often in case of cellular
downlink. 1 Therefore the need to represent the channel matrix in a reduced-rank form as
well as to consider a separate matrix representing AS in the construction of channel matrix
is felt. This brings forth the concept of Directional matrix, which is the main contribution
of this new model and gives us a compact CSI for correlated flat-faded MIMO systems.
Finally the results can be compared for channel estimation with regular MMSE and LSE
with this new model and of signal detection using obtained receiver CSI from the
corresponding channel estimation schemes for a correlated flat-faded MIMO system.

After the afore-mentioned discussions we next intend to show how different link and
link-end properties of MIMO wireless channel (which in fact are properties of the channel
itself) can affect the transmit/receive diversity, spatial/time multiplexing etc. properties of
the MIMO channel which in turn affects the channel performances i.e. channel capacity,
BER performance and also the error performance in channel estimation.

Here we also simulate and analyse also compare the effects of different spatial-only and
spatio-temporal correlated MIMO channel examples while calculation and finding through
simulations, estimation error-performances of the correlated MIMO channels at the

receiver.
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5.1 Introduction to Channel Correlation Modelling:

Accurate and tractable channel modelling is critical to realize the full potential of antenna
arrays in wireless communication. 2! A low-rank channel model basically consists of a local
scattering model around the transmitting node and is associated with the LOS component.[2%
The two extremes in the case of modelling:

1) Idealistic statistical models, representing rich scattering environments.

2) Realistic scattering models, represented with the angles and gains associated with

different propagation paths.

Ideal rich-scattering environments de-correlate channels between different pairs of
transmit and receive antennas, so that maximum number of orthogonal sub channels are
available. In practice however spatial correlation exists and should be considered while
designing a MIMO receiver for evaluating corresponding system behaviour.? A low-rank
channel can be modelled according to their construction and nature in a number of different

approximate ways, few of them to mention here (without giving any descriptions):

a) Truncated Cosine
b) Truncated Gaussian
c) Ring of Scatterers
d) Disk of Scatterers

e) Truncated Laplacian etc.
The final representation of correlated flat-faded MIMO channel, according to Yen-Chih

Chenetal.@is:H = QAC@TW , where ‘H’ is channel matrix, ‘W’ is mean Directional of

arrival (DoA) matrix, ‘Q4’ and ‘Qp = Q_BTW > are unitary matrices, ‘C’ is the co-efficient
matrix.
This kind of analytic models are often used for different purposes e.g. evaluating system

capacity/performance, for designing a beam former, for channel equalization at receiver etc.

5.2 Few popular models and brief descriptions about them:

The main drawback of a full correlation matrix is its huge size therefore it’s not very
practical to use. So we may often resort to some analytic models for simplification of the
correlation matrix. We have already mentioned that different models can be used for

representing a spatially correlated MIMO channel, few of them can be named as:
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I.  Kroneckers model
ii.  Virtual channel representation (VCR or Sayeeds) model
iii.  Weichselbergers model

iv.  Chen and Sus model

Following is a brief description on the models mentioned above:

5.2.1 Kroneckers model:

This model neglects the joint spatial structure of the MIMO channel and describes its spatial
characteristics with the help of two separate correlation properties of the link-ends (i.e.
assuming separable statistics of the link-ends).

Un-parameterised single-sided correlation matrices of link-ends ‘A’ and ‘B’ can be
represented as: ‘R, and ‘Rp’ respectively. According to Kroneckers model the overall

correlation matrix ‘R’ of the MIMO channel can be represented as: R = R4, @ R where

1 1

1 - -
‘®’ denotes Kronecker product. This also follows that: Rz = R}, ® R , where the square

1 1 1
root matrix ‘Rz’ is related to ‘R’ as : R = Rz(Rz)". Finally the model is given as:

1 1

Hiron = RZH,,R? (5.1)

1 1

. . 1 .5 ~ny 5 -
Also sometimes represented as: Hyyon = ER;GR; , where ‘H,,,’” is complex random

zero mean and unit variance i.i.d. matrix (already normalized) and ‘G’ is complex random
zero mean i.i.d. matrix, of which the elements have to be normalized with total channel

power ‘Py’ .
5.2.2 Virtual channel representation (VCR or Sayeeds) model:

This representation has the distinct feature over the previously mentioned Kroneckers model
that it considers the overall channel correlation as a combination of contributions from both
the link-ends, not independently but as a cross-coupled form and that matrix is called the

coupling matrix, ‘Q,;+’. The overall channel model is:

Hyire = Ag (ﬁvirt © G)Ag (5-2)
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Where ‘A,° and ‘Ap’ are DFT matrices and ‘G’ is the complex random i.i.d. matrix. The
DFT matrices mentioned above ‘R4 ‘and ‘Rp’ are pre-defined matrices and are independent

of the channel being modelling.

5.2.3 Weichselbergers model:

This representation is almost identical to the previously mentioned VCR (or Sayeeds) model
i.e. this model also encompasses the fact that analytical channel model should withhold the
joint correlation based structure but differs a little bit in the actual construction. This model

can be represented as:
H = Ux(Q O H,,)UF (5.3)

Where ‘H,,’ is the complex random i.i.d. matrix and ‘() is the ‘coupling matrix’. The
overall structure differs from the last representation because here two unitary matrices ‘Ug’
and ‘U;’ are used instead of the pre-defined DFT matrices ‘A’ and ‘Ag’ of the last
representation. Now it can the two unitary matrices can be derived to be the eigen-bases of
parameterized one-sided correlation matrices, for ‘Ug’: Rg o, = URAR,QTU}; and for ‘U;’:
R, = UrArg Uf  here ‘Ag o, and ‘Ar g, are real-valued diagonal matrices with non-
negative entries.

Now Weichselbergers model is beneficial to use because it alleviates some restrictions
of the two previously mentioned models, namely the Kroneckers model and the VCR (or

Sayeeds) model:

a.  Kroneckers model doesn’t consider the joint spatial structure of the channel,
which in fact the last two models do.

b. VCR (or Sayeeds) model depends on two channel-independent DFT matrices
for its construction, which might be asymptotically correct for some special

cases (e.g. uniform linear arrays) but isn’t optimal for most cases.

5.2.4 Chen and Sus model:

Apart from the models already mentioned yet another model can be discussed, which
basically follows the propositions of Kroneckers, Weichselbergers models but is different
because of the fact that it assumes that when Multi-element antennas (MEAS) are used at
both transmitter and receiver sides as antenna-arrays of the corresponding sides, a small

Angular spread (AS) comes into picture. So for the construction of the correlated MIMO
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channel, this model incorporates a directional matrix embedding mean DoA along with the
co-efficient matrix (a linear transformation of the ‘coupling matrix’ mentioned in the

previously described models). Finally the overall model is represented as:
H = QxCQr W (5.4)

The directional matrix, ‘W’ is in fact found out as: QF = Q_TTW , S0 this model can be
also represented as : H = QzCQF .

As we can see the model bears very close resemblance with Weichselbergers and
Kroneckers models. Here the unitary transformations: U, = QxP¥ and Uy = QP , are
used where ‘PR’ and ‘P;’ are unitary matrices. So if we want to compare, the
Weichselbergers model can be expressed as:  H = QzPH (0 O G)P;QF , using the unitary
matrix transformations mentioned above. We know unitary transformations don’t change
the distribution of the elements of a random matrix, so the transformed matrix

PH(Q © G)P; , which is represented as ‘C” in the Chen and Sus model has the same nature

as (2 O G) of Weichselbergers model, similarly from eigen-decomposition of the matrices

1 1
‘Ry’ and ‘Rp’ , we see: R? = Q44,4 and RZ = Qg , from Kroneckers model we see:

vec(Hyron) = vec(QaAaHy (QpAp)") = (Qp @ Q4)(Ap @ Ay)vec(H,,) (5.5)

Where if the random matrix (15 ® A4)vec(H,,) is represented as ‘C’ the Chen and Sus

model can be obtained, considering ‘A’ and ‘B’ sides to be receiver and transmitter sides
respectively i.e. ‘Q4° 1s ‘Qg’ and ‘Qp’ 1s ‘Qf .
5.3 Basic description of Spatial and Temporal

Correlations:

Few important distinctive points regarding spatial and spatio-temporal correlation scenarios

can be given below as:

5.3.1 Spatial correlation in MIMO channel:

Following are some important points regarding spatial correlation:

a. For spatial-only correlation the Kronecker’s model is given as:
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H=R?H, (R;/ 2>T (5.6)

Where ‘H,,’ is i.i.d. distributed circularly symmetric complex Gaussian with
zero mean and unit variance, hence H ~ CN(0, Ry @ Rg).

b. According to this model spatial correlation directly depends upon the eigen value
distributions of the correlation matrices ‘R;’ and ‘Rp’.

c. Each eigen vector represents a spatial direction and its corresponding eigen value
describes the average signal gain along that direction of multipath propagation
of the flat-fading MIMO channel.

d. Large eigen value spread of ‘R;’ and/or ‘Rp’ means some of the spatial
directions are statistically stronger than others which corresponds to high spatial
correlation.

e. On the other hand if the eigen value spread is smaller, it means the signal gains
are distributed along almost all spatial directions or there is low direction
selectivity or low spatial correlation.

f. Receiver side spatial correlation always degrades performance (channel capacity
becomes less as less number of AoA are available for effective diversity
combining at the signal receiver).

g. Whereas in case of transmitter side spatial correlation there is chance of capacity
improvement. If the channel is completely informed/uninformed at the
transmitter, spatial correlation degrades performance but if only channel is
averagely known (i.e. only statistical knowledge of channel ‘R;’ and ‘R’ is
present) at the transmitter correlation means less uncertainty so channel ergodic

capacity increases.

5.3.2 Temporal correlation in MIMO channel:

Following are some important points regarding spatio-temporal correlation:

a. Spatio-temporal correlation model can be expressed as the following Kronecker-

like model!'*!:

H =R H, (R ® RT)I/z)T (5.7)

b. A fast fading channel (i.e. which has small coherence time T, fi , where ‘f,;,’

is the maximum Doppler spread of the channel) may take the advantage of
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variations in channel conditions using time diversity for increasing robustness
of communication which may lead to temporary deep fade for some channel
coefficients, which can be easily mitigated by successful transmission of the rest
of the transmit bits at other time instances or by recovering original code by error
coding at the receiver.

c. A slow fading channel on the other hand has no time diversity because the
transmitter sees only a single realization of channel (like a static channel) for the
delay constraint of the channel (also a deep fade lasts forever so it can’t be
mitigated). Slow fading can occur because of shadowing (e.g. a hill in between
a pair of transmitter and receiver).

d. Time correlation essentially arises from slow fading nature of the channel.

e. Time de-correlation utilizes the fast fading property of a channel and creates
time-diversity thereby improving BER performance of the MIMO flat-fading

channel.

5.4 Effects of Spatial Correlation on Channel Estimation

and Signal Detection:

5.4.1 Methodology for this experiment:

At first it has been considered different structures of the coupling matrices according to
Weichselbergers model, as given below and tried to find out the channel estimates using
regular MMSE technique. For this a training matrix of size: T x N,can be generated where
‘T’ is the number of transmitters and ‘N’ is the signal block-length. Next the training signal
matrix is passed through correlated flat-faded MIMO channel matrices (corresponding to
different structures of coupling matrices taken and using Weichselbergers model) and one
un-correlated flat-faded MIMO channel case, all of size R X N and join Additive white
Gaussian noise (AWGN) matrix with it. Finally we may compare the results of MMSE
channel estimation Mean squared errors (MSEs) and also Bit error rates (BERS) of signal
detection using the estimated channel matrices with respect to received signal Signal-to-
noise ratios (SNRs) in dB scale.

Different coupling matrices considered here for performance comparisons are given
along left-side and their corresponding radio environments on the right-side (black squares

denote significant power, black circles are eigen-modes and grey squares are scatterers):
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Fig. 5.23 Different Correlation structure

Finally we may assume the Chen and Sus model for correlated MIMO channel
construction (‘Qg’ and ‘Qy’ are pre-defined matrices and ‘W’ has a diagonal structure with
mean DoA information embedded) and use Least square estimator (LSE) for estimation of
channel co-efficient matrix ‘C” i.e. ‘C.g’ as well as directional matrix ‘W’ i.e. ‘W’ and
therefore find the overall channel estimate as: A = QxC,s07 Wy , it is assumed that ‘Qg’
and ‘Qr’ pre-defined matrices are known. Here it is considered that mean AS is very small
(very close to ‘zero’) and ‘C” is i.i.d. matrix, so according to the assumptions made channel
matrix, ‘H’ is full-rank. So next we simulate the MSEs with respect to SNRs in dB for ‘H’
using this technique (for correlated channel) and for un-correlated case using LSE and

compare the results.

5.4.2 Results of this experiment:

The MSE performance comparison plot for channel estimation is given below (legend is

arranged in order ‘no correlation’ represents un-correlated, ‘() to ‘(2;’):
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Fig. 5.24 Plot: Estimation for different Spatial Correlation scenarios

The BER performance comparison plot for signal detection is given below (legend is

arranged in order ‘no correlation’ represents un-correlated, ‘() to ‘();’):

Detection for different spatial correlation scenarios
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Fig. 5.25 Plot: Detection for different Spatial Correlation scenarios

Finally the discussion on the performance (BER for signal detection and MSE for
channel estimation) comparison plots of correlated vs. un-correlated flat-faded MIMO

channels is given below.
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5.4.3 Discussions and Conclusion:

From the first plot we see that channel estimation using conventional MMSE technique (or
other conventional techniques) give un-acceptable results for correlated, while we see that
it gives perfectly good error-performance (as expected) for the un-correlated case.

From the second plot we see that signal detection using estimated channel information
for conventional MMSE estimation (or other conventional techniques) give very poor BER
performance for the correlated cases, while it gives perfectly well error-performance (as
expected) for the un-correlated case.

It is also verified in the next plots that for correlated MIMO channel, the MSE
performance for LS-like estimator derived from Chen and Sus model [ actually converges
but for much higher SNR in dB values i.e. for extracting similar MSE performances from
LS like estimators for the case of correlated MIMO flat-fading channels the signals need to
be transmitted with more average power. Signal detection can be done more faithfully for
this case (higher received signal SNR) with better results but in the expense of more
computational complexity and high average power requirements, no results have been
shown for the signal detection using the given model ™ as our main motto in this work is to
faithfully estimate the channel rather than focus on better signal detection in case of

correlated flat-fading MIMO wireless communication channel.

SNR vs MSE plot for correlated channel estimator LS case

10° —&— correlated MSE
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T
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Fig. 5.26 Plot: SNR vs. MSE for LS estimator Correlated

As we can see from the above plot that MSE performance converges slowly in case of
correlated MIMO, in the following figure the cases of uncorrelated Rayleigh faded MIMO
channel and correlated MIMO channel both are given in the same plot for easy comparison
purpose.
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Fig. 5.27 Plot: SNR vs. MSE for LS estimators Correlated and Un-correlated

So it is seen that because of spatial correlation channel estimation as well as signal

detection gives inferior performances.

5.5 Channel Estimation using Chen and Sus model:

5.5.1 Methodology for this experiment:

For considering the time-variant behaviour of a wireless MIMO channel of the system: Y =
HX + N and the structure of channel matrix H = Qp CETW is used.

Within a fixed observation windows of ‘L’ time units (blocks), if the snapshot of the
channel is represented as X,, for n™ time instant or at ‘nTy>: vec(Y, ) = (XI, ®I,,) -
vec(H, ) + vec(N, ). Orthogonal training matrix for any time instant can be used and

the overall structure of the training matrix (in time and space) is given in Zhang et. al." two

leading pilot symbol vectors can be assumed to be ‘T’ symbol intervals away. For an
observation window of ‘L’ blocks: Y,,; £ [V, Yi41,.., Y4 —1] @nd vec(Yn,L) 2 (X,EL ®

Iy) -vec(Hy,) + vec(N,,) where vec(H,,) = [vec(H,)T,..,vec(Hp—1)T]T and

Xr o .. 0

a T TT T awr| O XZ+1 0

vec(Nn'L) £ [vec(Np)",..,vec(Npyp—1)"]" andXy , = | 7 "nFh
0 0 "Xn+r-1

Now assuming eigenbases ‘Qr’ and ‘Qp’ remain invariant during estimation, it can be

obtained as: T, = [Vi, Vi1, -, Vigr—1]" Where v, = [Vin, Van, .., Vi), the stacked

T .. .
vector: v(p) = [Vpnr Vp(n+1)'--'vp(n+L—1)] represents finite duration sample of complex
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random process associated with p'" sub channel. Now the signal matrix can be decoupled as

a product in space and time domains:

vec(Yy,) ~ (X5, ® Iy)[Quk, ® (WTQ) ® Qr]ccoer
~ (X5, @ Iy)[Quk, ® (WTQrk,) ® Qripltcoer
e (((WLXn,L)TQT,KT) ® QR,KR)Ecoef (58)

WhereW, = (I, W), QT'KT £ Qpk, ® Qrk, and the steering matrix ‘W’ is assumed
to be fixed for the period of ‘L’ data blocks. Now for coefficient estimation the following

formulae may be used:
écoef = (sz)_leveC(Yn,L) = ﬁ(WL,opt) (5-9)

Z & (W, opt Xn,L)TéT,KT) & Qrkp (5.10)
For direction estimation, the formulae:

vec(Yy,) = vec(G - diag(1, @ w) - Xp) + Ny, (5.11)

vec(G - diag(1, ® w) - Xp1) = (1r ® )OOy, ® 1) (1, ® hy)w = Tw

(5.12)

Now the LS estimate can be given as: W, = TT - vec(Y;,,) finally the steering vector
can be found out as: v(8) £ [1,v(0), -, v™ 1] wherev(8) = exp (—jZn% sin (0)). Here

in this case the AoD information is retrieved from: ¢ = arg max Re {P(W,)v(6)}
—nm<O=m

def

where P(.) is the phase-extractor i.e. P (TT.vec (Y,,)) =P (TH : Vec(Yn,L)). Finally it

N

can be computed: W, = I, ® V(8) where V(8) = diag(v(9)) and the MSE performance
can be given as: € & E{||H — H||2} = E{||vec(H) — vec(H)||3}. Henceforth using these
formulae an LS estimator Qg k,Ceoer,opt OF k., W is designed assuming perfect estimate of

‘WA
5.5.2 Results of this experiment:

The results have been found out with the specifications:

1. 8 x 8 MIMO system is considered withL = 12.

55



Chapter 5 Correlated MIMO Wireless Channel

Antenna spacing at both transmitter and receiver are0.5A.
Orthogonal training matrix is used for simulations.
AS of 15° is taken for antenna radiation elements.

Slow fading case with f;T; = 0.3 is considered here.

o o~ w D

Spatial correlated transmitter and receiver uncorrelated assumed (urban
scenario).

7. Only AoD for transmitter is estimated for directional nature of transmitted
signal.
For the following MIMO wireless communication system: Y = HX + N. For spatial-

only MIMO system we consider the following structure of flat-faded channel matrix: H =
QrC Q_TTW and for spatio-temporally correlated MIMO system we consider the following
structure: H = QzC(Q, @ WTQ;)T for these experiments. Here ‘W’ is the directional
matrix, ‘Qr’ and ‘Qg’ are spatial eigen-basis matrices with ‘Qr = Q_TTW’, ‘Q;’ represents
time-correlation and ‘C’ is a complex Gaussian random matrix with independent entries.

Following are the results of the experiments:

o normalized MSE vs input SNR for no of spatial dominant modes
10 =

] —e— Kb
] —o—K=6

—— K77
i full rank |3

Normalized MSE

Input SNR (in dB)

Fig. 5.28 Plot: MSE vs. SNR for a no. of dominant spatial modes
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normalized MSE vs input SNR plot for fixed spatial and varying time dominant modes
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Fig. 5.29 Plot: MSE vs. SNR for fixed Spatial and variable dominant temporal modes

5.5.3 Discussions and Conclusion:

From the simulation results we see that for spatial-only correlated cases, in general when
dominant rank of transmitter side ‘K’ increases (i.e. spatial correlation decreases) the error
performance eventually tends more towards conventional LS estimation performance.

For same spatial correlation if degree of freedom along time domain ‘K;’ is decreased

(i.e. more temporal correlation) the performance degradation is more.
With exact direction of departure at transmitter known and assuming uncorrelated receiver
a spatially and temporally correlated channel can be estimated with the technique mentioned
here with fairly high accuracy (lower MSE in channel estimation) for even higher order
MIMO wireless communication systems (Kronecker model is suitable for lower order
systems and with more limitations in the channel’s scattering environment).

One of the main contributions of the Chen and Sus model 2! is formulating the directional
matrix and estimating it simultaneously alongwith the Gaussian random matrix with
independent entries. The following point highlights some points regarding the importance
of the directional matrix and introduces the primary idea behind importance of DoA/DoD

estimation.
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5.5.4 Importance of estimation of directional matrix:

The DoA/DoD information is required because low correlation is achieved when each
antenna provides a unique weighting to each individual multipath component based on the
directional information in case of (AoA/AoD based) beam forming.[¥! When the mean
A0A/A0D (¢,) information is known from the estimation, alongwith the PAS (i.e. from the
distribution one may obtain AS o, as well) full exploitation of angular/spatial diversity is
possible for a given transmitter/receiver antenna array, also we know as a rule of thumb that
more diversity means more ergodic capacity. Although for a channel with known directional
properties i.e. known correlation and therefore fixed AoA/AoD no more capacity
improvement is possible through directional data (already known so it hardly matters for
ergodic capacity improvement at the receiver). For the Chen and Sus model for the single-
directional model assumed, AoD information at the transmitter side can be captured by the
mean AoD information and from the principle of maximum entropy AoA at the receiver is
uniformly distributed in [0,27r] so no mean AoA information is required at the receiver
mobile station (MS) in case of down-link channel.’?! In this case the mean AoD (in case of
transmitter) information is embedded in the directional matrix ‘W’ which is to be estimated
from the correlated/uncorrelated random matrix ‘C’ during the previous iteration of the

channel estimation.

5.6 Effect of different channel properties on correlated

channel:

Spatial and temporal correlations depend on the actual channel characteristics (scenario)
inclusive of the link-ends properties e.g. inter-element distance between MEA elements,
angular spread, mutual coupling between antennas (co and/or cross coupling), mean
A0A/A0Ds as well for mostly directional cases (but its effect is much less pronounced than
the other mentioned properties) and also upon the exact scattering environment etc. The

effects are explained as follows:

5.6.1 Effect of multi-scattering environment:

Rich scattering (i.e. rich multipath NLOS propagation) decreases selectivity of AocA/AoD
for transmit/receive signal because it spreads the signal after reflection or scattering and for
signal through multipath components, gain is equally spread among more and more spatial
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direction due to this dispersive effect, so spatial correlation is decreased. Although reduction
of spatial correlation should improve the ergodic capacity of the channel but because of
decrease in received SNR from numerous reflections, capacity in turn actually decreases

after a certain threshold. 1]

5.6.2 Effect of terminal velocity of channel or scatterer’s relative velocity:

A Doppler shift because of terminal velocity or a relative velocity among channel
terminal(s) and any scatter(s) may contribute towards channel time-variance. Depending on
rate of change of phase along different multipath the channel may have several Doppler
shifts, a large Doppler spread corresponds to the phases of the received signal components

changing independently over time. The maximum Doppler spread is usually considered for
calculation of channel coherence time, T, = /# Small coherence time corresponds to

less temporal correlation when channel multipath average delay ‘t,,’ is given.

5.6.3 Effect of close antenna spacing:

Pattern distortion which occurs from close antenna spacing creates angle diversity that can
lead to reduced signal correlation but the effect becomes less pronounced because of
unavoidable mutual coupling effects which are discussed next. A larger antenna spacing is
needed to give better performance in case of smaller AS (angular spread). But regardless of
the AS once the spacing between antennas increases beyond 21 the BER performance of
the channel starts approaching its minimum achievable BER, without further improvement.
Thus lack of high AS (i.e. for more angular diversity and lower correlation) can be
compensated by increasing the antenna spacing (within limit of performance improvement).
[10]

Coherence distance is a concept which gives a thumb rule regarding antenna spacing for

statistical independence. For Rayleigh fading case it is given as: D, = % although in

general it is related to the RMS AS as: D, = g'ﬁ.[m]

rms

5.6.4 Effect of angular spread:

The angular spread or RMS angular spread can be defined as the RMS value of azimuth ‘¢’
having certain distribution which can be calculated based on transmit/receive power profile

i.e. PAS (power angular spectrum). Large ag (AS) implies channel energy is focussed along
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many spatial directions, so it is less directional, whereas small g, corresponds to more

spatial selectivity (more spatial correlation).

5.6.5 Effect of mutual coupling between antennas:

When the antenna elements come close enough to one another because of more and more
packing of such elements in a MEA invariably mutual coupling plays an important role to
determine the channel correlation. Capacity improvement arising from pattern distortion
caused by close antenna spacing is limited by detrimental effects of mutual coupling
between MEA elements. For a fixed-length array strong coupling arising from more and
more packing of antenna elements ultimately leads to upper bound on maximum capacity
obtainable for a system.[°I[]

5.6.6 Results of varying separation or AS for a simulated MC scenario:

Following are the results of simulation of how different link and link-end properties affect

the performances of spatially correlated MIMO communication channel:

antenna spacing vs average BER plot for different AS
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Fig. 5.30 Plot: Element separation vs. BER for fixed AS in correlated scenario
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. angular spread vs average BER plot for different AS
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Fig. 5.31 Plot: AS vs. BER for fixed element separations in correlated scenario

I‘V\‘I' T L l\wl‘wl /u ] V1344
- L,=5AL =521=054p=10dB / .
N' =300, I"_‘7 = J,}[K,Id), N=M /'
10°
Q E
c
@
]
=
10" 7 ——— Mutual Coupling -
. — = = = No Mutual Coupling
——————— Uncorrelated (Lower Bound)
4
| 4 lllllAl 4 4 lAAllLln /| Lol bl
10° 10’ 10° 10°
M

Fig. 5.32 Plot: Mean capacity vs. number of antenna elements for coupled and un-coupled

5.6.7 Discussions on the simulation results:

From the simulation result given in Fig. 4.9 we see that BER performance improves with
antenna spacing with the effect being more prominent for smaller angular spread, regardless
of this fact when the spacing becomes > ~24 — 2.51 there is no more performance
improvement i.e. the BER performance saturates.
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From the simulation result given in Fig. 4.10 we see that BER performance improves
with AS as well with the effect being more prominent for broadside radiating elements
rather than end-fire type radiating elements.

From the simulation results given in Fig. 4.11 we see that mean capacity vs. number of
transmitter/receiver antenna elements of MIMO wireless communication channel for
correlated and different un-correlated scenarios, MC case corresponds to additional
diversity (i.e. less correlation) hence performance improvement is observed for more closed

packing of antenna elements.?l

5.7 Detailed description of the effects of Mutual Coupling:

Mutual Coupling arises from the fact that two antennas radiating EM waves in the vicinity
of one another affects each other’s radiation pattern, therefore otherwise independently
radiating antennas (when both are individually radiating in free-space and isolated with
respect to each other) can’t radiate independently anymore and affect each other’s radiation
characteristic and performances. This can also be explained as following: when an antenna
is placed in an isolated space, it radiates without any loss whatsoever (it’s radiation
impedance is assumed to be perfectly matched with that of free-space such that maximum
power is transferred) but when another non-radiating conductor (e.g. another antenna with
finite load) is placed in its vicinity then some of the radiated power from the first antenna is
actually absorbed by the second antenna, now if both the antennas are radiating then their
radiation characteristics change because of each other (e.g. their driving point as well as
mutual impedances change), these effects are embedded in the mutual coupling information
between antennas.

When two antennas radiate in the vicinity of each other, their driving point impedances

depend on mutual impedance between each other.

62



Chapter 5 Correlated MIMO Wireless Channel

Impedance
&, 2.
+ NN\ o +
T
n W @ w Kh W 4y ?22\ (2) ¥,
AL TS LLLTA = d . =
(g) (5)

Fig. 5.33 Self and Mutual impedance calculations
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Fig. 5.13 N; X N, MIMO channel with MC between antennas

Considering mutual coupling in a N; X N, MIMO channel the transmitted signal can

be expressed as: ¥’ = C,%. Now the coupling matrix of transmitter array ‘C,’ is expressed

as:
Co=(Z+Zu)(Z.+ 2, (5.13)

Z ¢t Z s s Z ant_ are respectively: mutual impedance matrix, antenna source impedance
matrix and antenna input impedance matrix. Similarly received signal matrix under mutual

coupling effect can be expressed as:

y' =C Hx +7=CHCx+7 (5.14)
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‘ﬁc’ is the transformed matrix considering MC effects and ‘C=r’ is the receiver coupling
matrix.[¢]

From Fig. 4.9 we see the driving point impedances are: ‘Z;;’ and ‘Z,,’ and mutual

. V. . . . .
impedances are: Z;, = 1—1 i.e. for terminal one with respect to terminal two when
2 11=0
terminal one is open circuited, similarly Z,, = 1—2 i.e. for terminal two with respect to
1 12=O

terminal one when terminal two is open circuited.[?l A few points on self and mutual
impedances and also MC effect of elements of MEA systems (a detailed description of MEA

systems, specially its radiation characteristics is given in CHAPTER 3A):

I.  In most cases Z;, is approximately equal to the self-impedanceZy;, it is the input
impedance with all other antennas entirely removed from the array. But when any
other antenna say antenna two is radiating very close to the previous antenna say
antenna one, e.g. within antenna ones resonant length, the situation is hugely

different, in such case:

V1 = 11211 + 12212 (515)

V2 = 11221 + 12222 (516)
Or

ﬁ = Z11 + 1Z12 (517)

Il r

V2

— = TZZI + Zzz (518)

Iz
I . .
Here 2 = r is the complex current ratio. [25]
2

ii.  Usually mutual impedance referred to loop currents is used.

iii.  Impedance presented by an antenna to a transmission line (Tx line) can be
represented as a two-terminal network, in that case antenna has to be replaced with
its equivalent impedance ‘Z’ connected to the terminals of a transmission line.[?!

iv.  The impedance into which a Tx line operates is called the terminal or driving point
impedance.

v.  For isolated i.e. remote from ground or other conducting objects, for lossless case
the terminal impedance is same as self-impedance of the antenna, self-resistance

gives the radiation resistance of an antenna.[?!
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Vi.

Vii.

viii.

Xi.

If an antenna is not isolated the assumed two-terminal network now has self as well
as mutual impedances, from reciprocity (i.e. if the network is assumed to be
reciprocal) then they are same for both transmitter and receiver sides. "
Mutual coupling depends on:

a. Radiation characteristics of the antenna system

b. Relative separation between antenna elements

c. Relative orientation between antenna elements
Total contribution to the far-field radiation pattern of a particular element in the array
depends on the total parasitic excitations for the element as well, which again
depends on coupling from and the excitations of other nearby generators.
Different receiving mutual impedance methods are also employed apart from the
conventional transmit mutual impedance explained above e.g. the Full-wave method
or the Calibration method etc. for calculation of mutual impedance, especially for
receiver side MC calculation and compensation.[26127]
Referring to mutual impedance finding, in general current distributions need to be
known and it varies with respect to direction as well (both azimuth and elevation)
e.g. for receiver it varies with the direction of incoming signals.
But in case of Omni-directional antennas e.g. dipole or monopole antennas, the
current distributions remain the same irrespective of the azimuth or elevation angles
i.e. with respect to the AoA. So e.g. if it is assumed that the signals arrive
horizontally i.e. only até = 90°, only a single elevation angle (only azimuth angle
of the signals is varying) simplifies the problem of AoA estimation (i.e. estimation

of mean ‘¢’s only).[?]

5.7.1 Effect of MC on correlation coefficients:

The transmitter and receiver side correlation matrices are given as:

1 ,Dt,12 pt,th
_ 1 :
R, = P€,21 . (5.19)
N pt,(Nt—l)NI‘
PtNe1 Ptz 1 NexNg
1 Pr12 Pran,
_ 1 :
Rr — pr.',Zl ) (520)
: pT,(NT—l)NT
Pr.N,1  Prn,.2 1 NyXNy
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Where p;mn, and p, ., are respectively transmitter and receiver side correlation

coefficients.
The covariance terms can be calculated as:

1

OmOn

f do f d sin 6 [xPy (6, $)Eng (8, ) Eng (6, )
0 -1

Pmn

Here ‘Ej9(0,¢)’ and ‘E;4(6, ¢)’ are far-field radiation components and Py (6, ¢)’ and

‘Py (0, )’ are power angular spectra, y = P”/Ph is the cross-polarization ratio where:
P, =[" de [, dOsind |Eg(6, )2 (5.22)

Py = [" d¢ [ dOsin6 |Eiy(6,9)|° (5.23)

In typical wireless environment incident waves can be attributed to several clusters over
the angular domain, each of them commonly modelled by a uniform, Gaussian or truncated
Laplacian PAS. [16]

The effect of mutual coupling can be captured with the coupling matrices Cz’t’ and ‘Czr’.
By applying reciprocity the received and the open-circuited voltages at the input ports of

the receiver antennas are related as:
(8, ) = Z AV, (6, 1) — GE(6;, )]
= BV,.(8;, ¢;) + D (6, ¢ (5.24)

Hence the following equations can be obtained:

Vin _
Zon = {szl(;,mm(o)’ m=n (5.25)
, m*En

1

M/, N ,jkz' cosB; 4.1 _
5] f_Lm/2 It,mc(t e idz', m=n

It mm
G @) =91 iy o o6 (5.26)
mf—l‘nizlt,nm(t,)ej z'cosbigy m £
1:(0) _
Ampn = {It.mm(O)’ m=n 527
0 , mMFn
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E,(6; ¢, = Eoejk(x{lsineicos¢i+y{15in9isin¢i) (5.28)

O jk (% sin 0; cos ¢;+yiy sin 6; sin ¢;) Lmy, ! 1, jkz' cos8;

Vo em (61, @1) = 1:(0) Eye ¢ : ' X J-_Lm/2 dz'l(z')e ¢
(5.29)

Finally the modified correlation coefficient expression is obtained as:

1

pron = —— [ dep p($) Ve () Vi (d) (5.30)

Om0On

With direction-dependent coupling effect considerations:

V(@) = Syt bipVo cp(h) + di(9) (5.31)

Finally the received signal structure is given 2! as:

__1 _1/ _ —
y' = C/R} /ZHil-dR; /thf +n=Hx+n (5.32)

A similar construction method for MC matrix is given 1% in other texts as well and is
considered most accurate in modelling the modified spatial correlation matrix. As we can
see this structure is very much complex and computationally costly, a much simpler model
which encompasses the effects of MC on spatial correlation matrix is given [*8 19 as:

1
Remu = CrRy? (5.33)

Ry = R2C (5.34)
Tmu — ‘1 T '
5.7.3 Mutual coupling estimation and compensation:

Different MC estimation and compensation techniques are mentioned in various texts 25-2°]
[34. 351 Among them 28] explains different techniques for MC compensation such as:
Conventional-Mutual-Impedance Method (CMIM), Receiving-Mutual-Impedance Method
(RMIM), Methods of Moments (MoM) based full-wave method and Calibration methods.
The text also discusses the comparison between them. In 4l a detailed description is given
on the different MC compensation methods already in use and suggested a characteristic
basis function (CBF) based method where CBF is modelled as the current distribution in
antenna elements and electro-motive force (EMF) based calculation for finding the self and
mutual impedances is given. Later in this text a detailed performance analysis with respect

to actual (calculated using MoM) current distributions and DoA estimation is done.
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In 281 2 new subspace fitting based MC compensation technique is given. In this text the
effects of unknown MC is compensated for by estimating the coupling matrix
simultaneously with the DoA using a modified Noise sub space fitting (NSF). DoAs are
obtained by numerical search with the NSF criterion. MC here is calculated by electro-

magnetic (EM) based methods. The usual model of MC is assumed:

Here ‘Z,’ is the antenna impedance, ‘Z’ is the mutual impedance matrix, ‘Z;’ is the
impedance for measuring equipment i.e. load connected to the antenna, proper loading
condition requires ‘Z;’ be the complex conjugate of ‘Z,’. This model is directly valid for

small dipole antennas. If the steering matrix of ULA be:
[A(p) ]y = e~ /HA(m-D cosdn (5.36)

Where ‘k’ is wave-number, ‘d’ is the separation between antenna elements.

The signal model after transmission from the antenna array is:

x(t) = CA(P)s(t) + e(t) (5.37)

Where ‘s(t)’ is the signal transmitted, ‘e(t)’ is added noise, ‘C’ is the coupling matrix
and ‘A(¢)’ is the array steering vector.
The sub space method relies on observing eigen-decomposition of the covariance matrix

‘R’ (after multiplying with steering vector and noise addition) as:
R = EAE¥ = E,AEY + o2E,EH (5.38)

Apart from the methods mentioned in 21 the text [ discusses Open circuit voltage
method (conventional method as described in [281), S-parameter method, different element-
pattern methods e.g. Isolated Element Pattern Method, Coupled Element Pattern Method
etc. other methods as well. Amongst them the simplest method is obviously the Open circuit
voltage method. This method depends on ‘Z’ parameter based MC matrix representation,
already given in Equation (4.35). The open circuit voltages ‘V,.;’ can be represented

through impedance matrix:

ocl L L L 1

221 Z22 ZZN
VO:CZ = 1) 1+ZL 1) | V:Z (5.39)
Vocn mome g gzw) W

Zy Zy Zy
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Here ‘Z;;’s are mutual impedances and ‘Z;’s are antenna self-impedances. For wire

antennas, mutual impedances:

Voci — 1
Zij = 1;(0) ~ 1;(0)1;(0)

fLOEj(r)Ii(r) dl (5.40)

Where ‘I;(r)’ is the current distribution in i antenna at ‘r’ distance, E;j(r) is the surface
radiation electric field of i antenna at ‘r’ distance from feed point and its terminals being
shorted for current distribution at j™ antenna. ‘I;(r)’ can be obtained by driving i"" antenna
at transmit mode while j" antenna terminals are shorted and similarly ‘I;(r)’ can also be
found out.

The equations can be evaluated using EMF or Moments method
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Chapter 6

Conclusion and Future work

6.1 Conclusion:

This text mostly focusses upon wireless MIMO channel correlations, spatial and temporal
with most of the observations made for spatial-only correlated MIMO channels. It is shown
here that due to spatial correlation channel estimation and signal detection performances are
negatively affected, so happens for capacity also as the number of spatial multi-streams
available decreases due to spatial correlation.

More error is observed in case of channel estimation i.e. higher minimum MSE
achievable, in presence of spatial correlation and correspondingly signal detection error is
also higher than that of un-correlated case can be attributed to the increase in the variance
of the probability density function (PDF) of the received signal due to more randomness
associated with the received signal because of embedded unknown spatial correlation.

Several performance comparisons show that spatial-only and spatio-temporal correlated
instances of MIMO wireless communication channel performs worse than un-correlated
Rayleigh fading case (this approximate assumption is made based on its popularity) in terms
of channel estimation performance.

The adverse effects of unknown antenna mutual coupling for transmitter and receiver
ends have been shown and ways of avoiding them have been discussed based on existing
unknown mutual coupling estimation and compensation methods available in the texts

mentioned here.

6.2 Future work:

We plan to explore different existing ways of estimating and de-coupling methods based on
the mutual coupling modelling techniques available and find a way to statistically determine
and eliminate the unknown mutual coupling for correlated MIMO scenario and use the

information for beam forming like purposes.
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