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ABSTRACT

Multiple Input Multiple Output (MIMO) wireless links has recently emerged as one of the
most significant technical breakthrough in modern communication. In this thesis, an
overview of MIMO system has been discussed. After presenting brief idea of MIMO
transmissions in the introduction, the system Capacity and Bit Error Rate of MIMO designs
have been explained. MIMO system with multiple transmitter and receiver antennas have
been recognized as the vital breakthrough for wireless system to achieve higher data rates
and improved quality of service with limited bandwidth and power resources in influence of
multipath fading. On the other hand, traditionally, multiple antennas have been used to
increase diversity for combating channel fading. Hence, MIMO system emerges out as the
solution for spatial multiplexing, capacity and bit error rate.

Wireless relaying networks have recently been given considerable attention due to their
various advantages over traditional communication system. The relaying terminals forward
the information from the source to the destination mainly using the well-known method
Amplify-Forward since MIMO systems can provide better system capacity than SISO, SIMO
and MISO systems. MIMO relays aim to provide improved system capacity, increases in
range, and better diversity gain. In this thesis the ergodic capacity of an AF MIMO two-hop
system under Rayleigh fading channel has been analyzed and compared with earlier
techniques of MIMO system.

The main contribution of this work is to derive an exact expression for an AF MIMO two-
hop system capacity and cumulant function of Mutual Information. The expression derived is
unified, and it can be used for arbitrary numbers of antennas at the source, relay and
destination. The simulation results have been presented to validate the analysis. Mutual
information has shown improvement up to 30% in the capacity as compared to the MIMO
system implemented without AF.

Further the capacity benefits of MIMO system under Rician fading channel have been
presented. Here, in this thesis slow and frequency nonselective Rician fading channel is used
for analyzing, the effect of Rician factor (K) and correlation parameter (rr) for the capacity of
correlated MIMO channels. From the comparison it has been found that the outage capacity
is higher than the ergodic capacity. From the study and simulation result presented in this

thesis, it has been observed that by increasing the number of antennas of MIMO system and



with increase in signal to noise ratio the capacity of MIMO system degrades; when observed
for different Rician factor coefficient.

The bit error rate analysis of MIMO system have been analyzed using BPSK modulation
scheme over Rayleigh and Rician wireless fading channels. The BER performance
characteristics investigation of 2x2 antenna configuration has done by using different type of
linear and non-linear equalizer techniques namely ML, ZF and MMSE for MIMO system.
The bit error rate characteristics for the two transmitting and two receiving antenna has been
simulated. By comparing the Rayleigh and Rician fading simulation result it has been
observed that there has been improvement in bit error rate up to 35% for ML detection, up to
24% in ZF detection and up to 18% in MMSE detection technique by keeping BER~107*
with respect to SNR under Rician fading channel.

Finally, the result achieved in this thesis have been compared with the BER produced on
MIMO system by using IEEE802.11n protocol as benchmark, the significant improvement in
BER for each technique have been achieved as compared to BER achieved from
IEEE802.11n standard and reported in this thesis.

The simulation result have shown that ZF equalizer based receiver remove inter symbol
interference much better as compared to the receivers implemented using ML and MMSE
based equalizer. Whereas MMSE based equalizer found to be robust even in presence of

channel nulls and noise because of its property directly minimizing the bit error rate.
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CHAPTER 1
INTRODUCTION

In this chapter an overview of Multiple Input Multiple Output (MIMQO) communication
system is presented, which commences with a description of the high capacity demands in
future wireless communication networks and how high capacity can be achieved from MIMO

system.

1.1 Evolution of Wireless Communication

Wireless communication systems have made large advances since the first generation (1G)
Systems. Frequency Division Multiple Access (FDMA) was the main techniques used at that
level. Similarly, Time Division Multiple Access (TDMA) and Code Division Multiple
Access (CDMA) multiple access techniques are widely used in today’s communication
systems [1]. CDMA is also used in the third generation (3G) systems. Three multiple access
schemes are used to allow users to simultaneously share radio spectrum, which is an finite
and essential resource of all wireless communications technologies. Now a day, the wireless
system designers are facing several challenges: like the limitation of the radio spectrum, the
complexity of wireless propagation environment, the increasing demand for better quality of
service (QoS) and higher transmission date rate. Traditional wireless communication systems
have been made more spectrally efficient through the use of complex coding techniques and
algorithms. By keeping in mind the constraint of limited bandwidth the MIMO systems is a
hot topic of research over the past years, due to its ability to greatly increase spectral

efficiencies.

As compared to traditional wireless systems, which are using one transmitting and one
receiving antenna, MIMO systems use array of multiple antennas at both ends of the
communication link, all operating at the same frequency at the same time [2],[3]. This
introduces spatial diversity into the system, which can be used to tackle the problem of
multipath fading. In wireless communications system, such as point to point radio links, radio
waves do not simply propagate from the transmit antenna to the receive antenna. Rather they

bounce and scatter off objects, this effect is known as multipath. This effect is regarded as an



impediment to the accurate transmission of data in traditional wireless links [4]. MIMO
systems exploit multipath by using the rich scattering environment to increase the spectral

efficiency of the wireless system.

The modeling of radio waves on a large scale can be very complex. At high frequencies radio
waves can be approximated as travelling along localized paths, this is similar to the
geometrical treatment of light rays in optics. Complex radio environments can be modeled by
using different deterministic and stochastic models. At the receiver and transmitter of MIMO
system encoding and decoding of signal is done respectively by using SVD and correlation
for calculating eigen value [5],[6]. In this thesis, an attempt is made to demonstrate the effect
of correlation between the elements of the channel matrix for improvement in system

performance criteria’s such as channel capacity and bit error rate.

1.2 Types of Transmission Channel

In the wireless communication the Transmission channel classified according to number of
input-output at the transmitter and receiver. They are classified in four categories as
discussed below:

1.2.1 Single Input Single Output (SISO)
Radio transmissions traditionally use one antenna at the transmitter and one antenna at the

receiver. This system is termed Single Input Single Output (SISO) shown in Figure-1.1

Tx Rx

Transmitter Receiver

Figure-1.1 Single Input Single Output (SISO)

Both the transmitter and the receiver have one RF channel (that's coder and modulator). SISO

is relatively simple and cheap to implement and it has been used age long since the birth of



radio technology. This technique is known as switched diversity or selection diversity. SISO
employs no diversity technique. The advantage of a SISO system is its simplicity; it requires
no processing in terms of the various forms of diversity that may be used. However the SISO
channel is limited in its performance [7]. Interference and fading will impact the system more
complex than MIMO system use diversity technique and in SISO channel bandwidth is
limited by Shannon's law because the throughput being dependent upon the channel
bandwidth and the signal to noise ratio. It is used in radio and TV broadcast and personal
wireless technologies (e.g. Wi-Fi and Bluetooth).

1.2.2 Single Input Multiple Output (SIMO)

To improve performance, a multiple antenna technique has been developed. A system which
uses a single antenna at the transmitter and multiple antennas at the receiver is named Single
Input Multiple Output (SIMO) as shown in Figure-1.2. The receiver can either choose the
best antenna to receive a stronger signal or combine signals from all antennas in such a way
that maximizes SNR. SIMO Employs a receive diversity technique. This is also known as
receiver diversity [8]. It is often used to enable a receiver system that receives signals from a
number of independent sources to combat the effects of fading. It has been used for many
years with short wave listening or receiving stations to combat the effects of ionosphere

fading and interference. This technique is based on maximal ratio combining (MRC).

Tx

-
Transmitter j Receiver
T~y

Figure-1.2 Single Input Multiple Output (SIMO), 1x2

SIMO has the advantage that it is relatively easy to implement although it does have some

disadvantages. It requires complex processing at the receiver. The use of SIMO may be quite



acceptable in many applications, but where the receiver is located in a mobile device such as
a cell phone handset, the levels of processing may be limited by size, cost and battery drain.
There are two forms of SIMO that can be used [9]:
e Switched diversity SIMO: This form of SIMO looks for the strongest signal and
switches to that antenna.
e Maximum ratio combining SIMO: This form of SIMO takes both signals and
sums them to give the combination. In this way, the signals from both antennas

contribute to the overall signal.

1.2.3 Multiple Input Single Output (MISO)
A system which uses multiple antennas at the transmitter and a single antenna at the receiver

is named Multiple Input Single Output (MISO) as shown in Figure-1.3.

Tx \/\ Rx

Transmitter /

Receiver

Figure-1.3 Multiple Input Single Output (MISO), 2x1

Alamouti STC (Space Time Coding) is employed at the transmitter with two antennas [10].
STC allows the transmitter to transmit signals (information) both in time and space, meaning
the information is transmitted by two antennas at two different times consecutively. Multiple
antennas (each with an RF channel) of either SIMO or MISO are usually placed at a base
station (BS). This way, the cost of providing either a receiver diversity (in SIMO) or
transmitter diversity (in MISO) can be shared by all subscriber stations (SS) served by the
base station (BS) [8].



The advantage of MISO is that the multiple antennas and the redundancy coding processing
are moved from the receiver to the transmitter. In instances such as cellphone UEs, this can
be a significant advantage in terms of space for the antennas and reducing the level of
processing required in the receiver for the redundancy coding. This has a positive impact on
size, cost and battery life as the lower level of processing requires less battery consumption.
MISO system does not take the advantage of the spatial multiplexing that use in MIMO

system.

1.2.4 Multiple Input Multiple Output (MIMO)

To multiply throughput of a radio link, multiple antennas (and multiple RF channel
accordingly) are put at both the transmitter and the receiver. This system is referred to as
MIMO as shown in Figure-1.4. A MIMO system with similar count of antennas at both the
transmitter and the receiver in a point-to-point (PTP) link is able to multiply the system
throughput linearly with every additional antenna. For example, a 2x2 MIMO will double the

throughput.

Tx

SIS0

Figure-1.4 Multiple Input Multiple Outputs (MIMO), 2x2

Receiver

MIMO often employs Spatial Multiplexing (SM) to enable signal (coded and modulated data
stream) to be transmitted across different spatial domains. Meanwhile, Mobile Wi-MAX
supports multiple MIMO modes, that is using either SM or STC or both to maximize spectral
efficiency (increase throughput) without shrinking the coverage area. The dynamic switching
between these modes based on channel conditions is called Adaptive MIMO Switching
(AMS) [11]. If combined with AAS (Adaptive Antenna System), MIMO can further boost
Wi-MAX performance. MIMO is widely used in today wireless communications because all
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wireless technologies (PAN, LAN, MAN, and WAN) try to add it to increase data rate
multiple times to satisfy their bandwidth-hungry broadband users. Techniques that will most
likely make 4G reality are MIMO, OFDM MIMO system will deliver multimedia services
(VolP, video, Internet) at high speed (100 Mbps or more) over end-to-end IP network
infrastructure and it will enable seamless handoff between mobile wireless WAN and fixed
wireless LAN [2].

1.3 Capacity of MIMO System

H.Foschini et al. [12] analyzed the information-theoretic capacity of a multiple-antenna point
to point wireless system in a narrow-band Rayleigh fading environment. They assume
independent and identically distributed (i.i.d.) fading at different antenna elements, and
assume that the transmitter does not know the channel while the receiver is able to track the
channel perfectly. With T transmitting and R receiving antennas, the system is described by

Y =\/§Hx+n (1.1)

where Es is the total energy available at the transmitter, Y is the R X 1 vector of signals

the matrix equation

received on the R antennas, X is the T X 1 vector of signals transmitted on the T transmit
antennas, n is the R X 1 noise vector consisting of independent complex Gaussian distributed
elements with zero mean and variance g2, and H is the RX T channel matrix with
components modeled as i.i.d. zero mean unit variance circularly symmetric complex

Gaussian random variables (ZMCSCG). The capacity for this system is shown to be
C = Ey{log,det(I; + %HHH)} (1.2)

With p = =5

g

Where Ey{.} denote the expectation over H, and the operator H indicates the hermitian of the
matrix H.Foschini et al. [12] have been shown that the capacity C grows linearly with
min(T,R) for a given fixed transmitted power and bandwidth. In other words, without
increasing the transmit power or bandwidth the capacity of the wireless channel can be
increased by simply increasing the number of transmitter and receiver antennas. This is an

enormous improvement compared to a logarithmic increase in more traditional systems



utilizing receiver diversity or no diversity. While the linear growth of capacity with the
min(T, R) is indicative of the tremendous potential of multiple antenna systems, the result is
limited in scope by the assumptions it makes. The true benefits of multiple antennas depend
on how well these assumptions hold up in practice and, if the assumptions are not realistic,
then what capacity benefits of multiple-antenna systems are possible under more realistic
assumptions. The performance estimation of a MIMO system under spatially correlated

fading characterizes by two parameter the Rician factor and correlation parameter [15].

1.4 Capacity of MIMO Systems under the Rician Fading Channels

The use of antenna arrays at both sides of the wireless communication link can result in high
channel capacity provided the propagation medium is highly scattered and uncorrelated
fading is there. Consider a single user MIMO system that has T and R number of antennas at
the transmitter and receiver, respectively. It has been shown that, for a given fixed average
transmitter power and bandwidth, if the fading between pairs of transmit-receive antenna
elements are independent and identically distributed (i.i.d) Rayleigh, the average channel
capacity increases linearly with m = min (T, R)[12]. This large capacity growth occurs
even if the transmitter has no channel knowledge. Logarithmic increase has been achieved in
MIMO system as compared to traditional systems utilizing receive diversity or no diversity.
While the linear growth of capacity with in MIMO due to ‘m’ is indicative of the tremendous
potential of multiple antenna systems, the result is limited in scope by the assumptions it
made. Most of the research effort has been focused on i.i.d Rayleigh channels. However, in
real world propagation environment, the fading is not independent due, to insufficient
spacing between antenna elements. It has been shown [13],[14] that correlated fading reduces
the channel capacity. Secondly, there is a possibility that the line-of-sight (LOS) component
may exist in addition to scattered component, then; the fading will follow the Rician

distribution.

1.4.1 MIMO Channel model and fading due to Rician fading

Consider a single user MIMO system with T antennas at the transmitter and R antennas at the
receiver. For simplicity we consider only frequency flat fading; i.e., the fading is not
frequency selective. The transmitted signal in each symbol period is represented by a T x 1

column matrixS, where it"* component S;, refers to the transmitted signal from antenna i. The



channel H is described by a R x T complex matrix where the ijt* component of the
matrix H, denoted by h;;, is the channel response between the jt" transmit antenna and the
it" receive antenna. The additive white Gaussian noise vector n at the receiver is described

bya R X 1 column matrix . Thus, the system is described by the matrix equation [16].

Y = \/%HX +n (1.3)

And the channel matrix, H can be denoted as shown below

~

By . Wy
e : g 3
\lzR:1 ]ZRI' »
In the Rician fading the elements of H are non-zero mean complex Gaussians. Hence we can
express in matrix notation H [17]
H = aH®" + bH*¢ (1.5)
Where the specular and scattered components of H are denoted by superscripts, a > 0, b>0

and a? + b? = 1. H5P is a matrix of unit entries denoted as H; . If there is no correlation at the

transmitter or at the receiver side then the entries of H*¢ are independent and identically
distributed (i.i.d) complex Gaussian random variables with zero mean and unit magnitude
variance, usually denoted by H,,. If there is correlated fading then the H°¢ matrix can be

modeled as [18].

1/2 1/2
Hs = RY*H, R}/ (1.6)

Where R, and R, are the correlation matrix at the transmitter and at the receiver side,

respectively. The correlation matrix R is defined by exponential correlation model [13].

1.4.2 Determination of MIMO Capacity for Channel unknown at Transmitter

Channel knowledge acquiring at the transmitter is very difficult in practical systems. In
general the channel is assumed perfectly known to the receiver where the channel state
information at the transmitter is available or not. Furthermore, ergodic block fading channel
model where the channel remains constant over a block of consecutive symbols, and changes

in an independent fashion across blocks. The average SNR at each of the receive antennas is

8



given by Eg /a2 , where E; is the power of the transmitted signal and o is the power spectral
density of the noise. In fading channel two types capacity has been described: ergodic
capacity and outage capacity [12],[16].

Ergodic Capacity: This is the time-averaged capacity of a stochastic channel. It is found by
taking the mean of the capacity values obtained from a number of independent channel
realizations.

Outage Capacity: The q% outage capacity Co,,; 4 is defined as the capacity that is guaranteed

for (100 - q)% of the channel realizations, i.e.

(P(C < Cout,q) =q% (1.7)
The MIMO channel capacity with p=Es/a? [12],[14]
C = Ey{log,det(l,, + §W)} (1.8)

Where Ey {.} denote the expectation over H, m = min (Ty, Ry), I, IS the m x m identity
matrix, p is the average signal-to-noise ratio (SNR) per receive antenna, and the m X m
matrix W is given by

HH®, R, <T,
HYH, T, <R,

Where the operator H¥ indicates the hermitian of the matrix H. Using singular value

W = { (1.9)

decomposition (SVD), equation 1.8 can be re written as
C = Ey{Z{ logs (I + - 1)} (1.10)

Where (k < m) is the rank of H, and A;(i = 1,2, ...... ,k) denotes the positive

eigenvalues of W.

1.5 Multi-Hop Amplify and Forward MIMO System Mutual Information

In Multi-Hop Relay Networks a network have been considered where the source cannot
reach the destination via a direct link. Wireless relaying networks have recently been given
considerable attention due to their many advantages. Apart from increasing the range,
relaying networks can also achieve better diversity by using cooperative transmission from
the source and relays terminals [19]. The relaying terminals forward the information from the
source to the destination mainly using the two well-known methods: Amplify Forward and

Delay Forward. MIMO relays aim to provide improved system capacity, increases in range



and better diversity as traditional communication system. The source signal propagates
through multiple layers of relays and the propagation paths are assumed to have equal
lengths. Using large random matrix theory the ergodic capacity results of some particular
relaying schemes have been established for large networks [20]. Recently, the study has been
extended to multiple layers of relays and with multiple source-destination pairs. The scaling
of capacity for relay channel is N/2 log K with single source and destination. In this chapter
AF MIMO relay channel without line of sight (LOS) path between source and destination is
considered. Large networks have shown increase in ergodic capacity by using large random
matrix theory. The main concern is to calculate the mean of Ml of channel. In most case the
Capacity calculation have been done on the basis of deterministic Eigen value decomposition
using log det-formula. The analytical expression of mutual information MIMO relay channel

inspired by M1 of single hop MIMO relay channel under statistical channel state information.

1.5.1 MUTUAL INFORMATION FOR CHANNEL
In this thesis work the two-hop MIMO relay channel is considered having a source, a relay
and a destination terminal equipped with Mg, M, and M; numbers of antennas. The whole
process of transmission is implemented in two phases. In first phase source terminal transmit
a vector signal to relay this is single hop and in second phase relay terminal transmit the
received vector signal after modifying the parameter to destination terminal that is second
hop. First phase channel matrix is represented by H, € ¢"* s and the second phase channel
matrix represented by the H, € ¢"¢*™r and the forward matrix of relay channel represented
by G € ¢"r* M The received signal at the Relay terminal (Y,) and destination terminal(Y;) is
given by

Yo = HoX +n, (1.12)

Yl - HlGYO + Tll (112)

Where ny and n, are the relay and destination noise vector. The X € ¢MS IS a transmitted
vector with zero mean and covariance E[xX] = p/n and the noise at relay and destination
assumed to be additive white Gaussian with unit variance. The resultant output can be written

as
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Where H, and H; will be assumed to be zero mean circulate symmetric complex Gaussian

random variable with covariance matrix as defined under statically CSI by Kronecker model

[21] and G = P/, is forward matrix where B overall power gain of relay channel that

depend on the distance and path loss between source and relay terminal.
H = RY?*wW, T,Y? for1=01 (1.14)

Where W;denote the channel matrix with i.i.d complex Gaussian random entries. The
R, € ¢"*Mand T, € ¢™* ™ are the receiver and transmitter spatial correlation matrix. If H,
is perfectly known at the destination terminal then the mutual information between X and
Y will be given by

1(X,Y) = log (det (I + i— HH,T + ﬁi HyH,H, T H, )) —log (det (1 + £ 11t ))(.15)

ne ng
For the simulation H; and I are generated using random variable.

1.6 MIMO Detection Technique

There are numerous detection techniques available with combination of linear and non-linear
detectors; the generalized block diagram of MIMO detection technique is shown in Figure
1.5. The most common detection techniques are ZF, MMSE and ML detection technique

[22]. These detectors were compared using different antenna configurations and modulation

techniques.
Input data | Transmitiing Ch | Receiving Equalizer To detector
——1  filier Cﬂ[l‘p}t filer = Getfy [
Gl Gl f) )
Muxise
it}

Figure 1.5. Block Diagram of System with Equalizer
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1.6.1 Zero Forcing (ZF)

The ZF is a linear estimation technique, which inverse the frequency response of received
signal, the inverse is taken for the restoration of signal after the channel. The estimation of
strongest transmitted signal is obtained by nulling out the weaker transmit signal. The
strongest signal has been subtracted from received signal and proceeds to decode strong
signal from the remaining transmitted signal [23]. ZF equalizer ignores the additive noise and
may significantly amplify noise for channel. The major advantages of ZF linear equalizer is
that it simply eliminates ISI by forcing the overall pulse, which is the convolution of the
channel and the equalizer to make a unit-impulse response. Although the noise power and
covariance function does not need to be estimated in ZF even than its perform poor than that
of ML [24],[25]. It is because ZF equalizer will further enhance the noise in channel where
already deep fading is affecting the channel, which degrades its performance than ML. For a
channel with frequency response C(f) the zero forcing equalizer E(f ) is constructed by
combining the equalizer and channel which gives a flat frequency and linear phase if and
only if C(f) X E(f) = 1. The channel response is H(s) then the input signal is multiplied by
the reciprocal of H(s). The basic Zero force equalizer of 2x2 MIMO channel can be modeled

by taking received signal y; during first slot at receiver antenna as:

Y1 = h1,1x1 + h1,2X2 + ng = [h1,1 h1,2] [2] +ny (1.16)
The received signal y, at the second slot receiver antenna is:

Y2 = hyixy + hyoxy + ny = [hz,l hz,z] [i;] +n; (1.17)

Where i = 1,2 in x; is the transmitted symbol and i = 1,2 and j = 1,2 in h;; is correlated
matrix of fading channel, with j represented transmitted antenna and i represented receiver
antenna, n, and n, is the noise of first and second receiver antenna. Equivalently, the ZF

equalizer is given by the pseudo inverse [26] of H, i.e.
WZF = (HHH)_lHH (118)

Where W, is equalization matrix and H is a channel matrix. ZF detector will produce

favorable result only if W,zX H = 1 conditionis satisfied, and diagonal element of pseudo
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inverse matrix should not be zero. Assuming M, > My and H has full rank, the result of ZF

equalization before quantization is written as
yzr = (H'H)T'H" y (1.19)

1.6.2 Maximum Likelihood (ML)
The Maximum Likelihood (ML) detection is a scheme well known to be very robust and well
suited for practical implementation whereas linear receiver suffers from numerical
complexity [26]. ML detector is the optimal receiver in terms of bit error rate (detector
performance) but it is a nonlinear detector with a high complexity. The ML detection rule is
given by

R = argmin|y — H7x;|? (1.20)

Where element of R are optimized variable and |y — Hx;|? is objective function. After

minimized R are, we get

! hi h1,2] [75\1 ’
R N | yZ] h2,1 hz’z E.C\Z (121)

In case of BPSK, the possible value of xjand %3 is +1 or -1, to find the minima from the all
combination of & ,andZ ,. The estimation of the transmitted symbol is done on the basis of

the following values

e [h11 Ry [+17 2
R+1,+1 B -yZ- _hz'l hz'z_ -+1- (1l22)

a1 [ haz] 41 2
Rir-1=|ly, ] lhy 1 hyall—11 (1.23)

|y [P b2 -1 2
Rva1 =y, lhy 1 hyo) L411 (1.24)

R i [Ma haz] -1 ? 195
-1 1> ] -h2,1 hZ,Z. | — 1 ( . )
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The estimate of the transmit symbol is chosen based on the minimum value from the above
fOUf Va|UeS Wlth R+1’+1 =>> [1 1] ,R+1’_1 => [1 O], R_1‘+1 => [O 1] and R—l,—l =>>
[0 0].

1.6.3 Minimum Mean Square Error-Estimator (MMSE)

Minimum mean square error equalizer minimizes the mean —square error between the output
of the equalizer and the transmitted symbol, which is a stochastic gradient algorithm with
low complexity. Unlike a ZF equalizer, an MMSE equalizer maximizes the signal—to-
distortion ratio by penalizing both residual ISI and noise enhancement. Instead of removing
ISI completely, an MMSE equalizer allows some residual ISI to minimize the overall
distortion. Compared with a ZF equalizer, an MMSE equalizer is much more robust in
presence of deepest channel nulls and noise. Most of the finite tap equalizers are designed to
minimize the mean square error performance metric but MMSE directly minimizes the bit
error rate. The channel model for MMSE is same as ZF [27],[28]. The MMSE equalization is

min
Wymse = arg. G Eyxnlllx — x"|%] (1.26)
By using orthogonality principle the Wyusg IS Written as
-1
Wumse = Ex,n[xyH](Ex,n[yyH]) = HH(HHH + noln)_1 (1-27)
1 -1
Wiss = H" {n, (= HH" + L)}~ Ly = HY (HH¥ + 1, 1,)™  (1.28)
Where Wy, s 1S equalization matrix, H channel correlated matrix and n is channel noise.

yumse = HY (HH? +n, )™t y (1.29)

From the equation 1.29 it has been shown that only factor n,1,, is found to be additional than
that of ZF in MMSE. This factor is the instrumental force in improving the performance of

MMSE equalizer over ZF equalizer.
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1.7 Objectives of Thesis
Primary objectives of this thesis are:
% To study and simulate the MIMO System Capacity and Bit Error Rate.
% To study and analyse the performance of Capacity gain of MIMO system in
correlation Rician fading.
% To optimize the Mutual information of MIMO system improves by Amplify and
Forward techniques.
% To study and analyse the impact of Bit Error Rate of MIMO system by linear and

non-linear detection techniques and compare it with IEEE802.11n standard protocol.

1.8 Methodology of Thesis

In this thesis, the overview of MIMO system as well as the capacity and bit-error-rate has
been thoroughly investigated. Further, the techniques have been described with mathematical
modelling and closed form expressions of mutual cumulant of Mutual Information for
Rayleigh Channels then the Capacity for Rician channels has been described. Capacity under
Rayleigh fading channel has been experimentally computed using Amplify and Forward
technique, cumulant function of Mutual Information of MIMO over Rayleigh channels have
been presented by using integral identity and replica method. Then linear and non-linear
detection based techniques are utilized for calculating and analysis of bit error rate. Finally
the result obtained from above technique for BER has been compared with IEEE802.11n

standard protocol as benchmark.

1.9 Organization of Thesis

The thesis is organized into six chapters. Chapter 1: introduces the MIMO system MI and
BER introduction with fading channel. It provides a brief background into methods used
throughout the thesis (MIMO models, ML, MMSE and ZF detection technique). Chapter 2:
discusses the literature survey of MIMO channel with MI and BER. In Chapter 3.The
overview of MIMO system model has been discussed. Chapter 4: discusses the analysis and
simulation of MIMO Mutual information with cumulant function under Rayleigh fading and
Capacity for correlated Rician fading channel. Chapter 5: discusses the analysis and
simulation of bit-error-rate for MIMO (BPSK) using linear and non-linear detection

technique. Chapter 6: provides a Conclusion and gives recommendations for future study.
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CHAPTER 2

Literature Survey

Literature Review:
2.1 MIMO Capacity
H. Foschini et al. [12] and Teletar [14] had done intense research in the area of MIMO

systems.

H.Foschini et al. [12] analyzed the information-theoretic capacity of a multiple-antenna point
to point wireless system in a narrow-band slowly Rayleigh-fading environment. They assume
independent and identically distributed (i.i.d.) fading at different antenna elements with T

transmit and R receiver antennas; the system is described by the matrix equation

Y = EHX +n (2.1)

Where Hp, x + channel matrix with components is modeled as i.i.d zero mean unit variance
circularly symmetric complex Gaussian random variables (ZMCSCG). The capacity for this
system is shown to be

C = Ey{log,det(I,, + ZHH™)} (2.2)
The matrix H solved using singular value decomposition (SVD), can be given as

C = Ey{Xf log, (Im +22,)} (2.3)
Where k,(k < m) therank of H and A; (i = 1,2, ...... k) denotes the positive eigenvalues
of H x HH. Foschini and Gans shown that the capacity C grows linearly with min(T, R) for
a given fixed transmitter power and bandwidth. In other words, without increasing the
transmitted power or bandwidth the capacity of the wireless channel can be increased by
simply increasing the number of transmitter and receiver antennas. This is an enormous
improvement compared to a logarithmic increase in more traditional systems utilizing
receiver diversity or no diversity.
The channel state information is available only at the receiver and transmitter shown that for

i.i.d slowly Rayleigh fading channels with T transmitter and R receiver antennas,
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e Capacity C grows linearly with min(T, R) for a given fixed transmitter power and
bandwidth.
e For T =1, Capacity increases logarithmically with the increase in the number of
receive antennas R.
e For R =1, Capacity does not increase at all with the increase in the number of
transmitting antenna T.
Teletar et al. [14] proposed that when the channel parameters are known at the transmitter,
i.e., if the channel state information (CSI) is available at the transmitter, the capacity given
by (2.4) can be increased by assigning the transmitted power to various antennas according to
the “water-filling” algorithm.
C = Ey{Xi; loga(ud)} (2.4)

Where p is chosen to satisfy:

C= EH{Z?:l(H — )7 (2.5)
and ‘+’ denotes only those terms has been considered which are positive.

The effects of fading correlations in multi-element antenna (MEA) communication systems
have been investigated by Da-Shan et al. [18]. They characterize the fading correlation for
narrow band Rayleigh fading. They modeled correlated fading using one-ring scattering

model as

vec(H) = R%vec(Hw) (2.6)
Where vec(H) is the vector form of the H matrix and R = cov(vec(H)) and H, represents
independent and identically distributed (i.i.d) Rayleigh fading channel. They have shown
that the effective degree of freedom i.e., the number of independent paths reduces as the

correlation increases thus leading to the reduction in the system capacity.

While Da-Shan et al. [18] contribution provides a useful insight; the results are limited to the
case of one end (i.e., either transmitter or receiver) correlation only. Analysis accounts for
both transmitter and receiver correlations using the eigenvalue decomposition technique, and

modeled the MIMO correlated fading as
Heorr = er/sz Rtl/z 2.7)
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Where R; and R, are the correlation matrix at the transmitter and at the receiver side,

respectively given by[13]

The MIMO channel capacity in correlated channels using the uniform and exponential
correlation matrix model has been investigated by Lokya et al. [29]. Using uniform

correlation matrix model, the correlation matrix R is defined as.

_(r, i #F]
s={ri2) =1 (28)
While using exponential correlation matrix model, the correlation matrix R is defined as
ri7l i<
= <

Where r is the correlated fading parameter between any two adjacent antennas, and ‘*’
denotes the complex conjugate. Using the Jensen’s inequality and approximations the
capacity of n x n MIMO Rayleigh fading channel in the presence of correlation has found
out to be
C ~n-logy(1+2(1—[r|?) (2.10)
Then two models were configured and shown that the exponential model predicts better
MIMO performance. The other findings were as follows
e As the correlation increases, the capacity decreases. In other words, the
increase in correlation is equivalent to the decrease in SNR.
e For the exponential correlation model, the MIMO capacity decrease
significantly for r > 0.6 which is in accordance with the measurement of
MIMO channels.

Farrokh et al. [30] modeled the Rician fading channel as
H = aH®? + bH"*¢ (2.11)

Where the specular and scattered components of H are denoted by superscripts, a > 0, b >0

and a®> + b? = 1. The Rician factor, K is defined as a’/b® Thus, the above H matrix can be

1 ’ K
H = 1+_KHS+ 1+_KHd (2.12)
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The upper bound on the average Rician channel capacity for n x n MIMO system with CSI
available at the receiver only was derived by Ayadi’s et al. [31]. Ayadi represented that a
limit of this capacity is given by the sum of the capacities corresponding to the LOS and

Rayleigh components when they are considered separately. The upper bound is given as

CRk = CLos+CRay (2.13)
Where

Cros = log, {det | (1, + () a?Hy05" Hyos] } (2.14)

Cray = log, {det|(1, + (£) a®Hray " Hray |} (2.15)

Two cases have been considered, one when the antenna elements are uncorrelated and the
other when they are perfectly correlated. It has been found that:
e Average upper bound on the Rician channel capacity is almost achieved for small
values of SNR.
e For low values of Rician factor, the average upper bound seems to be less tight than
the one obtained in the case of high values of Rician factor.

A brief overview of MIMO wireless technology covering channel models, capacity, coding,
receiver design, performance limits has been presented by A. J. Paulraj et al. [32]. Space time
code and receiver design with particular focus on iterative decoding and sphere decoding
allowing low complexity implementation. The system design implications of fundamental
performance tradeoffs (such as rate versus PER versus SNR) is required for better
understanding. If the product of bandwidth (hertz) and spectral efficiency (measured in bits
per second per hertz) is equal to 109 then the data rate up to 1-Gb/s with a single-transmit
single-receive antenna wireless system was achieved by A. J. Paulraj et al. [32].

Different metrics should be applied if the underlying MIMO channel supports predominantly
beam forming, spatial multiplexing or diversity. The number of envisaged antennas plays an
important role. A good channel model is a model that renders correctly the relevant aspects
of the MIMO system to be deployed. If no specific channel property is in focus, a good
MIMO channel model reflects the spatial structure of the channel in general, that determines

the benefits of MIMO. In an indoor environment, Huseyin et al. [33] assessed the analytical
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MIMO models by three different metrics, viz. double directional angular power spectrum,
average mutual information, and the Diversity Measure. The Weichselberger model performs
best with respect to the analyzed metrics, even though it is inaccurate for joint angular power
spectrum (APS) and Diversity Measure in case of large antenna numbers and the Kronecker

model applicable for limited numbers of antennas.

The minimum energy per information bit is the same for both channels while their wideband
slopes differs significantly. The interference degrades the capacity by increasing the required
minimum energy per information bit and reducing the wideband slope. Exact expressions for
the minimum energy per information bit Ez /Ny, and for both channels wideband slope S,
were derived by Caijun Zhong et al. [34], which provide a much efficient way to evaluate the
ergodic capacity of the system at low SNR as compared to the Monte-Carlo simulation
method. For both MIMO Rician fading and Rayleigh-product channels interference degrades
the capacity performance by increasing Eg/Nymin and reducing S,. The capacity of MIMO
systems with N, receiving antennas in the presence of a single interferer is no worse than that
of MIMO systems with N, —1 receiving antennas in interference-free environment,
regardless of the interference power level for MIMO Rician channels the structure of mean
matrix and Rician factor k will affect the ergodic capacity. In the MISO case high value of k
does not necessarily lead to an improvement on the capacity. In fact the Rician factor k
which affects the capacity is closely related to the interference level p; . In the presence of a
single interferer, the capacity of MIMO Rayleigh-product channels upper bounded by the
capacity of a MIMO Rayleigh fading channel with the same number of transmit and receive

antennas.

2.2 Amplify-Forward MIMO Mutual Information

The ergodic mutual information is a representative figure for ergodic channels but it is
insufficient to properly describe the capacity versus outage tradeoff in non-ergodic systems.
E. Riegler et al. [35] analyzed that the mutual information probability distribution approaches
the Gaussian distribution asymptotically (as the number of transmit, interfering, and receive

antennas grow large, with their ratios approaching finite constants).

20



MIMO can effectively increase channel capacity without aggrandize the transmitting power
or signal bandwidth (higher spectral efficiency) by using uniform angular distribution and the
correlation matrix. The general capacity formula suggested that the augment of correlation
can contribute to the decrease of SNR, and the radius of circular receive antenna array or
angle spread is the dominating factor for determining channel capacity. The capacity of
MIMO system channel mainly depends on the correlation between its sub-channels. When
the correlation parameter is zero, the capacity of channel in MIMO system reaches its
maximum value. Z. Xinyu et al. [36] analyze the capacity of the channel in MIMO system
through the uniform angular energy distribution and correlation matrix that give the higher
value of correlation between the channels and the smaller value of SNR. The expansion of
radius and angle of the receiving antenna array is the key point of capacity of channel in
MIMO system.

B. Holter [17] analyzed that MIMO systems channel and found that MIMO offer a
significant capacity gain over a traditional single-input single-output (SISO) channel. There
is a linear increase in spectral efficiency compared to a logarithmic increase in more
traditional systems which utilizing receiver diversity or no diversity. The high spectral
efficiencies attained by a MIMO system are enabled in a rich scattering environment, the
signals from each individual transmitter appear highly uncorrelated at each of the receive
antennas. When the transmitted signals are conveyed through uncorrelated channels through
the transmitter and receiver, the signals corresponding to each of the individual transmit
antennas have attained different spatial signatures. The receiver can use these differences in
spatial signature simultaneously and at the same frequency separate the signals that

originated from different transmit antennas.

In MIMO systems, it is difficult to gain the ideal ergodic capacity for the time-varying fading
channels except using adaptive modulation and power water-filling in space domains over
every MIMO sub-channel. A novel improved Rate Quantization (IRQ) algorithm using
water-filling theory for power allocation and adaptive modulation is proposed with low
complexity to analyze the capacity by L. Ren et al. [37]. High transmit power utilization and
greater spectral efficiency was obtained by using IRQ. Under average transmit power

constraint, The novel IRQ algorithm for water-filling proposed by L. Ren et al. [37] transmit
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power among multiple transmit antennas, and use low complexity rate quantization scheme
for adaptive QAM modulation and mobile cellular communication system to avoid the m-

channel interference to a certain extent.

G. Taricco et al. [38] provided an asymptotic method to derive a very good approximation to
the ergodic capacity of a MIMO communication system that was affected by additive noise,
interference, Rician fading and spatial correlation (Kronecker model). The ergodic capacity
are highly suboptimal if the interference power level is relatively high compared to the signal
power level. The main reasons for the difficulty in analyzing MIMO system is the large
number of parameters involved, which can affect the system performance in an unpredictable
way. Therefore, the proposed algorithms to calculate the mutual information and the capacity
give a valuable tool for the MIMO system design and pave the way to parameter

optimization in the complex distributed MIMO environment.

For multiple-antenna arrays communication systems, it is important to analyze the capacities
of such systems in realistic situations, which may include spatially correlated channels and
correlated noise, as well as correlated interferers with known channel at the receiver, here A.
L. Moustakas et al. [39] provided analytic expressions for the statistics, i.e. the moments of
the distribution, of the mutual information of multiple-antenna systems with arbitrary
correlations, interferers and noise. The analytic approach provides the framework and a
simple tool to accurately analyze the statistics of throughput for even small arrays in the
presence of arbitrary channel and noise correlations as well as interferers with known
channel at the receiver. It can be used in multiuser detection and dirty paper coding, where at

each stage of detection the un-decoded users are treated as interferers.

S. Jin et al. [40] derive an expression for the exact ergodic capacity, closed-form expressions
for the high SNR regime, and tight closed-form upper and lower bounds. The results are
made possible by employing recent tools from finite-dimensional random matrix theory,
which are used to derive new closed-form expressions for various statistical properties of the
equivalent AF MIMO dual-hop relay channel, such as the distribution of an unordered

eigenvalue and certain random determinant properties. The analytical results were made
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possible by first employing random matrix theory techniques to derive new expressions for

the probability density function of an unordered eigenvalue.

The Cumulant of the mutual information of the flat Rayleigh fading amplify-and-forward
MIMO relay channel without direct link between source and destination are derived by A.
Wittneben et al. [39] for large array limit. Replica trick use for analysis that covers both
spatially independent and correlated fading in the first and the second hop, while beam
forming at all terminals is restricted to deterministic weight matrix. In case of ordinary point-
to-point MIMO channels, the observation result shown that all cumulant moments of order
larger than two vanish as the antenna array sizes grow large and concluded that the respective

mutual information is Gaussian distributed.

A new AF relaying scheme has been developed by F. Youhua et al. [41] under a total relay
power constraint with the objective of maximizing the information rate of two-hop MIMO
networks. The constrained optimization problem is in general not convex so that arithmetic
means inequality leading to a nearly optimal relaying solution. Owing to the cooperative
allocation of the total relay power, the proposed relaying scheme has a much better spectral
efficiency than some of the existing methods when the relay power is moderate to high as
confirmed by Monte-Carlo simulations.

The relay channel is a basic model for multiuser communications in wireless networks.
Loosely speaking, parameter captures the cooperation between the source node and the relay
node and leads to solving the maximization problem using convex programming. It is
somewhat surprising that the upper bound can meet the lower bound under certain
conditions. In particular case for identify sufficient conditions to achieve the ergodic capacity
when all nodes have the same number of antennas, B. Wang et al. [42] analyzed that this can
be achieved by using the source node and relay node as a function of virtual transmit antenna

array when the relay node is located close to the source node.

S. Jin et al. [43] gives new closed-form upper and lower bounds that present the ergodic
capacity of dual-hop AF MIMO relay channels under the assumption that CSI is available
only at the destination terminal but not for the exact characterization of ergodic capacity on

the relays or the source terminal. The analytical results were made possible by first

23



employing random matrix theory techniques to derive new expressions for the probability
density function of an unordered eigenvalue, as well as random determinant results for

certain product of finite-dimensional independent complex Gaussian matrix.

The multiuser multi-hop MIMO relay communication systems with correlated MIMO fading
channels have been taken into the consideration for the practical scenario shown by Y. Rong
et al. [44]. The channel fading is fast and thus the instantaneous channel state information
(CSI) is only available at the destination node, but unknown at all users and all relay nodes
The structure of the optimal user pre-coding matrix and relay amplifying matrix is the main
concern that maximizes the users-destination ergodic mutual information. Compared with
existing works multiuser scenario MIMO relays with a finite dimension with noise vector at

each relay node take into account.

N. Rajatheva et al. [45] investigated the performance of MIMO AF relay network over
asymmetric Rayleigh and Rician channels. By considering general correlation matrix
structure they derived the closed form expressions and analyzed the system in high SNR. The
results shown that antenna correlation degrades the performance; however it does not affect
the diversity gain. Moreover, results can be effectively used to quantify the performance loss
due to antenna correlation of a relay network with asymmetric Rayleigh and Rician fading

environment.

The performance of multi-antenna Amplify-and-Forward (AF) relays for a future cellular
system where the destination and the source form a MIMO system analyzed by two
scenarios, 1% the multi-relay scenario i.e. distributed relays in which each terminal equipped
with multiple antenna. 2" one-relay scenario i.e. a single relay in a sector where each relay is
equipped with at least one antenna. The optimal filter coefficients applied at the relays are
derived and recommended for both cases by M. Qingyu et al. [46]. The throughput of the
single link showing the AF relay matched filter based performs best in the multi-relay
scenario. On other hand the relay based singular value decomposition (SVD) is more suitable

for the one-relay scenario.

The practical scenario for multiuser multi-hop multiple-input multiple-output (MIMO) relay

systems with correlated MIMO fading channels considered where the channel fading is fast
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and thus the instantaneous channel state information (CSI) is only available at the destination
node, but unknown at all users and all relay nodes. Y. Rong et al. [47] derive the structure of
the optimal user pre-coding matrix and relay amplifying matrix that maximizes the users-
destination mutual information. The optimal structure of user pre-coding matrix and relay
amplifying matrix has been proposed to optimize the mutual information of multiuser multi-
hop MIMO relay system. The proposed power loading algorithm only has a small
performance degradation compared with the optimal user and relay design using the
instantaneous CSlI, but greatly reduced computational complexity and signaling overhead.

2.3 Signal Detection in MIMO System

R. D. Murch et al. [26] analyzed the performance of MLD over flat fading channels in a
wireless MIMO antenna system. A tight union bound with an asymptotic form on the
probability of SER for MIMO MLD systems with two-dimensional signal constellations has
been introduced. Using this analytic bound, performance of the MIMO antenna system is
demonstrated quantitatively with respect to channel estimation, constellation size, and
antenna configuration. It is shown that a very high data rate can be achieved with little SNR
penalty when the number of receive antennas becomes large then the diversity order of MLD

is equal to number of receiver antennas.

In the presence of multipath fading the problem of blind estimation of multiple digital
communication channels using an antenna array is studied. A fast sequential-estimation
algorithm for separating multiuser signals based on the geometric observation develop by M.
Torlak et al. [24].When the signals are constrained to a finite alphabet then visualization of
geometric problem can be exploited to sequentially extract the digital communication
channel. The data processed with known pseudo-inverse processing (ZF). One of the well-

known disadvantages of a zero-forcing equalizer is that it enhances the noise.

The comparative study of Detection algorithms for single user wireless communication using
multiple antennas at both the transmitter and receiver in a Rayleigh fading environment has
been discussed using the MMSE detector and its BLAST versions. The system includes N
transmitting antenna and M receiving antennas (N < M). The effects of coding and error
propagation on algorithm performance are investigated for BPSK and QAM modulation
scheme. Z. Catherine et al. [27] analyzed that if no coding is implemented, the performance
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of the MMSE detector be improved by implementing its D-BLAST version and further
improved by implementing its V-BLAST version. If repetition coding used, the BER versus
SNR performance of the MMSE detector is better than of its BLAST versions.

The performance of the MIMO systems using zero-forcing (ZF) detectors is studied over a
Rician fading channel. Wishart distribution is used to derive the bit error rate (BER) of the
system. A closed-form expression of BER is derived by Xu Rongtao et al. [48]. They
conclude that the performance of the MIMO system over a Rician fading channel degrades

compared to that over a Rayleigh fading channel.

A new orthogonal coded Multi-Input-Multi-Output (MIMO) system using Walsh codes is
proposed for Spatial Multiplexing system that offers equivalent bit error rate performance as
compared to the conventional un-coded MIMO system, while increasing data transmission
rate by two folds. A ML detector offers high computational complexity; the linear zero
forcing (ZF) and minimum mean square error (MMSE) detectors have been presented for
comparative study. I. T. Tasneem et al. [49] proposed that the system offers promising results
as compared to the conventional MIMO system. Optimal ML, Linear ZF and MMSE
detectors for the proposed WC-MIMO system were compared with the encoded MIMO
detectors and shown that the data rate of the proposed WC-MIMO system increase while

keeping the BER at par with the existing MIMO system.

X. Zhang et al. [28] present that employing multiple antennas at both the transmitter and
receiver ends offers a promising channel capacity. Equalizers that can deliver better
theoretical capacity performance usually incur higher implementation cost. The fact that ZF
filters incur much simpler implementation than MMSE that’s why ZF equalizer represents a
very promising and feasible design tradeoff between performance and cost. It is worth noting
that the tradeoff will become more important with the presence of ISI since the

implementation cost will become more expensive.

ZF detection is a simple and effective technique for retrieving multiple transmitted data
streams at the receiver in MIMO wireless antenna systems. However the detection requires
accurate channel state information (CSI) which may not be available in practice. C. Wang et

al. [25] demonstrated that the impact of imperfect CSI on the performance of MIMO ZF
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receiver over uncorrelated Rayleigh flat fading channel is analytically assessed, also the tight
approximation of the post processing SNR distribution is derived and system performance in

terms of outage probability and the BER of MPSK modulation is obtained in closed-form.

The necessary accuracy for channel estimation is to achieve the desired BER performance in
a MIMO channel under certain constraints like number of antennas, modulation and channel
estimation scheme. In Rician channels a LOS increases the capacity, while the BER is nearly
unaffected by the additional signal power. This is explained because the additional correlated
signal power from the LOS improves the best sub-channel and leaves the poorest sub-
channels which cause most of the bit errors nearly unchanged. E. Jorswieck et al. [50] have
shown that the estimation of the MIMO channel capacity is not affected by channel

estimation errors of the previously mentioned methods.

A detection algorithm for MIMO system with non-binary modulation scheme proposed by D.
Yuehua et al. [51]. The method is based on rectangular searching that restricts the searching
area to a certain rectangle when searching the candidate symbols for each symbol. It has
considerably reduced computational complexity compared to ML (Maximum Likelihood)
algorithm because only a small part of candidate constellation points are located in the
searching rectangle. Simulation results have shown that the BER performance of the

proposed method outperforms the ML (Maximum Likelihood) algorithm.

Combined multi-stage minimum mean-square error (MSMMSE-ML MUD) is applied in the
underdetermined MIMO systems communicating over Gaussian fading channels. For MIMO
system with M transmitting antennas, in multi stage detection first MMSE detection is
operated for the first (M-T) users after that ML detection is executed for the last T users,
where the parameter T is adopted to adjust the detection complexity of the last users.
Simulation results show that the proposed method has a higher BER performance than the
MS- MMSE operated in the system. K. Liu et al. [52] analyzed that it is better to use
additional computation of modified scheme as compared to improvement achieved in
performance. Therefore, the proposed scheme can be efficiently used for a practical
underdetermined MIMO receiver implementation to get better performance of system.
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CHAPTER 3
MIMO System

MIMO exploits multipath, traditionally a pitfall in wireless communications to enhance
rather than degrade the signal. MIMO systems consist of multiple transmitters and multiple
receivers; the statistical nature of wireless communications and its various forms of
appropriate description confronts in the case of MIMO systems with an even more difficult
problem. To be able to do a stringent analysis of MIMO systems and to make statements
about performance gains, adequate description of the underlying channel and its properties in
terms of fading, time variance, linearity and correlation are required. For MIMO systems to
be most effective, a rich multipath scattering environment is needed to create independent
propagation channels. It is the rich scattering in the propagation channel, which offers
multiple parallel sub channels at the same frequency, therefore giving higher capacities over
the same bandwidth An adequate description of a MIMO channel is a research area in itself
[16] and many publications have investigated the classification and description of MIMO

transmission phenomena and their impact on MIMO performance parameters.

TX 2 ]
Transmitter : Receiver
TX N,
\_ J e 7

Figure 3.1 N element MIMO systems
The Figure 3.1 above shows MIMO transmission system consisting of N transmitting
antennas and N receiving antennas. The channel ‘H’ is presumed to be a rich scattering
environment. MIMO uses the multi antenna spatial diversity at both ends of the link, treating

the multiplicity of the different scattering paths as separate parallel sub channels.
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This chapter explains the MIMO transmission model, its analogies to a real communications
environment, and the necessary assumptions to verify the choice of this representation.
Furthermore, statistical properties have been investigated of this model and derive necessary
properties for a basic information theoretic analysis of MIMO systems. In addition,

fundamental issues of mutual information and bit error rate have been explained.

3.1 MIMO Transmission

A point-to-point link has established on a single user communication model where the
transmitter is equipped with Nt antennas and the receiver employs Nr antennas, assuming
that no Inter-Symbol-Interference (ISI) occurs. This implies that the bandwidth of the
transmitted signal is very small and can be assumed flat frequency (narrowband assumption),
so that each signal path can be represented by a complex-valued gain factor. For practical
purposes, it is common to model the channel as flat frequency whenever the bandwidth of the
system is smaller than the inverse of the delay spread of the channel; hence in case of
wideband system operating where the delay spread is fairly small may sometimes be

considered as frequency flat.

b1b2b3b4b4b6 Channel H 010203b4b506
™ RX
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Figure 3.2 Data transmission in MIMO systems
The Figure 3.2 shown above demonstrates data transmission in MIMO system by using 6-bit

data stream. This data stream is broken down (de-multiplexed) into N equal rate data streams,

29



where N is the number of transmitting antennas considered here. All bits are transmitted at
the same time and at the same frequency, therefore they mix together in the channel. Each of
the receive antennas picks up all of the transmitted signals superimposed upon one another. If
the channel ‘H’ is a sufficiently rich scattering environment, each of the superimposed signals
will have propagated over slightly different paths and differ the spatial signatures. The spatial
signatures exist due to the spatial diversity at both ends of the link, and therefore create
independent propagation channels. Each transmit receive antenna pair can be treated as
parallel sub channels (i.e. a single-input single-output (SISO) channel). Since the data is
being transmitted over parallel channels, one channel for each antenna pair, this increases the

channel capacity in proportion to the number of transmitter-receiver pairs.

3.2 The MIMO Channel Correlation Matrix (H)

Since each of the receive antennas detects all of the transmitted signals, there are N, X N,
independent propagation paths, where N, and N, are transmitter and receiver antennas. This
allows the channel to be represented as a N, X N,, matrix. Each of the elements of the
channel matrix is an independent propagation path. Figure 3.1 and Figure 3.2 presents the
path from transmitter antenna ‘i’ to receiver antennas. The transmitted and received signal
can be represented as a vector.

Now let h ; ; be the complex-valued path gain from transmit antenna ‘j * to receive antenna ‘i’
(the fading coefficient). If at a certain time instant the complex-valued signals
(51,82, - -.... Spr) are transmitted via the n; antennas, respectively. Then the received signal

at antenna‘i’ can be expressed as
Yi = 2?21 hij+n; (3.1)

Where n; is representing additive noise. This linear relation can easily be written in a matrix
framework. Thus, let s be a vector of size ny containing the transmitted values, and y be a
vector of size ng containing the received values, respectively. Certainly, we have S € ("7

and y € (™R, The channel transfer matrix H[17] written as
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Further, this can be written as

y=Hs+n (3.2)
Where y is received vector, H is Channel Matrix, S is Transmitted signal vector and n is
noise.
The relation shown above denoting transmission of symbol over one symbol interval, it is
easily adapted to the case of several consecutive vectors {s;, sy, ... ... s; } transmission (here,
[ denotes the total number of symbol intervals used for transmission) over the channel.
Therefore, the transmitted vector, the received vector and the noise vectors of the matrix can

be written as

Y = [yl,y2 V3 e e .yi] n= [nl,nz‘n3 nl] s = [51 1S 53 e s ....si] (3.3)

The transmitted signals in the vector y are complex signals because of complex nature of H
and S in equation 3.2. The complex form in each of the elements in the vectors represents the
power of the signal and its phase delay. The complex form of the elements of the channel
matrix ‘H’ represents the attenuation and phase delay associated with propagation path. The

decoding of the received signal shown in the associated block transmission model will be

given by:

N - Nz Ry - Bp | Sa - Siz m --- g
: = 1= 8 e f = % s ] ¢ '
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3.3 Noise

After stating the general linear input-output relation of the MIMO channel under general

assumptions, the noise term of the transmission model (3.1) is elaborated here. In this thesis,
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the noise vectors n; will be assumed to be spatially white circular Gaussian random variables
with zero-mean and variance o> per real and imaginary component. Thus,

n~Ne(o, 2051) (3.4)
Where N¢ stands for a complex-valued multivariate Gaussian probability density function.
Because we will need an exact definition of the complex-valued multivariate Gaussian
probability density function.
Let X € €M then the probability density function (pdf) fy (&) of X is given by

fx(€) = exp[—(f - .UX)HCX_l(E - #X)J (3.5)

Where C, = E{(§ — w,) (€ — p )"} denote the covariance of X, pyx = E{&} denotes the mean

1
det(rtCy)

vector of X and (.) stand for complex conjugate ( Hermitian transpose ). There are at least
two strong reasons for making the Gaussian assumption of the noise. First, Gaussian
distributions tend to yield mathematical expressions that are relatively easy to deal. Second, a
Gaussian distribution of a disturbance term can often be motivated via the central limit

theorem.

3.4. Fading Channel

The elements of the matrix H correspond to the complex valued channel gains between each
transmitter and receiver antenna. For the purpose of assessing and predicting the performance
of a communication system, it is necessary to postulate a statistical distribution of these
elements [13]. This is also true to some degree for the design of well performing receivers, in
the sense that knowledge of the statistical behavior of H could potentially be used to improve
the performance of receivers. Throughout this thesis, the elements of the channel matrix H
will be assumed as zero-mean complex-valued Gaussian random variables with unit variance.
This assumption is made to model the fading effects induced by scattering in the absence of

line-of-sight components. Consequently, the magnitudes of the channel gains h;; have a

Rayleigh distribution, or equivalently |h,i,j|2 are exponentially distributed [22]. The presence
of line-of-sight components can be modeled by letting h; ; have a Gaussian distribution with

a non-zero mean (this is also called Rician fading) [32].

The elements of H are statistically independent. Although this assumption again tends to
yield mathematical expressions that are easy to deal and allows the identification of
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fundamental performance limits, it is usually a rough approximation. In practice, the complex
path gains h; ; are correlated by an amount that depends on the propagation environment as
well as the polarization of the antenna elements and the spacing between antennas. The
channel correlation has a strong impact on the achievable system performance.

The fading itself will be modeled as block-fading, which means that the elements of H stay
constant during the transmission of L data vectors s (or equivalently: during the whole
transmission duration of s) and change independently to another realization for the next
block of L symbol periods. In practice, the duration L has to be shorter than the coherence
time of the channel, although in reality the channel path gains will change gradually.

3.5 MIMO Channel Power Distribution and SNR

The MIMO transmission model already investigated, now the focus is toward the transmitted
power. Furthermore, the signal-to-noise ratio (SNR) expression as a function at the receiver
have to be defined in terms of the already introduced quantities.

In the theoretical literature of MIMO systems, it is common to specify the power constraint
on the input power in terms of an average power over the n, transmit antennas. This may be

written as

1 2

EZ?§1|{SM}| =E.forl=1,...L, (3.6)
Where E is power at each transmitting antenna. Here E; denotes the mean symbol energy,

ie. E; = ]E{|si|2} (here, i denotes the time index of the sent symbol), where the expectation
is carried out over the symbol sequence for all value of ‘i, which in case of a white symbol
sequence reduces to an averaging over the symbol alphabet.

Although power assumption is a very common in MIMO system but in general case, there is
a variety of similar assumption made which are having same basic information like theoretic

MIMO transmission system [53]. The power constraints can be written as
1. [E{|si|2} =E, fori = 1,...ny , andl = 1,.....L, where no averaging over the
transmit antennas is performed.
2. %ZzL=1|{Si,z}|2 = E,, fori = 1,....ny here averaging is performed over time instead

of space.
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In most cases derived mathematical expressions and curve depends on the SNR at receiving
and transmitting antennas. Adapted MIMO transmission model used to redefine the power
assumptions. The expression of the average signal-to-noise ratio motivated by an arbitrary
receive antenna, here transmitted power n;E; over a channel with an average path gain
having unit magnitude and noise power 257 at each receiving antenna. The SNR at receiving
antenna can be written as p = nyE;/(202). This would have the negative aspect, that total
transmitted power (and thus the receive SNR) depends on the number of transmitting
antennas. The transmitted power normalized by the transiting antennas n. Adapted MIMO

transmission model receiving antenna signal is given by:

Y = /ﬁ HS +n (3.7)
nr

In this context, these following assumptions on the MIMO transmission model have been

used:
1. Average magnitude of the channel path gains E {tr SS¥ } = ngpn,

2. Average transmit power E {tr SS¥} = n;L

3. Average noise variance E {tr NN } = nizL

If these assumptions are fulfilled, then the factor /p/n ensures that p is the average SNR at

a receive antenna and is independent of the number of transmit antennas.

3.6 MIMO Channel Model Classification
The data rate of MIMO systems grows linearly with the number of transmitting antenna. In
general, however, the maximum transmission rate in a given bandwidth (i.e., the spectral
efficiency) that can be exploited in MIMO systems depends on a number of parameters
observed at the receiver, including the average received power of the desired signal, thermal
and system related noise, as well as co-channel interference. Most of MIMO channel models
presented are based on measurements. Generally, important requirements for such a model
are [33]:
1. The representation of real-life MIMO channel statistics according to the targeted
radio environment and system parameters like antenna spacing, polarization,
antenna element directionalities.

2. The possibility to easily cover a wide range of best-case to worst-case scenarios.
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3. The possibility to convey the relevant parameters between various groups of

researchers to reliably compare existing results.

Antenna Configuration
Bandwidth
Physical Wave Propagation MIMO Channel Matrix
Physical Model e Anaitical ModeF
(i) Deterministic - Ray Tracing (i) Correlation Model +.i.d. Model
-Stored measurement -Kronecker Model
(ii)Geometry-based -Weichselberger Model
Stochastic - GSCM (ii) Propagation Motivated:
(iii) Non Geometrical -Finite Scatter Model
Stochastic — Saleh Valenzuela type -Maximum Entropy Model

~Zwink Model (i) 3GPPSCM
Standardized model: (ii) COST 259 and 273
(iii} IEEE 802.11n
B e

Figure 3.3 Classifications of MIMO Channels and Propagation Model [54]

A potential way of distinguishing the individual model dependent on the type of channel that
is being considered, narrowband (flat fading) versus wideband (frequency selective) models,
time-varying versus time-invariant models [35]. Narrowband MIMO channels are completely
characterized in terms of their spatial structure. In contrast, wideband (frequency-selectivity)
channels require additional modeling of the multipath channel characteristics. Time varying
channels require additional model for the channel evolution according to Doppler
characteristics.

The fundamental distinction has been presented by physical models and analytical models.
Physical channel models characterize an environment on the basis of electromagnetic wave
propagation by describing the double-directional multipath propagation between the location

of the transmitter array and the location of the receiver array [54]. They explicit model wave
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propagation parameters like the complex amplitude, direction of departure (DOD), direction
of arrival (DOA), and delay of a model predictive control (MPC). Physical models are
independent of antenna configurations (antenna pattern, number of antennas, array geometry,
polarization, mutual coupling) and system bandwidth. Physical MIMO channel models can
further be split into deterministic models, geometry-based stochastic models, and non-
geometric stochastic models. Deterministic models characterize the physical propagation
parameters in a completely deterministic manner (examples are ray tracing and stored
measurement data). With geometry-based stochastic channel models (GSCM), the impulse
response is characterized by the laws of wave propagation applied to specific transmitter,
receiver and scatter geometries, which are chosen in a stochastic (random) manner. In
contrast, non-geometric stochastic models describe and determine physical parameters
(DOD, DOA, delay, etc.)

Analytical channel models characterize the impulse response (equivalently, the transfer
function) of the channel between the individual transmitter and receiver antennas in a
mathematical or analytical way without explicitly accounting wave propagation. Analytical
models are very popular for synthesizing MIMO matrix in the context of system and
algorithm development and verification. Analytical models can be further subdivided into
propagation motivated models and correlation-based models. The first subclass model has
been modeled by the channel matrix via propagation parameters. Examples are the finite
scatter model [37] the maximum entropy model [38] and the virtual channel representation
[39]. Correlation-based models characterize the MIMO channel matrix statistically in terms
of the correlations between the matrix entries. Popular correlation-based analytical channel

models are the Kronecker model and the Weichselberger model [54].

3.7 PHYSICAL MODELS

3.7.1 Deterministic Physical model

Physical propagation models are termed as deterministic if they aim at reproducing the actual
physical radio propagation process for a given environment. Buildings are usually
represented as polygonal prisms with flat tops, that is, they are composed of flat polygons

(walls) and piecewise rectilinear edges. Deterministic models are physically meaningful and
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potentially accurate. However, they are only representative for the environment considered.

Hence, in many cases, multiple runs using different environments are required.

(a) (b)

Figure 3.4 (@) propagation scenario (gray shading indicates buildings)

(b) Corresponding visibility tree [54]

3.7.2 Ray-tracing algorithm

With Ray-Tracing (RT) algorithms, initially the transmitter and receiver positions are
specified and then all possible paths (rays) from the transmitter to the receiver are determined
according to geometric considerations with the help of geometrical optics. Usually, a
maximum number N,,,, Of successive reflections or diffractions (often called prediction
order) are prescribed. This geometric “ray tracing” core is by far the most critical and time
consuming part of the RT procedure. In general, the strategy adopts to captures the individual
propagation paths is called visibility tree as shown in Figure 3.4. The visibility tree consists
of nodes, branches and a layered structure. Each node of the tree represents an object like a
building wall, a wedge, the receiver antenna whereas each branch represents a line-of sight
(LOS) connection between two nodes or objects. The root node corresponds to the
transmitting antenna. For the it ray, a complex, vectorial electric field amplitude E; is
associated, which is computed by taking into account the transmitter emitted field, free space
path loss, the reflections and diffractions. Reflections are accounted for by applying the

Fresnel reflection coefficients, whereas for diffractions: the field vector is multiplied by
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appropriate diffraction coefficients obtained from the uniform geometrical theory of
diffraction .The distance-decay law (divergence factor) may vary along the way due to

diffractions. The resulting field vector at the receiver position is composed of the fields for
each of the N, rays as ER* = ¥ E* with

E;* = ;BE;* with B; = A; y,Ainy_, o oo om Y. (3.8)
Here 1; is the overall diverge factor for it" path, Aj; is a Rank-one matrix that decompose the

field into orthogonal component at the j* node.

3.8 ANALYTICAL MODELS
3.8.1 Correlation-based analytical models
Various narrowband analytical models are based on a various complex Gaussian distribution

of the MIMO channel coefficients (i.e., Rayleigh or Rician fading) [55]. The channel matrix

can be split into a zero-mean stochastic part Hg and a purely deterministic part H, according

’ 1 ’ K
H = 1+_KHS+ 1+_KHd (3.9)

Where K > 0 denotes the Rician factor. The matrix H; accounts for LoS components and

to

other nonfading contributions. The number of LoS components are characterized by the
Gaussian matrix Hg. For simplicity, we thus assume K = 0, that is H = H,. In most general

form, the zero-mean multivariate complex Gaussian distribution of h = vec{H} is given by
fh) =

The n X n matrix is

1
n"Mdet{Ry}

exp(—h"R,~'h) (3.10)

Ry = E{hh™} (3.11)
is known as full correlation matrix and describes the spatial MIMO channel statistics. It
contains the correlations of all channel matrix elements. Realizations of MIMO channels
with distribution (3.8) can be obtained by

H = unvec{h} with h = R,li/zg (3.12)
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3.8.2 The Identically Independent Distributed (i.i.d ) Model

The simplest analytical MIMO model is the i.i. d. model (sometimes referred to as canonical
model). Here Ry = p°l, that is, all elements of the MIMO channel matrix H are uncorrelated
(and hence statistically independent) and have equal variance p°. Physically, this corresponds
to a spatially white MIMO channel which occurs only in rich scattering environments
characterized by independent MPCs uniformly distributed in all directions. The i.i.d. model
consists of a single parameter (the channel power p?) and is often used for theoretical

considerations like the information theoretic analysis of MIMO systems [12].

3.8.3 The Kronecker model

Kronecker Model was used for capacity analysis before being proposed by L. Thomas et al.
[53] in the framework of the European Union SATURN project [56]. It assumes that spatial
transmitter and receiver correlation are separable, which is equivalent to restricting to

correlation matrix that can be written as Kronecker product

Ru = Ry @ Rpy (3-13)
With the transmitter and receiver correlation matrix
Rry = E{HH"}, Rp,, = E{HH"} (3.14)

The Kronecker model is not able to reproduce the coupling of a single DoD with a

single DoA, which is an elementary feature of MIMO channels with single-bounce scattering.

3.8.4 The Weichselberger model
The Weichselberger model [53] aims at obviating the restriction of the Kronecker model to
separable DoA — DoD spectra that neglects significant parts of the spatial structure of MIMO
channels. Its definition is based on the eigenvalue decomposition of the T, and R, correlation
matrix,
Rry = UTxATxUTI:Ix , Rpxy = URxARngx' (3.15)

Here, Uy, and Uy, are unitary matrix whose columns are the eigenvectors of Ry, and Rg,,
respectively, Ay, and Ag,are diagonal matrix with the corresponding eigenvalues. The model
itself is given by

H = Upe(Q O G)UF, (3.16)
Where G is again an n X m i.i.d. MIMO matrix, denotes the Schur-Hadamard product

(element wise multiplication), and Q is the element wise square root of a n X m coupling
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matrix Q whose (real-valued and nonnegative) elements determine the average power
coupling between T, and R, Eigen-modes. This coupling matrix allows for joint modeling
of T, and Rx channel correlations. The Weichselberger model requires specification of T,

and R, eigen-modes (Ur, and Ug,) and of the coupling matrix Q.

3.8.5 IEEE 802.11n

IEEE802.11n standard employs MIMO-OFDM transmission technology to ensure high
throughput communication for up to 600 Mbps in a 40 MHz channel bandwidth. The
wireless fading channel varies with time therefore link adaptation must be employed to
sustain reliable communications and maximize throughput. The efficient and practical link
adaptation techniques are needed to be developed for IEEE802.11n WLAN.

The TGn channel model of IEEE 802.11 was developed for indoor environments in the
2GHz and 5 GHz bands, with a focus on MIMO WLANSs [57]. The 802.11 TGn model is a
physical model that uses a non-geometric stochastic approach. For the Rayleigh fading and
Rician fading channel, a Kronecker model is chosen for the bit error rate analysis. Here in
this thesis IEEE802.11n standard has been used as benchmark. The BER analysis done in this

thesis has been compared with the results reported in [58], for ieee802.11n as benchmark.
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CHAPTER 4
MIMO System Mutual Information Analysis

In this chapter the simulation and analyzing of MIMO system Capacity is done. The capacity
of MIMO system are analyzed by two techniques:- in first the capacity (Mutual Information)
is analyzed using Amplifying and Forward method under Rayleigh fading channel and in

second the capacity of MIMO system under correlated Rician fading channel is analyzed.

4.1 Amplifying-Forward MIMO Mutual-Information

Wireless relaying networks have recently been given considerable attention due to their many
advantages. Apart from increasing the range, relaying networks can also achieve better
diversity by using cooperative transmission from the source and several relays [19]. The
block diagram of MIMO AF relay system is shown in Figure. 4.1 below

ngp np
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(a)

Figure.4.1 Block Diagram of MIMO Amplify-Forward Relay System

The relaying terminals forward the information from the source to the destination mainly
using the well-known method AF since MIMO systems can provide better system capacity
than SISO, SIMO and MISO systems, relaying has recently been extended to MIMO
scenarios [39]. MIMO relays aim to provide improved system capacity, increases in range,
and better diversity as traditional communication system. The ergodic capacity of an AF
MIMO two-hop system under Rayleigh fading channel is analyzed. Most of the capacity
results on two-hop MIMO relays have been derived by employing asymptotic methods
Furthermore, the random matrix results required for the MIMO relay capacity have been
analyzed. The main contribution of this chapter is to derive an exact expression for the AF
MIMO two-hop system capacity and cumulant function of Mutual Information. The

expression derived in this chapter is unified, and it can be used for arbitrary numbers of
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antennas at the source, relay and destination. The simulation results have been used to

validate the analysis and improvement in capacity due to the relay terminal.

4.1.1. Introduction

Wireless network constitutes an important component of future information application. In
wireless communication use of multiple antennas means higher complexity at transmitter and
receiver. In cellular network direct transmission between base station and user close to cell
boundary are demanding high transmission power [12],[14]. The Relaying technique with
MIMO has been turnout potential technique to enhance diversity and transmission rate and
cost expensive in terms of power transmission in wireless channel [19]. MIMO relay channel
act as active scatter to suppress the problem of scattering that enhance the quality of service.
A two-hop non-regenerative Amplifying-Forward (AF) MIMO relay channel consists of
source, relay and destination terminal each having multiple antennas. Relay terminal employs
an amplifying matrix. Large network have shown increase in ergodic capacity by using large
random matrix theory [20],[59]. The upper bound and lower bound on Capacity of fading
relay for correlated channel is demonstrated in [33]. The scaling of capacity for relay channel

is N/2 log K with single source and destination.

In this this chapter AF MIMO relay channel without line of sight (LOS) path between source
and destination is considered. AF relay strategy is used to avoid interference. The main
concern is to calculate the mean of MI of channel [39]. In most cases the Capacity
calculation has been done on the basis of deterministic Eigen value decomposition using log
det-formula. For large antenna array without LOS, mean of mutual information of MIMO
AF relay has been discussed in [60]. The analytical mutual information expression of MIMO
relay channel inspired by MI of single hop MIMO relay channel under statistical channel
state information. Multi-array channel analysis has been done by replica method based on
spin glass theory is given in [61]. Replica method has been used in capacity analysis for large
random matrix extraction. Evaluation of cumulate generating function of mutual information
of MIMO relay channel under Rayleigh fading have been studied in [62],[63]. The basic
purpose of this chapter is to improve MI for multiple users in MIMO system by using AF-
MIMO. With the implementation of AF we have been able to improve MI up to 30% as

compared to existing technique reported in literature survey.
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4.1.2. MIMO Mutual Information Mathematical Analysis
In this thesis work the two-hop MIMO relay channel is considered having a source, a relay
and a destination terminal equipped with Mg, M, and M; numbers of antennas. The whole
process of transmission is implemented in two phases. In first phase source terminal transmit
a vector signal to relay, this is single hop and in second phase relay terminal transmit the
received vector signal after modifying the parameter to destination terminal that is second
hop. Here channel is modeled with no line of sight path and flat fading. First phase channel
matrix is represented by H, € ¢"*"s and the second phase channel matrix represented by
the H, € ¢¢*™r and the forward matrix of relay channel represented by G € ¢"r*"r The
received signal at the Relay terminal (Y,) and destination terminal(Y;) is given by

Yy = HoX + 1 (4.1)

Yl = HlGYO + Tl1 (42)

Where n, and n, are the relay and destination noise vector. The X € ¢Ms is a transmitted
vector with zero mean and covariance E[xx"] = p/n, the noise at relay and destination
assumed to be additive white Gaussian with unit variance. The resultant output can be written
as

Y =H;G(HyX +ny) + ny (4.3)

Where H, and H; will be assumed to be zero mean circulate symmetric complex Gaussian

random variable with covariance matrix as defined under statically CSI by Kronecker model

[33] and G = ﬁ/n is forward matrix where B overall power gain of relay channel that

depend on the distance and path loss between source and relay terminal.
Hl = Rll/z Wl Tll/z fOI’ I = O ,1 (44)

Where W, denote the channel matrix withi.i.d complex Gaussian random entries. R; €
¢MX Mand T, € ¢™* M are the receiver and transmitter spatial correlation matrix. If H is

perfectly known at the destination terminal then the mutual information between X and Y

will be given by
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1(X,Y) = log (det (1 + £ PUH ﬂi HlHZHZTHlT))—log (det (1 + fj— HyH, 1)) (45)

For the simulation H; and I are generated using random variable. The mean of the MI

1(X,Y) the mutual asymptotic mean is given by

lim, L., E[I(X,Y)]= In(1+pR,) +In(1+BR;) +In(1+B,+ByB;) - In(1l+ft)-
In(1 + x)- (ByB; + ByR; — xt) (4.6)

Where the coefficient are calculated by nonlinear equation system that are real and positive

given below

=Bi/1+Brs 1=q/1+qs+qsq , @ =Bi/1+Bime , e =1+qs/1+qs +qsq;
x=L;/(1 + B;t),t=1/1+x 4.7

(a) Calculation of mean Ml
The mean of MI can be calculated using Replica analysis and integral identity
[39],[60]. The mathematical framework introduced for deriving the cumulant

moment of I. the generating function g(v) of I is given by

glv) = E[log(det( + & HoH,™ + &HOHlHl H, ))]—V

—E[log (det (1 + %HOHOT ))]_V (4.8)

g() = E[e™] = 1 - vE[(D] - ¥/, E[UD)] + (4.9)

14
log(v) = —vEI(D] + Zjzs ¢ (4.10)
Where c, is the p** cumulant of I.

(b) Integral Identity
In this chapter two types of general integral identities are dealt over matrix element.
In the first type integrating over the real and imaginary part of a complex matrix

X € ¢Ms X Mr will be done by using the integral identity
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Mr AReXgqadIimXgq

dx = 14, [T, F5ee (4.11)
For M € (™" N € (™ positive definite X, A and B can be written as
Positive define X, Aand B = [ exp (- >Tr(NXTMX) + ATX — XTB) ax =
exp (= 2Tr(N"*ATBM™")/det(N ® M) (4.12)

The second type of integration over pair of complex square matrix X and Y can be express as

du(X,Y) = []4s,. [[Mr, RHealM¥aa (4.13)

27l

The integration of element of X and Y along to real and imaginary axis is given by
[ exp(Tr(XY — XA — BY)) du(X,Y) = exp(—Tr(AB)) (4.14)
According to replica analysis

E[I(X,Y)] = E [log (det (1 + i— HyH," + i—iHoHlHlTHOT )] - E [log (det (1 +

% HoHo' )| 2 @ -9 (4.15)

Where the first term ¢ represents mean Mutual information of overall signal plus noise
covariance matrix at the destination and second term 9 is mean of overall noise covariance

matrix at the destination. 9 is given by
9 =1In((1+4Bst)(1+x)) — xt (4.16)

The first term ¢ evaluate using cumulant moment, given by

¢ =—10g9(V) /v=0 (4.17)

Using identity moment generating function g(v) express as

= L t t tyyty ty T ty ty T Bi gty t
g(w) = E|[exp —ETr[XX +YYt+ZZY + Y TH"H, X — XTH,THo Y + S ZTH X -
X*le]l dXdeZl (4.18)

45



Repeat these identities to split the H, and H, with T,, T, TT € ¢™ and integrating over

H, and H; will yield

Xxt+yyt+zz7
+T Ty + 1T, 7
+YTH,"H, T x
g() = E|[exp|—> Tr —xtH,'H,"Y dT,dTydXdydz| — (4.19)
Biyyrrgtr, + B xxtr,tz

nj ne

1
+= . .
2\ —Lxtxrtz + Bxtxzzt

Where integration over H, A=YTT , and B :% YTT, and over H; A=XT(Z+T,) and B =

%(Tle +ZX1) Equation a is used to split the quadratic terms with R;B; € ¢"*i =
l

gw)=E [f exp [—% Tr [XX* +YYY+ 22T + T Ty + T T T = T R B, + %mlyw -
BTy Ty + 3% RXXT + B, T, 1Ty — BoZTTy — BT, TZ + 75422*]] dTydTdXdYdZdy| (4.20)
ne

Where dy & [I{,du(R;B;) integration again over all the parameter using some

approximation [39] g(v) can be written as
gw) = [exp(=S)dy (4.21)
S = —Tr(ThoR,B;) + logdet (I + 2%, ) + logdet (1 + 252 ;) + logdet(I -
i=0 Vi, Bi g B! ) n, &i=174 )
(I + ByB,) 'B;B,B; + By)(I + ByB,) (4.22)
Where | € ¢¥ According to assumption of replica symmetry all complex matrices need to be

proportional to I. Y7-o R; = R;I and)i,B; = B;l . The S, is simplifies by differentiating

with respect to R; B; .So that the entire coefficient are positive and real valued. Hence

In(1 + pRy) + In(1 + BR,) + In(1 + By + ByB;) — }

So = ”{ (ByB; + B, Ry — xt) (4.23)

Using saddle point method [18],[19] identity
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QY = ln(l + pﬁRO)+ 11’1(1 + ﬁml)"'ln(l + BO + BOBI) - (BOBI + Blml - xt) (424)

Hence the cumulant generating function of MI has been derived by both Gaussian integral

identity and saddle point method and comes out to be same.

4.1.3. Simulation Result and Discussion
The ergodic MI results of MIMO relay system have been achieved by using Monte Carlo
simulation. For asymptotic Ml of MIMO relay has been simulated by adopting Rayleigh

fading channel.

18 r r T T
—¥— Ms=Mr=Md=2 e
16 £ Ms=3=Md Mr=4 | _*
Ms=4=Md Mr=3 |
14 Ms=Mr=Md=4
8 —%— Ms=Mr=Md=6 F
5 12 & Ms=Mr=Md=8
) *
T 10 —H <
2 1 /%»/i
=
E 8 |4 /K < -
= P T
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3 ‘IK- /i\/% i o =
= ‘ : ; — = _%_
g

10 12 14 16 18 20
SNR(dB)

Figure.4.2 Mutual information versus SNR for MIMO relay system with large number

of antenna. (Symmetrical and non-symmetrical)

In the simulation 1,00,000 Monte Carlo simulations are used for different array of antenna at
source, relay and destination (SRD) terminal and according result have achieved are shown
above in Figure.4.2. After comparing the result with [60], it was found that in case of two
antenna asymptotic result are reasonable same and nearly equal to same as that of analytical
mutual information but when compared to four and eight antenna at SRD terminal,

simulation result has shown improvement in Ml as high as up to 30% by increase number of
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antenna up to eight for SRD in symmetric and non-symmetric way. When the number of
antenna at the relay terminal are more as compare to the source and destination terminal this
significantly increase the MI of channel. Lastly it has been observed with the increased no of
antenna M1 result will increases exponentially with increasing SNR.

4.1.4. MIMO MI Analysis

The mutual information for spatially correlated MIMO amplifying forward relay channel has
been derived. It has been observed that there is significant increase in M1 for the value of
(Ms,My,M,) to be (3,3,4) as compared to (3,3,3). Whereas the response gets worse with
(4,4,3) as compared to (4,4,4). The drawback of this technique has been founded that when
the number of antenna at relay terminal are less than source and destination terminal then
response of MI get worse. With the implementation of AF we have been improved MI by
30%, which will help in higher data rate in multi user MIMO transmission. Further it is
observed that when (Ms,My,M;) to be (8,8,8) then MIMO MI at SNR = 20dB is 17bps/Hz
(M), which is nearly 12bps/Hz higher than (Ms,Mg4,M,) to be (2,2,2). The replica method and
integral identity plays central role in analyzing the mutual information cumulate generating

function.

4.2 Capacity of MIMO under Correlated Ricain fading channel

The use of antenna arrays at both sides of the wireless communication link can result in high
channel capacity provided the propagation medium is highly scattered and uncorrelated.
Consider a single user MIMO system that has T and R antennas at the transmitter and
receiver, respectively. It has been shown [12] that, for a given fixed average transmitter
power and bandwidth, if the fading between pairs of transmit-receive antenna elements are
independent and identically distributed (i.i.d) Rayleigh, the average channel capacity
increases linearly with m = min (T, R). This large capacity growth occurs even if the
transmitter has no channel knowledge. Logarithmic increase has been achieved in MIMO
system as compared to traditional systems utilizing receive diversity or no diversity as
reported in literature survey. While the linear growth of capacity with in MIMO due to ‘m’ is
indicative of the tremendous potential of multiple antenna systems, the result is limited in
scope by the assumptions it made. Most of the research effort has been focused on i.i.d

Rayleigh channels. However, in real world propagation environment, the fading is not
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independent mainly due to insufficient spacing between antenna elements. It has been shown
[13],[14] that correlated fading reduces the channel capacity. Secondly, there is a possibility
that the line-of-sight (LOS) component may exist in addition to scattered component, then;

the fading will follow the Rician distribution.

4.2.1MIMO Channel model and fading due to Rician fading

Channel capacity is defined as the maximum rate at which data can be transmitted at an
arbitrarily small error probability. The capacity of MIMO channels has been well studied for
the i.i.d. Rayleigh scenario. On the other hand, in practice, MIMO channels do not always
satisfy the i.i.d. Rayleigh fading condition. In reality, there is often a line-of-sight (LOS)
path between the transmitter and the receiver, and in such fading conditions, the channel is
described by the Rician fading model. Mathematically, the random channel matrix in a
MIMO Rician fading channel is a complex Gaussian matrix with a nonzero mean matrix,
unlike in a i.i.d. Rayleigh-faded MIMO channel where the channel matrix is of zero mean.
The Rayleigh fading model can be viewed as a special case of the Rician fading model by
setting the mean to zero.

Consider a single user MIMO system with T antennas at the transmitter and R antennas at the
receiver. For simplicity flat fading is considered. The transmitted signal in each symbol
period is represented by a T x 1 column matrix ‘S’, where i*® component S;, refers to the
transmitted signal from antenna i. The channel ‘H’ is described by a R x T complex matrix

where the ijt" component of the matrix ‘H’, denoted by h;;, is the channel response between

Jjo
the jt* transmit antenna and the i** receive antenna. The additive white Gaussian noise
vector n at the receiver is described by a R x 1 column matrix. Thus, the system is

described by the matrix equation [16].

Y=\/§HX+n (4.25)
And the channel matrix, H can be denoted as shown below
I hl,r
H= '
h Bisics
R X (4.26)
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In Rician fading the elements of H are non-zero mean complex Gaussians. Hence H can
express in matrix notation [30]
H = aH'? + bH¢ (4.27)
Where the specular and scattered components of H are denoted by superscripts, a > 0, b>0
and a® + b? = 1. HP is a matrix of unit entries denoted by Hj. If there is no correlation at the
transmitter or at the receiver side then the entries of H*¢ are independent and identically
distributed (i.i.d) complex Gaussian random variables with zero mean and unit magnitude
variance, usually denoted by H,,. If there is correlated fading then the H*¢ matrix can be
modeled [17] as
H¢ = RY*H,R}"* (4.28)
Where R; and R, are the correlation matrix at the transmitter and at the receiver side,

respectively. The correlation matrix R is defined by exponential correlation model [13].

4.2.2 Determination of MIMO Capacity for Channel unknown at Transmitter
Channel knowledge acquiring at the transmitter is very difficult in practical systems. In
general the channel is assumed perfectly known to the receiver where the channel state
information at the transmitter is available or not. Furthermore, ergodic block fading channel
model where the channel remains constant over a block of consecutive symbols, and changes
in an independent fashion across blocks have been considered. The average SNR at each of
the receive antennas is given by Es/a? , where Es is the power of the transmitted signal and
o° is the power spectral density of the noise. In fading channel two types capacity has been
described: ergodic capacity and outage capacity [12],[22].
Ergodic Capacity: This is the time-averaged capacity of a stochastic channel. It is calculated
by taking the mean of the capacity values obtained from a number of independent channel
realizations.
Outage Capacity: The q% outage capacity Co,,; 4 is defined as the capacity that is guaranteed
for (100 - q)% of the channel realizations, i.e.

P(C < Courq) = 9% (4.29)
(a) Channel Unknown at the Transmitter

Channel knowledge acquiring at the transmitter is in general very difficult in practical

systems. When the transmitter has no channel state information, it is optimal to
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evenly distribute the available power p among the transmit antennas. The MIMO
channel capacity with p=Es/c? [12],[14] is given by
C = Ey{logydet(I, + 5 W)} (4.30)
Where Ey {.} denote the expectation over H, m = min (Ty, R,), I,, is the m x m identity
matrix, p is the average signal-to-noise ratio (SNR) per receive antenna, and the m x m
matrix W is given by

B {HHH, R, <T,
~ |HYH, T, <R,

Where the operator Hf indicates the hermitian of the matrix H. Using singular value

(4.31)

decomposition (SVD) the equation (4.30) can be written as
C = Eq{2{ logy (I + - 2)} (4.32)

Where k, (k <m) is the rank of H, and 4; (i=1, 2,...... , k) denotes the positive eigenvalues
of W.
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4.2.3 Simulation Result and Discussion

The correlation matrix coefficient is random and depends on the type of fading channel, here
for simulation Rician fading channel is taken into account. The correlation matrix at
transmitter and receiver are generated by exponential correlation model and uniform complex
correlation model but in this thesis only exponential correlation model have been used to
generate correlation matrix. Four antennas are employed at the transmitter and receiver

terminal, according to that result have shown in Figure.4.3 and Figure.4.4.
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Figure.4.3 Ergodic Capacity versus SNR for MIMO system with Rician factor K= 0 and
10 and Correlation parameter rr =rt =0, 0.7.)
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In case of four antennas, asymptotic result of outage capacity is much better than the ergodic
capacity; i.e. at SNR = 20dB the outage capacity observed 20% higher than ergodic capacity
where K=0, rt = 0 and rr = 0.7. When the Rician factor K = 10, rt = 0 and rr = 0.7 than at
SNR = 20dB the outage capacity is 10% higher than ergodic capacity. When SNR and
number of antenna increases with respect to increase in the Rician factor than capacity of
MIMO degraded.

4.2.4 MIMO Capacity Analysis

The Capacity for spatially correlated MIMO channel has been simulated using Monte Carlo
simulation. It has been observed that there is significant increase in Capacity for the small
number of antennas but when SNR increases the capacity degraded with increases in the
Rician factor. The correlation matrix at transmitter and receiver are generated by exponential
correlation model. From the result it is observed that when correlation parameter at
transmitter rt = 0 and receiver rr = 0.7, then capacity of MIMO channel is higher compared to

(rr =rt =0.7) .The ergodic and outage capacity both are same but ergodic is higher compared
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to outage when number of antenna increases with respect to SNR. The results are computed
by setting the correlation parameter value to zero at the transmitter and 0.7 at the receiver, in
this scenario, capacity of MIMO channel is observed to be 20% higher at SNR 20dB as
compared to second scenario when (rr = rt =0.7). Experimental results demonstrate that
reducing the correlation parameter and Rician factor to zero shows significant improvement

in capacity, this will help in higher data rate in multi user MIMO transmission.
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CHAPTER 5
Analysis of Bit Error Rate for MIMO System

In this chapter MIMO system bit error rate have been analyzed using BPSK modulation
technique under Rayleigh and Rician wireless fading channels. The BER of MIMO system
is analyzed by two detection methods:-Linear and Non-Linear detection technique like ZF,
ML and MMSE detector. The simulation and discussion of BER are made by comparing the
simulated result to previous existing technique. Here the comparative study of both Rayleigh
fading and Rician fading are discussed in this chapter. Finally the result achieved has been
compared with IEEE802.11n standard protocol.

5.1 Introduction

Symbol error can be calculated with difference between received symbols and original
symbols. In the similar method, bit error can be calculated. The bit error rate is the number of
bit errors divided by the total number of transmitted bits during an observed time interval.
The bit error probability p, is the expected value of the BER. The BER can be considered as
an approximate estimate of the bit error probability. In a communication system, BER may
be affected by transmission channel noise, interference, distortion, bit synchronization
problems, attenuation and wireless multipath fading, etc. The BER may be improved by
increasing the signal strength or by applying pre-coding schemes such as space-time block

coding etc.

5.2 System Model
The MIMO channel with My transmitter antennas and My receiver antennas are considered,
where mt" data stream is directly transmit on m*"* transmit antenna. The M; x 1 transmit
vector at a particular time instant is written as s and consists of BPSK bit with a constellation
size two and average bit energy E},, the M x My channel matrix H and the Mp x 1 received
vector .The received vector is given by

Y=Hx+n (5.1)

Where H is an channel matrix for the fading channel, whose element are independent zero-

mean complex Gaussian random variable with nonzero variance, and n are the sample of
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nondependent complex additive Gaussian noise (AWGN). The fading channel considers in
this chapter are Rayleigh fading and Rician fading [12]. The Rayleigh fading channel matrix
H is composed by scattered component of multipath propagation. The Rician channel matrix
H is composed of two components; the line-of-sight (LOS) component (deterministic and
constant), and a component resulting from multipath propagations (randomly varying) [13].
For the sake of simplicity, under assumption the receiver to be located at highly scattered
propagation environment so that the fading at the receiver is spatially uncorrelated while the
transmitter is located at a high altitude. The channel matrix H that, contains transmit antenna

correlation but no receive correlation, is given by

H = aH"P 4+ bH"*¢ (5.2)
Where the specular and scattered components of H are denoted by superscripts, a > 0, b>0

and a® + b? = 1. HP is a matrix of unit entries denoted as H;. The above equation can be

k 1
H= /EHLOS + /EHW (5.3)

Where H;,s = E[H] represent the channel mean and k define the Rician factor, which

written as

include the strength of LOS component relative to multipath component and H,, consists of
i.i.d. circularly symmetric Gaussian random variable with zero mean and unit variance. If
there is no correlation at the transmitter or at the receiver side then the entries of H¢ are
independent and identically distributed (i.i.d) complex Gaussian random variables with zero
mean and unit magnitude variance, usually denoted by Ho. If there is correlated fading then
the H*¢ matrix can be modeled as [17].
Hs¢ = RY*H,R}"* (5.4)

Where R;and R, are the correlation matrix at the transmitter and at the receiver side,
respectively. The correlation matrix R is defined by exponential correlation method [13]. The

receiver can be configured by variety of detection technique have been included linear,

successive and no linear, here ML, ZF, MMSE detection technique are discussed.
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5.2.1 Maximum Likelihood (ML) detection

The Maximum Likelihood (ML) detection is a scheme well known to be very robust and well
suited for practical implementation whereas linear receiver suffers from numerical
complexity. ML detector is the optimal receiver in terms of bit error rate (detector
performance) but it is a nonlinear detector with a high complexity. The ML detection is given
by [22]

R = argmin|y — H7x;|? (5.5)

Where element of R are optimized variable and |y — Hx;|? is objective function. After

minimized R, we get

2

R = |[J’1] hi4 hl,Z] [/fl (5.6)

Y2 h2,1 hz'z Xy

In case of BPSK, the possible value of x; and 3 is used between +1 or -1, to find the
minimum from the all combination of x; and 5. The estimation of the transmitted symbol is

choose based upon the following value

|y [P 2] 41 2
Rere1 = Y2l Lhyy hoal L+ &7

a1 [ haz]+1 2
R+1’_1 - Y2 _hZ,l hz'z_ | — 1] (58)

e [hi1 hi2]—17 2
R_1,+1 B -yZ- _hz'l hz'z_ -+1- (5.9)

I [Ma haz] -1
R_l'_l B )2 -h2,1 hZ,Z- [ —1. (510)

5.2.2 Zero Force Equalizer (ZF)

The ZF is a linear estimation technique, which inverse the frequency response of received
signal. The inverse is taken for the restoration of signal after the channel. The estimation of
strongest transmitted signal is obtained by nulling out the weaker transmitted signal. The

strongest signal is than subtracted from received signal and proceeded to decode strong
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signal from the remaining transmitted signals [23]. ZF equalizer ignores the additive noise
and may significantly amplify noise for channel. The major advantages of ZF linear equalizer
is that it simply eliminates ISI by forcing the overall pulse, which is the convolution of the
channel and the equalizer to make a unit-impulse response. Although the noise power and
covariance function does not need to be estimated in ZF ever than its perform poor than that
of ML [24],[25]. For a channel with frequency response C(f) the zero forcing equalizer E(f)
is constructed by combining the equalizer and channel which gives a flat frequency and
linear phase if and only if C(f) X E(f) = 1. The channel response is H(s) then the input
signal is multiplied by the reciprocal of H(s). The basic Zero force equalizer of 2x2 MIMO

channel can be modeled by taking received signal y, during first slot at receiver antenna is:
X1
y1= hog+haoxo + = [hey heo] [0] 4 (5.12)
The received signal y, at the second receiver antenna
X1
Vo = hoads + hooX + 1y = [hos hop] [1] + 1 (5.12)

Where i =1,2 x;is the transmitted symbol and i =1,2 and j = 1,2 h;; is correlated
matrix of fading channel, with j represent transmitted antenna and i’ is receiver antenna,
n, and n, are the noise of first and second receiver antenna. Where, y; and 1y, are the
received symbol on the first and second antenna respectively, h; ; is the channel from
15¢ transmit antenna to 15‘receive antenna, h, , is the channel from 2"¢ transmit antenna to
15t receive antenna, hy, is the channel from 15° transmit antenna to 2™? receive
antenna, h, , is the channel from 2% transmit antenna to 2"¢ receive antenna, Equivalently,

ZF equalizer is given by the pseudo inverse [26] of H, i.e.
WZF == (HHH)_lHH (513)

Where W, is equalization matrix and H is channel matrix. ZF detector will produce
favorable result only if W,zX H =1 condition is satisfied and the diagonal element of
pseudo inverse matrix should not be zero. Assuming M = My and H has full rank, the result
of ZF equalization before quantization is written as

yze = (H'H)"'H" y (5.14)
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5.2.3 Minimum Mean Square Error-Estimator (MMSE)

Minimum mean square error equalizer minimizes the mean —square error between the output
of the equalizer and the transmitted symbol, which is a stochastic gradient algorithm with
low complexity. Unlike a ZF equalizer, an MMSE equalizer maximizes the signal—to-
distortion ratio by penalizing both residual ISI and noise enhancement. Instead of removing
ISI completely, an MMSE equalizer allows some residual ISI to minimize the overall
distortion. Compared with a ZF equalizer, an MMSE equalizer is much more robust in
presence of deepest channel nulls and noise. Most of the finite tap equalizer are designed to
minimize the mean square error performance metric but MMSE directly minimizes the bit
error rate. The channel model for MMSE is same as ZF [27],[28]. The MMSE equalization is

Wimse = arg.” " Exnlllx = x"|?] (5.15)
By using orthogonality principle the Wy sk IS Written as
-1 _
Wymse = Ex,n [xyH] (Ex,n [yyH]) = HH(HHH + noln) 1 (5-16)

A proof of equivalence between equation (5.16) and (5.17) proceed as follows

1

No

—_ 1 1 -1 1
Wymsg = HY(HH" + nol,)™" = {TOIn - n—oHH( HHY +1n) n—OH}HH (5.17)

Ly (ni HHY + In)

No

1
WMMSE = n_loHH - HHH (518)

1

No

1

Wigmse= nioHH (- HHY + 1,1)_1 (ni HHY + 1) — nioHH (no HHY + In)_lnioHHH (5.19)

1 1 -1, 1
Wanss = o H" (n—oHH” + In) (n—o HHY +1, — n—oHHH) (5.20)

1 1 _
Wimss = H" {n, (n—oHHH + 1)} L= HY (HHY 40, 1) (5.21)

Where Wy, usE IS equalization matrix, H is channel correlated matrix and n is channel noise.

YMMSE = HY (HHH +n, In)_l y (5.22)
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From the equation 5.23 it has been shown that only factor n,1,, is found to be additional than
that of ZF in MMSE. This factor is the instrumental force in improving the performance of

MMSE equalizer over ZF equalizer.

5.3 Simulation Result and Discussion

The Bit Error Rate results of MIMO system for different detection technique (ZF, ML and
MMSE) have been achieved by using Monte Carlo simulation. For analyzing the BER of
MIMO channel Rayleigh fading channel and Rician fading channel has been considered. In
the simulation 1,00,000 Monte Carlo simulations is used for different array of antennas at
transmitter and receiver terminal and according result have achieved are shown in Figure.5.1

and Figure.5.2 and Figure 5.3 below:

BER Performance over 2x2 MIMO Channels with Rician Channel
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Figure 5.1 BER versus SNR for MIMO system with Rician fading (K=1 and

Correlation parameter rr = rt = 0.7) using 2x2 BPSK Modulation Scheme

60



BER Performance over 2x2 MIMO Channels with Rayleigh Channel

1
MMSE T
] = v |
10‘1 R == |
et
| Ql\i\;
I ﬁ
| v \f;
> \f\m\ &
10” :\:
4l | | | ‘ &\ -
10 | X
O | i - 20 25 30 35

SNR,dB)
Figure 5.2 BER versus SNR for MIMO system with Rayleigh fading using 2x2 BPSK
Modulations Scheme

After comparing the result with [49], it was found that in case of 2x2 antenna configuration
using BPSK modulation asymptotic result are reasonable improved compared to all existing
technique and are nearly same as that of analytical results. By comparing the Rayleigh and
Rician fading, the result at BER~10~* with respect to SNR are improved in Rician fading
up to 35% for ML detection, for ZF improvement is 24% and for MMSE detection technique
result are excessively improved up to 18%. The simulation results shows that at BER~107%,
the SNR value of IEEE802.11n standard protocol is slightly lower than that of Rayleigh
fading but still higher than that of Rician fading. In case of Rician fading, when the Rician
fading parameter value increased form K = 1 to K = 5 then SNR also increases.
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Figure 5.3 BER versus SNR for MIMO system with Rician fading (K=5 and
Correlation parameter rr = rt = 0.7) using 2x2 BPSK Modulation Scheme

The comparison table of result has been shown in Table 5.1 below.

Table 5.1 Comparison of detection technique Scheme for MIMO

Scheme Performance Complexity Error enhancement
ZF Worst Very Low/ Linear Extra High
MMSE Poor Low/Linear High
ML Optimum Exponentially Minimal

Lastly it has been observed that MMSE receiver detection technique performs better
compared to other existing technique and promotes achieving better performances for digital

transmission.
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5.4. MIMO Bit Error Rate Analysis

The BER of MIMO channel using ZF, ML and MMSE technique for 2x2 BPSK modulation
scheme has been derived. Channel inversion is based on channel knowledge at the transmitter
and receiver therefore the BER performance suffers more degradation if the CSI is imperfect
than with detection technique. MMSE receiver for MIMO wireless system is more balanced
linear equalizer, which not eliminate ISI completely but instead minimizes the total power of
the noise and ISI components in the output. The MMSE method plays central role to get
better result of BER for MIMO comparing to other technique but regarding computational
complexity the ML perform better. For the case of Rician fading these techniques simulation
result were compared with standard IEEE80.11n protocol [58] and there was significant

improvement observed.

Table 5.2 Comparison of BER for MIMO under BPSK modulation scheme for Rayleigh
and Rician fading using detection technique

ML MMSE ZF BER scale

17 31 34 10r*  Rayleigh 2x2
13 21 24 10~°  Rayleigh  2x2

6 16 18 10~ Rician (K=1) 2x2
11 25 29 10" Rician (K=1) 2x2

7 18 21 10~ Rician (K=5) 2x2
12 26 30 10~*  Rician (K=5) 2x2
13 23 29 10~°  IEEE 802.11n (K=5)
16 27 33 10" IEEE 802.11n (K=5)

The simulation results shows that at BER~10~%, the SNR value of IEEE802.11n standard
protocol is slightly lower than that of Rayleigh fading but still higher than that of Rician
fading. In case of Rician fading when the Rician fading parameter value increased form K =
1 to K = 5 then SNR value increases, it is also shown in Table 5.2. The main focus on two
transmit antennas for BER analysis, but the proposed scheme can be extended to the general

system having any number of transmit antennas in a straight forward manner.
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CHAPTER 6

Conclusion and Future Work

Conclusion

The ergodic MI results of MIMO relay system have been achieved by using Monte Carlo
simulation. For asymptotic MI of MIMO relay has been simulated for Rayleigh fading
channel. In the simulation 1,00,000 Monte Carlo simulations are used for different array of
antenna at source, relay and destination (SRD) terminal. After comparing the result with [60],
it was found that in case of two antenna asymptotic result are reasonable same and nearly
equal to same as that of analytical mutual information but when compared to four and eight
antenna at SRD terminal, simulation result has been shown improvement in Ml as high as up
to 30% by increase number of antenna up to eight for SRD in symmetric and non-symmetric
way. Further it has been observed that when the number of antenna at the relay terminal are
more as compare to the source and destination terminal this significantly increase the M1 of
channel. It has been observed that there is significant increase in MI for the value of
(Ms,Mg,M,) to be (3,3,4) as compared to (3,3,3). Whereas the response gets worse with
(4,4,3) as compared to (4,4,4).

In MIMO systems, the increase in value of Rician factor K and the growing number of
antennas located at the transmitter and receiver end leads to the capacity degradation. From
the simulation results, it is observed that the ergodic capacity is higher than the outage
capacity. Also, the difference between the ergodic and the outage capacity degrades with the
increasing value of Rician factor. The results are computed by setting the correlation
parameter value to zero at the transmitter and 0.7 at the receiver, in this scenario, capacity of
MIMO channel is observed to be 20% higher at SNR 20dB as compared to second scenario
when (rr = rt =0.7). Experimental results demonstrate that reducing the correlation parameter

and Rician factor to zero shows significant improvement in capacity.

The Bit Error Rate results of MIMO system for different detection technique (ZF, ML and
MMSE) have been achieved by using Monte Carlo simulation. After comparing the result

with [49], it was found that in case of 2x2 antenna configuration using BPSK modulation bit-
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error-rate under Rician fading asymptotic result are reasonable improved compared to bit-
error-rate under Rayleigh fading. By comparing the Rayleigh and Rician fading, the result at
BER~10"* with respect to SNR are improved up to 7% for ML detection, for ZF
improvement is 10% and for MMSE detection technique result are excessively improved up
to 20%.

These detection techniques presented above have been further compared with the result
produced from standard IEEE802.11n protocol [58] by using all parameter defined by IEEE
802.11n standard protocol, there was significant improvement observed. The MMSE method
plays central role to get better result of BER for MIMO comparing to other technique but
regarding complexity the ML perform better.

Future Work

The work presented in this thesis can be extended to the case of multiple users. Multiple
users add another dimension to multi-antenna systems. For the multi-user MIMO channel,
the problem is somewhat more complex. This work can be extended to find the mutual
information variance of Amplify-forwad dual hop MIMO system with Rician fading (with
and without seperated correlation). Also the capacity of MIMO broadcast uncorrelated
Rayleigh fading channels with CSI can be found. The combined multi-stage minimum mean-
square error (MS-MMSE-ML) multi user detector will be used in the MIMO communicating
systems over fading channels. Another extension to this work is to obtain analytical solutions

to present capacity for deterministic models .
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