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Hybrid BLAST Space-Time Block Code for MIMO Communication

Systems

By
Mohammed I. Salemdeeb

Supervisor : Dr. Ammar Abu Hudrouss

Abstract

The hottest issue of next generation communication systems is data throughput
improvement for any wireless channel conditions. MIMO systems are the key
techniques for the next generation communication systems. BLAST system achieves
high data rates with acceptable BER performance over a good channels state while
STBC system can achieve better BER performance even for a bad-state channel but

with lower data rate than BLAST.

Hybrid BLAST-STBC system is the effective solution to achieve a good tradeoff
between STBC and BLAST systems since it improves the BER performance and keep
them robust over a bad MIMO channel state compared with the conventional BLAST

system.

Adaptive switching system is used in order to choose the best transmit or receive
scheme for some channel state. When the channel state is known at both the transmitter
and the receiver, the receiver informs the transmitter through a feedback link which

transmission scheme is to be used.

This thesis will study and compare the BER performance and capacity of hybrid
BLAST-STBC systems at ML receiver with BLAST and STBC systems. The effect of a
transmit link deep fading in 4 x 4 BLAST, hybrid BLAST-STBC and STBC will also
be comparatively studied . At every possible case of transmit link deep fading, the best
throughput system in each case is determined. Thereby, an adaptive switching hybrid 4
x 4 MIMO system is proposed and tested where the results stated that this system
achieves the best throughput for any deep fading case. MATLAB software has been

used as the main platform for system simulation.
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CHAPTER 1
INTRODUCTION

1.1 Preface

Wireless channel may be subjected to several fading conditions, deep fading is a
wireless channel destructive element. This thesis studies the effect of deep fading on
Multi-Input  Multi-Output (MIMO) channels and proposes adaptive switching
transmission scheme to overcome deep-fading effects.

For every deep fading case, a suitable transmission system of Bell-Labs Layered
Space Time (BLAST), Space-Time Block Codes (STBC) or Hybrid BLAST-STBC
system is used. In addition, the performance of Hybrid BLAST-STBC system is widely
evaluated and tested throughout this research.

This chapter gives a brief introduction about MIMO, BLAST, STBC and Hybrid
BLAST-STBC systems, motivation, problem statement description and the suggested
solutions. The organization of thesis will also be introduced. The research objectives are

clarified in this chapter.

MIMO

The concept of exploiting the multipath channel rather than attempting to
mitigate its effects was emerged in [1], it was demonstrated theoretically that it is
possible to exploit the multipath channel and thereby increase the information capacity
of a wireless link through receive and transmit diversity using multiple receivers and
multiple transmitters MIMO system [2].

This promise of MIMO channels is remarkable. By adding more antennas at the
transmitter and/or receiver, a wireless link in the multipath fading environment may
have a higher information rate than a Single-Input —Single-Output (SISO) wireless link.

Recently, there are efforts on realizing both capacity and robustness gains
simultaneously. In [3], the researchers established that there is a tradeoff between these
two types of gains based on how fast error probability can deteriorate and how rapidly
data rate can be increased with a given signal to noise ratio (SNR) [4].

Spatial Multiplexing
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The first high data rate architecture was the BLAST which was proposed in [5].
In BLAST, multiple parallel data streams are spatially de-multiplexed and transmitted
simultaneously on the same frequency through all transmit antennas. However, this
architecture is a full spatial multiplexing scheme and it doesn’t provide any transmit
diversity while receive diversity is achieved on some streams depending on the receiver

architecture [6].

Space Time Codes

To achieve linear processing at the receiver, Alamouti in [7] proposed a novel
transmit diversity scheme where the transmitted symbols are mapped to a 2 x 2 space
time orthogonal transmission matrix. The orthogonal design achieves maximum
likelihood decoding with linear processing per transmitted symbol. Extending
Alamouti’s work, the researchers in [8] have designed STBC for more than two transmit
antennas.

They showed that the orthogonal design couldn’t provide a full transmission rate
for more that two transmit antennas with complex modulation. The rate-diversity
tradeoff is investigated in [9], where they designed Quasi-Orthogonal STBC or
(QOSTBC) that achieves a full transmission rate for more than two transmit antennas

but at half the transmit diversity.

Hybrid BLAST STBC

Space-Time Trellis Codes (STTC) is used in each BLAST layer with different
transmission power [10]. In [11], the researchers introduced multi-user STBC system
where STBC is associated with each layer of single user BLAST system as a way of
improving energy efficiency and at the receiver. Reduced number of antennas are used
to take advantage of the delay structure of STBC with minimum mean-squared error
(MMSE).

Performance of Multi-Layer STBC (MLSTBC) with power allocation and pre-
determined detection order is compared with equal power allocation schemes in [12],
[13], where [13] compares different decoding algorithms for MLSTBC system over flat
fading..channels:..Combining V-BLAST and STBC results in a high data rate
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architecture with transmit diversity in each layer. Hybrid BLAST-STBC system [14] is
a BLAST system with STBC encoders in the lower layers and the other layers leaved as
pure uncoded BLAST layers.

An efficient encoder and decoder were proposed in [15], the system aims to send
symbols and their negative conjugates in the second time slot excepts that of the
Alamouti encoded layers. It is proved that the proposed BLAST-STBC scheme can
improve the BER performance obviously compared with conventional VBLAST
scheme and keep the BER performance robust over MIMO channels conditions.
BLAST-STBC scheme appears to be an effective solution to achieve a good trade off
between diversity and multiplexing for MIMO systems.

Throughput is a key measure of the quality of a wireless data link. It is defined
as the number of information bits received without error per second and this quantity
would naturally to be as high as possible [16], [17]. Fading is one of wireless channel
impairments that mainly affects the capacity and the symbol error rate thereby it will
determine the net throughput [18].

Adaptive transmission is one of the key enabling techniques in the new
generation standards for wireless systems that has been developed to achieve high
spectral efficiency on fading channels [19]. Adaptive modulation [16]- [17] and [19]-
[20] , switching systems [21]- [25] and antenna subset selection [26]- [31] are
considered as common adaptive schemes for MIMO communication systems in high
data rate next generation. MIMO antenna selection [32]- [33] achieves full transmit and
receive diversity without coding or MIMO processing. These approaches require a
feedback of channel state information to select the best set of transmit/receive scheme

which limit their applications in high mobility environments [6].

1.2 Motivation

Day by day, wireless communication systems require significantly higher data
rate and improved performance. System capacity is increased by assigning additional
bandwidth which is not only expensive, but also limited. If BLAST system is used to
increase the system capacity, no additional spectral resources are needed.

But in some environments, there may be a deep fade in one or more links which

return us to the starting point with more power loss. Surprisingly, STBC may help to
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improve the BER performance of deeply faded link but with a price of decreasing the
capacity; then the problem is still standing. Hybrid BLAST-STBC system gives an
amazing results which considered as an intermediate performance and capacity.

The higher transmission rate and improved quality of service are the main
important factors in determining the throughput of the system and the suitability of
BLAST, hybrid BLAST-STBC and STBC systems to some deep fading cases. This
thesis includes detailed performance, capacity and throughput analysis of those systems
in some deep fading environments using ML detection techniques in MIMO system.
Also, a deep understanding of the effect of some deep fading scenarios on those systems
will be covered. This includes, but is not restricted to, proposing and testing a new
adaptive switching technique between those system to give the maximum achievable

throughput under deep fading cases.

1.3 Problem Statement

Spatial multiplexing where independent signals are transmitted simultaneously
via different antennas gives good results to increase the capacity of the channel. The
well-known V-BLAST is designed to maximize link spectral efficiency. However, in
some environments the independent links may suffer from a considerable fading which
cause decreasing in the system throughput. Space-time block codes can mitigate that
problem but with occupation of at least two links to transmit one symbol in at least two
time slots which decreases the number of transmitting layers and transmitted symbols.
The result is a decrease in channel capacity.

Combining spatial multiplexing and STBC can provide both increased capacity
and transmit diversity in one system called hybrid BLAST-STBC system. There are two
types of hybrid BLAST-STBC system. The first has a dedicated number of links for
BLAST transmission and for STBC transmission. The other system uses STBC encoder
for every layer. Hybrid BLAST-STBC system gives a better performance but with less
capacity than BLAST systems. If a deep fading occurred to one or more transmit links,
both of BLAST and hybrid BLAST-STBC systems result in an unacceptable throughput

which compel using more transmit power or increase system bandwidth.
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1.4 Solutions

BLAST system gives an amazing results for a good state channel. Wireless
channels may suffer from a varying fading in a continuous transmission process like
WLAN in which a hybrid BLAST-STBC system may give better throughput than
BLAST system. Also for some deep fading conditions, the STBC system may the best
choice to save throughput.

There is a need to develop a new way to represent hybrid systems in which the
transmission process is carried out in an adaptive switching manner between BLAST,
hybrid BLAST-STBC and STBC systems. The switching is decided according to the
links state or channel CSI without using neither extra power nor bandwidth.

No extra transmit antennas are needed nor switching off is needed for a deeply
faded transmit link. By this way, the power wasted in a deeply faded transmit link is
saved with a better throughput. Finally, the proposed system will give a better

throughput with less transmit power in a deeply faded channel.

1.5 Objectives

MIMO communication system is a challenging hot topic for researchers and
designers. Huge researches on MIMO data rate and performance were done recently
giving the birth to variety MIMO transmission techniques to get improvement. This
thesis is mainly intended to achieves the following objectives:

e To get more fundamental understanding of BLAST, STBC and hybrid BLAST
STBC MIMO technologies.

e To evaluate several MIMO techniques by comparing BER performance simulations,
analyzing the capacity formula and overall throughput.

e To study the effect of deep fading of transmit links for different scenarios on the
effective SNR, BER performance, average capacity and whole throughput.

e To propose an Adaptive Switching Hybrid System and test it in several deep fading

scenarios focusing on the whole throughput.
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1.6 Thesis Organization

In chapter 2, MIMO communication theory, model, capacity, diversity and
detection methods are reviewed. Also BLAST system techniques of VBLAST and
DBLAST are introduced. In addition, STBC systems of Alamouti, G, and QOSTBC are

described in more details with analysis of capacity formulas.

Chapter 3 is the core of this thesis; Hybrid BLAST-STBC MIMO systems is
presented and it discusses two types of Hybrid BLAST-STBC systems. Also diversity,
spectral efficiency, performance and spectral efficiency tradeoff, efficient detector and

capacity formulas are introduced.

Chapter 4 states the simulation environment of this thesis and compares the BER
performance and the capacity of Hybrid BLAST-STBC (G2 + 1 + 1) and (G2 + 1),
MLSTBC (G2 + G2), V-BLAST, QOSTBC and G4-OSTBC and what are the
advantages of Hybrid system.

Chapters 5 studies the effect of transmit antenna multipath channel deep fading
on the effective received SNR, BER, capacity and throughput of 4 x 4 MIMO system
for several transmit fading scenarios. A proposed adaptive switching hybrid system is

presented and tested.

Chapter 6 concluded the most important attained results and suggested different

research topics for future work.
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CHAPTER 2
MIMO COMMUNICATION SYSTEMS

Next generations of wireless communication systems made a demand for high
data rate with high quality systems. In other words, spectrum has become a scarce and
expensive resource while the bandwidth is very limited and restricted. Transmit power
is limited in addition to time/frequency domain processing are at limits, but space is not

[34].

Multiple-Input-Multiple-Output (MIMO) system is a promising technology for
the future communication systems. It offers a significant increase in data throughput,
higher spectral efficiency (more bits per second per hertz of bandwidth), and link
reliability or diversity (reduced fading) without additional bandwidth or transmit power
[35]. MIMO system consists of multiple antennas at both transmitter and receiver to
improve communication performance [36]. The idea is to transmit different steams of
data on different transmit antennas on the same carrier frequency, then the transmitted
signals might find different paths to arrive at different receive antennas through direct
and indirect paths (reflections) [37]. Therefore, one receive antenna can receive signals
from all M transmit antennas and sums them to one term since they are at the same

frequency.

MIMO is a very attractive setup because it offers a great increase in information
capacity with the cost of increased complexity only (no need for extra bandwidth nor

larger power) [38].
This chapter gives an overview of the MIMO channel model, MIMO capacity

and the basic open loop MIMO communication system. It covers Bell Labs Space Time

(BLAST) architecture and space time block codes.
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2.1 MIMO System Model

In fact the advantages of MIMO are exceeds its fundamental issue of adding
diversity benefits. The mathematical nature of MIMO, where data is transmitted over a
matrix rather than a vector channel, creates several new opportunities. It was shown in
[5] how under certain conditions transmit min(M,N) independent data streams
simultaneously over the eigenmodes of a matrix channel created by M TX and N RX
antennas. Before G. Foschini [5], however the first results pointing to the capacity gains
of MIMO were published by J. Winters in 1987 [1], after that in 1994 it was released in
[39] for application to broadcast digital TV but a little known yet about this ground
breaking result.
Let H be the channel matrix of N x M dimensions, where M is a number of transmit
antennas and N is a number of receive antennas as shown in Fig.1 . In the ideal case,
each path is assumed to be statistically independent from the others. Independent data

can be sent from each antenna, increasing the capacity of the system.

r=Hx+n

Scatterers

X

Fig. 2.1 MIMO Channel Model.

. . . T .
Herein, consider a transmitted vector x =[x,x,,x;.....x,,]', The vector is then

transmitted via a MIMO channel characterized by the channel matrix H whose element

h,; =~ CN(O,])is the random Gaussian complex channel coefficient between the Vi

transmit and i receive antennas with zero mean and unity variance. The received vector

r=[r,r,,7;....ry]" can then be give as following.
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r=Hx+n 2.1

(2.1) can be expressed as

r,(k) by by hy Y x(R) n, (k)
rzz(k) _ hf] hfz hzzM xz:(k) N nzz(k) 22)
ry (k) hy, . o hy, \x,, (k) ny (k)

Capacity of MIMO Systems
It was shown by Shannon that the attainable capacity for a flat fading Single Input

Single Output (SISO) communication system is
Caso = log,(1+]h°|) bps/Hz, (2.3)

where yis the average SNR and % denotes the fading gain.
In 1998, Foschini has demonstrated that the capacity of the flat fading channel of the

MIMO communication systems is given by [40]:
Comio = log,(det | 1, + % HH))  bps/H:z, (2.4)

with the assumption that numbers of transmit and receive antennas are equal. This
theoretical capacity expression for MIMO systems points out that the capacity may be
increased linearly with the number of antennas [41]. Thus capacity for MIMO systems
is increased in comparison to SISO systems, where the capacity increases

logarithmically with SNR.

2.2 Bell Labs Layered Space-Time (BLAST) system
Transmission techniques for MIMO wireless communications may be considered
under two broadly defined categories:

1. Unconstrained signaling techniques, or the so-called BLAST architectures, whose
aim is to increase the channel capacity by using layered space-time codes designed
using standard channel codes.

2. Space-time codes, whose aim is transmit a signal multiple times (copies) at different
transmit antennas to increase system diversity.

As pointed out previously, the BLAST architecture consists of multiple antennas at both

the transmitting and receiving ends of the system, as illustrated in Fig. 2. In this system,
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information signals are divided into sub-streams and multiple antennas (array) is used to
transmit these sub-streams simultaneously on the same carrier frequency. The same
frequency bandwidth is used and the total transmitted power is always held constant. At

the receiving end, the transmitted signals are received by an antenna array.

a; [ | a3] a4 as ] ...| P Modulationj z L Cham?el Ipl... [as[as[as] a,[a
decoding
(b1 [b2[Bs[bs [bs [... ] P Modulation j z MIMO [ dChar(ljr.lel L ...[ bs[ba[bs [b,[by |
Detection ceoding
[CilC[C[CalCs] .| p Modulationj N Chanr}el G G (GG
decoding
. MIM .
Transmitter ‘ Ch Ol i Receiver
anne MIMO Detection

Fig. 2.2 Spatial Multiplexing System Model.

Each antenna element of the array receives all the transmitted signals as one
composite signal. Even though the signals are transmitted in the same frequency band,
the signals from the different transmit antennas are located at different points in space,
and each signal is scattered differently. The received signal at each receive antenna
element still contains useful information about the transmitted signal. Since BLAST
does not require additional spectrum resources to transmit parallel sub-streams (i.e, each
antenna operates in a co-channel manner), the BLAST architecture is spectrally
efficient. However, the spatial multiplexing and simultaneous use of the same portion of
the spectrum lead to co-antenna interference, which is the major source of channel

impairment in the BLAST architecture [42].

2.2.1 DIAGONAL BLAST

The innovative feature of the D-BLAST transmitter is the space-time encoding
structure constructed with M diagonal layering 1-D coded subsystems of equal capacity,
which permits decoding complexity to grow linearly with the number of transmit
antennas. However, this architecture requires the use of diagonal layering. The space-
time wasted at the start and end is significant for a practical few hundred symbols, even

though this boundary waste becomes negligible as the packet length increases. In

10
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general, the use of a short packet size is important in wireless communications for two
reasons:

1) Long packets require channel tracking inside a packet (channels varies with time).

2) Wireless communication is usually delay-limited.

Fig. 2.3 illustrates the D-BLAST transmitter. A data stream is demultiplexed into M
data substreams of equal rate, and each data substream is encoded independently using
block encoders. Rather than transmitting each of the M coded substreams to an antenna,

the bit stream per antenna association is periodically cycled [41].

jW
X,
4 h Interleaver Modulator : 1

_—Z
011101 | Demux X3 )

Data 1M Modulator

A 4

\ 4

Encoder

|

| |

| | |

| | O '

I I !

: W

Xm
\_ ) Interleaver Modulator M

Fig. 2.3 D-BLAST Architecture.

S
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XM | XoM | X3M

v

Time

Fig. 2.4 D-BLAST Stream Rotation .

Capacity: Diagonal Layering of Space-Time
Each sub-layer of any diagonal layer will see a different level of the SNR. If we denote

{r. 1Y as the generalized output SNR of sub-layers, the D-BLAST random information

rate is the summation of instantaneous capacity of all the sub-layers:

11
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N
Cpo(H)=>log,[1+y,]
where k=t (2.5)

P
yk = MO'Z (HkHlfi)
H,is the ™ row of channel matrix H. The average capacity then will be :

Crppasr =log,(det |1, + ﬁ H gBLAST H psiisr 1) bps/Hz (2.6)

2.2.2 VERTICAL BLAST (V-BLAST)

To reduce the computational complexity of D-BLAST, Wolniansky [43]
proposed a simplified version of BLAST known as Vertical BLAST (V-BLAST), which
is the first practical implementation of MIMO wireless communications in showing a
spectral efficiency in real time. In V-BLAST, the incoming binary data stream is first
demultiplexed into M substreams, then they might be encoded and mapped onto its own
antenna for transmission over the channel independently. The final result is the
conversion of the incoming binary data stream into a vertical vector of encoded
substreams. Moreover, in the V-BLAST transmitter, every antenna transmits its own
independently coded substream of data. Also, V-BLAST eliminates the space-time
edge wastage problem in D-BLAST, the outage capacity achieved by V-BLAST for
antenna configurations with M > N is lower than that of D-BLAST [43].

Temporal Encoder X7 W
—» Mod

Interleaver Symbol

A 4

Mapper
Temporal Encoder X —Zv
Demultiplexer P Interleaver Symbol [ Mod
I'M Mabper
011101
—>

|
Data :
|
|

Temporal Encoder X
. - Mod =

Interleaver Symbol
Mapper

Fig. 2.5 Spatial Multiplexing Transmitter with Parallel Encoding: VBLAST.
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Fig. 2.6 VBLAST Receiver with Parallel Decoding.

\ 4

Capacity: Vertical Layering of Space-Time
The instantancous capacity of V-BLAST is given as the random variable [5]

Cy (H)=M x ke[%{?,}\/] log,[1+7,], (2.7)

where Cy, is the capacity of V-BLAST when using all M transmit antennas, and the

SNR denoted by yx is given by
P
J’kZW(HkaI)a (2.8)
where H; is the ¥ row of channel matrix H.
Cpusr =log,(det |1, + ﬁ H ZLAST Hssrl)  bps/Hz. (2.9)

2.3 BLAST Detection

It is seen from [37] that the receive antennas see the superposition of all the
transmitted signals. The task of a BLAST detector is to recover the transmitted data S
from the received signal r. Assuming perfect channel estimation (channel matrix H is
known) at the receiver, the receiver can be configured by variety of detection techniques
including linear, successive, tree search and maximum likelihood (ML) detector to
remove (cancel) the effect of the channel and recover the transmitted substreams signals

[44], [45].

13
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ML detector is the optimal receiver in terms of bit error rate (detector performance) but
it is a nonlinear detector with a high complexity. Let A° be the symbol constellation set

of QPSK whose size is 4. Then, the ML detection rule is given by:
% =arg min|r — Hx|’ (2.10)
xeAS

The minimization problem is performed over all possible transmitted signal vectors X in
the set 4% . The computational complexity of an exhaustive search is then OM " ).
Although ML receiver is optimal, its complexity grows exponentially with the number

of transmit antennas.

On the other hand, there are other detection methods (equalizers) that have a lower
complexity than ML such as Zero Forcing (ZF), Minimum Mean Square Error
(MMSE), Quadrature Residue Decomposition (QR), Singular Value Decomposition
(SVD), Sphere Decoding (SD). Here is a simple comparison between them [16], [45],
[46].

Table 2.1 Comparison of BLAST Detection Schemes.

Scheme Performance Complexity Error enhancement
ZF Worst Very Low/Linear Extra High
MMSE Poor Low/Linear High
QRD Good Very Low/Nonlinear Medium
SVD Very Good High Low
SD Near Optimum Depend on channel Near Minimal
ML Optimum Exponentially Minimal

Successive Interference Cancellation (SIC) which considers the first detected
symbol as an interference to the other undetected ones then it will cancel its effect from
the received vector by subtracting it from the received vector and so on for all symbols.
Additionally, The V-BLAST detector [18], [47] decodes the substreams using a
sequence of nulling and cancellation steps. An estimate of the strongest transmitted
signal is obtained by nulling out all the weaker transmit signals using the ZF, MMSE or
QR criterion, then subtract this strongest signal from the received signal r, proceed to
decode the strongest signal of the remaining transmitted signals, and so on, but they

have.worseperformance than ML.

14
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Discussing and analyzing BLAST detection schemes are out of scope of this
thesis. According to this thesis's contribution, the proposed system performance has to
be evaluated and compared to BALST and STBC system. So, it must be evaluated by
one detection method. ML detector is used for optimality reasons and to avoid error

enhancement problem.

2.4 Diversity

In order to reduce the effects of multipath fading, diversity is a common
technique that can be applied either at the transmitter (transmit diversity) or the receiver
(receive diversity) in order to achieve lower BER in wireless communication systems
without need of extra transmit power. Diversity means that the receiver can get more
than one version of the transmitted signal. There are many diversity techniques such as
receive, frequency, time, delay, polarization, angel and combinations like space-time
and space frequency diversity. Antenna diversity is the most widely used method in
mobile communication system since it does not involve using extra power or
bandwidth. This thesis considers space time block coding as a transmit diversity
techniques as will be explained in section 2.5.
Antenna diversity concept is using multiple antennas at the receiver to get multiple
fading versions of the signal, then these versions can be combined or switched
(processed) to improve the received signal to noise ratio. A well known techniques can
be applied to derive benefits from these versions like Switch/selection Combining (SC),
Equal Gain Combining (EGC), Maximal Ratio Combining (MRC) and Optimal
Combining (OC), their performance/complexity is presented in Table 2.2 [45], [48]-
[50].

Table 2.2 Multiple-Antenna Combining Comparison.

Technique Complexity Performance

Switch/selection combining Low Good

Equal gain combining Middle Very good

Maximal ratio combining High Excellent

Optimal combining Very high Ultra Excellent
15
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This thesis studies a 4 x 4 MIMO communication system with ML detector which take
the advantages of MRC diversity technique. Therefore, the performance and capacity of
1 x4,2 x4, 3 x4 and 4 x 4 MIMO systems are shown in Fig. 2.7 and Fig 2.8

respectively whereas they will be discussed later.

r
**************************** —8— /X4 VBLAST |
—O— 3X4 VBLAST
== X4 VBLAST

10°

Bit Error Rate

=
o,

| | i
- ! ! |
10 4 | | |
0 2 4 6 8 10 12 14 16

25 ! ! ! ! ! ! ! !
== /X4 VBLAST || | | | |
== 3X4 VBLAST| | 1 1 | |

20 -~ | == 2X4 VBLAST H-~---1-———r———~1————1-
== | X4 VBLAST |

I I |

—
(9,

—_
(=}

Capacity (bits/sec/Hz)

|

L

S A R
0 2 4 6 8 10 12 14 16 18 20

Fig. 2.8 Capacity of 4 Rx for Number of Tx Antennas Using ML Detection.
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2.5 Space Time Coding (STC)

Space Time Coding (STC) takes advantage of the additional spatial diversity
that MIMO offers. Unlike BLAST system which transmitting independent data streams,
in STC, the same signal is transmitted in a predetermined manner instantaneously from
different transmit antennas to obtain transmit diversity, in order to combat the channel
fading. Generally, Space Time Coding (STC) leads to signal-reliability improvement, so
that even when one or more of the paths are in a deep-fade, it is still possible to obtain
an error-free signal. Using spatial diversity, however, reduces the number of
independent paths, which leads to a decreased maximum possible rate at the transmitter.

Fig. 2.9 shows a generalized setup for the space time coded MIMO.

H
Co Noise
TT h 1
So S1 .. Sk STIC Co Noise Channe
or estimation PIS Sk
STBC RF > and ST gl e
and RF . decoding
- Noise and
G % decision

Fig. 2.9 Space Time Coded MIMO System.

The incoming signals sg, s;, .., s are mapped by a Space-Time Trellis Code
(STTC) onto a codeword ¢y ,c;, ..., ¢; and distributed among ¢ antennas. At the receiver
side the channel is estimated, the data is decoded and finally the original data are
recovered and converted back into a serial form.

STTCs were developed in [51]. They provide an excellent performance at the
expense of high complexity. Usually, a sophisticated Viterbi type decoder is used [52].
Recently Space-Time Block (STBC) codes have emerged as an alternative type of
STTC codes [7]. They don't provide a coding gain (a gain in SNR over an uncoded
system of the same rate) like STTC do. However, when compared to a SISO system,
their BER performance improves much more quickly as SNR increases. In other words,
they have a higher diversity gain. They also have a simple decoding technique. The
low-complexity advantage has made STBC the preferred Space Time Coding technique

in many practical applications, as well as accepting them as part of a 3GPP standard
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2.5.1 Alamouti STBC

A simple Space Time Code suggested by Mr. Siavash M. Alamouti in October
1998 [7]. He offered a simple method for achieving spatial diversity with two transmit
antennas. The scheme considers that the system has a transmission sequence, for
example X = [x;, X2, X3...... , Xu]. In normal transmission, x; is sent in the first time slot,
x; in the second time slot, x; and so on. However, Alamouti suggested that the symbols
will be divided into two groups.

In the first time slot, x; and x, are sent from the first and second antennas,
respectively. In second time slot - x, and x; are sent from the first and second
antennas, respectively as seen in Fig. 2.10 and Fig. 2.11. In the third time slot x; and x4
are sent from the first and second antennas and so on. Notice that although we are
grouping two symbols, we still need two time slots to send two symbols. Hence, there is
no change in the data rate. This forms a simple explanation of the transmission scheme

with Alamouti Space Time Block coding [54].

X0 -X; h
Ml
\\h()[ - l
dat Modulator : I :>\/ g 1 [N ~ ]
ata N e No ’ .
— > And [x; xo] e s N; Combiner Yoo N

Lo Wrre L L
Space time h Detector
encoder 5 n )

Fig. 2.10 Simple Space Time Code Setup for 2-Tx and 2-Rx Antennas.

The transmitted 2 x 2 STBC codeword is X, and the symbols x; can be any quadrature

x:(xo _’?J 2.11)
X Xy

modulated symbols.
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Fig. 2.11 Space Time Code Setup.

) ) . h h
The flat faded channel matrix for two transmit and one receive antennas H = { 00 01} .
10 11

The received signal from eq. (1) at the first time slot the received signal is:

0 0
T hopXy + by x, ny
r 10%0 T 1%, n,
and, at the second time slot, the received signal is:
1 * * 1
T = hyyx, + hyx, n
r —hypx; +hy,x, n,
Now take the conjugate of (13), and rearrange vectors, it will be:
R AL AN ) (2.14)
7’1] _h;oxz +h;1x0 ’11]

Rearrange eq. (2.12) and (2.14) in matrix notation, the received signals for two time slots

are:
0 0
"y hoo 01 n,
0 0
n hy | X n;
* = * * + * (2 1 5)
1 h _ h 1 ?
h 01 00 |\ X1 n,
]* * * 1*
Y hu - hm n;

where 7’ and r’ are the received signals on the first time slot from the first and

second receive antenna respectively. 7, and 7 are the received signals on the second

time slot from the first and second receive antennas, respectively. 4y is the channel gain

t . . . . d .
from 1% transmit antenna to receive antenna, /; is the channel gain from 2" transmit

antenna to receive antenna. x, and x; are the transmitted symbols. n;, n/, n, and n, are

the AWGN modeled as independent identical distribution (i.i.d) complex Gaussian
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random variables with zero mean and power spectral density Ny/2 per dimension on 1%,

d. t ond '
2" time slots and on 1%, 2" receive antennas, respectively.

So the virtual channel matrix for 2 x 2 MIMO system in two time slots with

Alamouti scheme is (Assuming a flat Rayleigh fading channel):

hoo hoz
h h
H, =" " (2.16)
h01 - hoo
h// - hm

The columns of the matrix represent antennas and the rows time slots. Therefore,
p time slots are needed to transmit & symbols, resulting in a code rate
Rs =k/p Symbols/Time slot, (2.17)
Rs =1 for Alamouti scheme. It is of special interest to find code matrices achieving the
maximum transmission rate permitted by the STC theory, Rs = 1 Symbols/Time slot (full
rate) [44].
The demodulator can treat the channel matrix of 2 x 2 as a virtual 4 x 2 matrix
for two time slots, then it can do the decoding process by multiplying the received signal
by the hermitian of the Alamouti 2 x 2 channel matrix (Assuming a full channel

estimation ).

) )
F=HY ”go* :(h;f h{} hor by J ’”{1 (2.18)
) . hoy hy —hy —hy )1, .
r11 r/
hyy By, ng
[Fo}:[hoo hyy  hy hy, J hy  hy (XOJ+(h;0 hy  hy, hy; j n?* (2.19)
71 h()/ h// _h()o _hll) hol _h()l) X h01 h// _hoo _hm n(j
hy  —hy ’711

[FOJ _ [|h00|2 S e R U 0 ](XO]J{”;J (2.20)
> 2 2 2 2 R E) .
7, 0 igo| ™+ [Boa| ™ + || +[R|” Nxs n,

% 3

' 0 0 " I ' 0 x 0 I 1
where n, = hyn, +h,n, +hy,n, +h,n, and n, =h,n, +h,n;, —hy,n, —h,,n, .
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The two noise terms are independent and identically distributed so:

2
" |

0 0 0 n

n, | n, n, ‘ 0
2

0 0 0 0 ‘ 0 ‘

n n n * * n;
E 11* 11* =FE 1’ (ng n, n, n,I) = 2 (2.21)

n, | n n

), A 00 [ 0
n n n 2

1 N 1 0 0 0 |

Therefore, the noise term is still white.

[370] — arg min[dhoor +|h01|2 +|h10|2 +|h1/|2)x0J+(nf:))' (2.22)

X, xedS (|h00|2 +|h01|2 +|h10|2 +|h”|2)x] n,

2.5.2 General STBC Based on Orthogonal Designs

The Alamouti scheme presented previously works only with two transmit
antennas. This scheme was later generalized in [8], [55] to any number of transmit
antennas. Like Alamouti code in (11), the general STBC is defined by a code matrix
with orthogonal columns.

In general, STBC is defined by a (P x M ) matrix G. The entries of the matrix G
are linear combinations of the variables x,,x,,x;.....,x, (representing real or complex
symbols ). The columns of the matrix represent number of transmit antennas and the
rows represent time slots [44]. General STBC based on real orthogonal designs
achieving full diversity and full rate can be found for any number of transmit antennas,
M [47], [51], [55].

Theorem [8] : A ( p x M ) generalized orthogonal design [J in variables

X;,X,,X;......, X, exists if and only if there exists a generalized orthogonal design G in
the same variables and of the same size such that

G'G=nx+x,"+x, +..x )I,, (2.23)
where [; is the identity matrix of size (k x k), x,,x,,x,.....x, are real variables, for

complex variables transpose process replaced by hermitian process (transpose of

conjugates) and it must still imply that
GG = +x,"+x,  +...x ), (2.24)
For M =3, real symbols R; = 1 S/Ts and the complex symbols R, = 1/2 §/Ts, G is
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-X, X, —X,
X, =X, —X
-Xx; X, X
G;=|x, x, x, |forrealand G;=| . . . | for complex.
X, X, X
X; —X, X, sk *
-X, X, -Xx,

Now for M = 4, the real symbols with R, =4/4 =1 S/Ts (full rate)

X, X, X3 X,
-X, X, —X, X
2 1 4 3

G, = (2.25)
-X; X, X, X,

-X, —X; X, X

And for complex symbols with R, = 1/2 §/Ts

X, X, X3 X,
-X, X, —X, X
-X; X, X, X,
-X, —X; X, X
4 3 2 1

G,=| . . . . (2.26)
X, X, X3 X,
* * * *
-X, X, -X, X
* * * *
-xX; X, X, X,
* * * *

This thesis studies an 4 X 4 MIMO system but in [8] it has been proven that:

Theorem: A complex orthogonal design of size 4 x 4 does not exist [8].

They (in [8]) do not know any other generalized design of dimensions greater
than 4 x 4 with rate greater than 0.5 S/Ts for a complex orthogonal design. They believe
that the construction of complex generalized designs with rate greater than 0.5 S/Ts is
difficult. Recently in 2001, H. Jafarkhani in [9] develops a new full rate (R, = 1 S/Ts)
complex Quasi-Orthogonal STBC (QOSTBC) for four transmit antennas as shown

below:
X, X, xX; X,
* * * *
Gu ) |—x x  —x X 207
G* G* - * * * * ( . )
— LUy 12 —X; X, XX
X, —X; —X, X,
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subscript ‘12’ is included to denote that the matrix contains symbols x, and x,, also the
subscript ‘34’ to denote the matrix which contains symbols x; and x, .

From eq.( 2.1) with 4 x 4 MIMO system and similar to Alamouti analysis eq.( 2.12-

2.15) with four time slots assuming a flat fading channel and by letting X =G, .

hy  hy by hy
h, h h h
H o = hﬂ h22 h23 h24 :(h1 h, h; h4) (2.28)
31 Mz Mgz Mgy
h, h h h

I h, h, h, h, Y x n,
r, h, -h, h, -h;|x n,
P I B (2.29)
r h, h, —-h, —h,|x n,
r, h, h, —-h, —-h \x, n,

r4p)Tand n, =(n1p n,, n, n4p)r is the P" time slot

where 1, = (rlp r, .

pr3

D
received signal and AWGN vectors, respectively.

The virtual channel matrix of 4 transmit time slots is of size 16 x 4 and given by

H h, h, h, h,
H, h, —h, h, -h;
H e I L e
oosTe H ax4 h3 h4 - hl - hz , (239
H s 16x4 h, h, -h, -h 16x4

Where h, is the n™ column vector of H 4 of length 4.
At the receiver side, the decoding process must be done to estimate the transmitted.

symbols like Alamouti decoding scheme in eq.( 2.17)
r= HfQOSTBC r= HfQOSTBC H4,QOSTBC X+ HfQOSTBCn (2.3 1)

F=AX+0i (2.32)

The noise term is still white since the noise terms are (i.i.d.). For an orthogonal block
code, A is 4 x 4 diagonal matrix but for a quasi-orthogonal block code A will have
some non-zero terms other than diagonal elements that reduce the diversity gain of the

code and it will have the form [9]
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y 0 0 «a
A= (H fQOSTBC )4)(16 (H 4,00STBC )16x4 = 8 —70( —}/05 g (2.33)
a 0 0 vy s
where y = Z“::Jh;4 hk| ,and o = Re{h]H h, —h)’ h3} [9].

7, (| g b+ g b+ it b e )

% bt by gty |+ gthy + Ry Ry x| [

O I T R o B o P S e N (234)

X, (I +|hg by |+ hgthy |+ ity x, | (g

The effective bandwidth of the STBC system must be divided by P to compensate T in
eq.( 2.33) since it must be measured over P-(time slots) consecutive symbol periods

[56]. The resulting capacity equations are:

1 Y
C4,QOSTBC = Zlogz (det |1 + H H fQOSTBC H 4,00STBC )} (2.35)

1 Y
C4,0STBC = EZng (det |1, + H H fOSTBC H 4,0STBC ) (2.36)

The bit error rate and the capacity of 4 x 4 MIMO system with no coding , full rate
QOSTBC of eq. (2.27) and half rate OSTBC of eq. (2.26) are simulated and the results
shown in Fig. 2.12 and 2.13.
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Fig. 2.12 4 x 4, QOSTBC, OSTBC MIMO System Performance Comparison.
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Fig. 2.13 4 x 4, QOSTBC, OSTBC MIMO System Capacity Comparison.

as it was expected 4 x 4 V-BLAST has the best spectral efficiency but with the worst
BER performance opposite to OSTBC which has the worst throughput with best BER

performance.

2.6 Summary

This chapter gave an overview of the MIMO channel model, MIMO capacity
and the basic open loop MIMO communication system. It covered Vertical and
Diagonal Bell Labs Space Time (VBLAST and DBLAST) architectures and Space
Time Block Codes (Alamouti, QOSTBC and General Orthogonal STBC ) systems.

In MIMO technology, system performance was improved using spatial diversity
techniques. But with spatial multiplexing the channel capacity was linearly increased as
independent data streams were transmitted from the multiple transmit antennas and
received by multiple antennas at the receiver.

Transmit diversity was used in order to combat the fading of the channel.
Generally, STBC leads to signal-reliability improvement. So that even when one or
more of the paths were in a fade, it is still possible to obtain an error-free signal. Using
spatial diversity, however, reduced the number of independent paths, which leads to a

decreased maximum possible rate (capacity) at the transmitter.
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CHAPTER 3
HYBRID BLAST STBC SYSTEM

3.1 Introduction

In BLAST systems, spatial multiplexing is used where independent signals are
transmitted simultaneously via different antennas. This gives good results in increasing
the capacity of the channel. This well known system is designed to maximize the
spectral efficiency [57]. However, in some environments, the independent links of
BLAST system may suffer from a considerable fading which causes decreasing in the
total data rate.

Space-time codes can mitigate this problem in BLAST system but it decreases
the capacity since it uses a minimum of two antennas to transmit one symbol
(Alamouti). So combining spatial multiplexing and STBC can provide a tradeoff

between the throughput and diversity.

Recently, there are several proposals to combine space-time block coding
(STBC) and spatial multiplexing (SM) to obtain transmit diversity and spatial
multiplexing gain simultaneously in a system called Hybrid BLAST-STBC (or Hybrid
BLAST-STBC ) MIMO system [58]. This idea emerged in a Multi-User (MU) systems,
if each user has a STBC encoder then by letting all users considered as one user having
multilayer STBC scheme (every layer has a STBC encoder) then this user enjoys a high

spectral efficiency and transmit diversity benefits.

As MU-STBC system and the hybrid BLAST-STBC system are equivalent,
symbol detection schemes for MU-STBC systems could be applied to the case of the
hybrid BLAST-STBC system [58].

There are tow types of hybrid systems, the first type [14] is called hybrid STBC-
BLAST system, this system has a dedicated number of antennas for BLAST
transmission and for STBC transmission or by other words it is a BLAST system with
STBC encoders in the lower layers. The second type is called hybrid BLAST-STBC
system or it is referred to as Multi-Layered STBC (MLSTBC) system, and more details

about these types will be discussed in the next sections.
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3.2 Hybrid STBC-VBLAST System

The first study on this system was in 2005 [14] when Tianyu Mao and Mehul
Motani complete their Technical Report at National University of Singapore (NUS) in
2004. In their study, they introduced a new STBC-VBLAST scheme. By letting J to be
the number of STBC layers and each layer has » transmit antennas, the new system
integrates J orthogonal n x p STBC into the lower layers of VBLAST systems with a

total M transmit and N receive antennas.

The remaining higher layers transmit independent data streams (VBLAST). This
structure is called in [59] the Hybrid MIMO Transmission Schemes (HMTS) and it also
aims to achieve diversity and multiplexing gains at the same time [60]. Fig. 3.1 shows

the block diagram for the Hybrid STBC-VBLAST system.

Streams
1 Y 1
011101] gp <1
Data 2 Y 2 | >
' Y 2 €5
Constellation_> ; Eg L g § > Bl»
Mapper M-nJ Y Mt 3 | 5;3 > ‘q"éz. » P8 | Data
O
Y Mewst SA
M-nJ+1[  (xp) (STBC layer 1) T N
STBC jM'-nPrn &g id
encoder
Y
M-nJ+J é'%)g’(): (STBC layer J)
encoder j M

Fig. 3.1 Block Diagram for Hybrid STBC-VBLAST Transmitter

The information symbol sequence is divided into M— (n — 1)J streams. Streams
1 to M— nJ are transmitted on the first M— nJ antennas. But the other J streams are
passed through J-STBC encoders (STBC Layers) and they are transmitted on nJ
antennas.

Furthermore, each group of »n antennas is used to transmit an n X p STBC
symbols, denoted by G, , where n and p indicate the number of transmit antennas for
each encoder and symbol intervals occupied by the STBC, respectively. We call each of
the J STBC encoded streams a STBC layer and the system a (n, p, J) STBC-VBLAST
system [14] and (G, + 1 + 1...) in [61] where that ones refer to number of transmit
antennas appointed to V-BLAST transmission. The transmitted signal can be expressed

in matrix form as
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_[ Xopa 3.1
X_G H ()

where X, contains the independent symbols (VBLAST)

1 2 P
X X X

1 2 »
x x e x

_ 2 2 2

xspa - . ) (32)
1 2 P
X X 7 Xy

and G, is the transpose of one of encoding matrices of STBC (G,,G3,G,....etc) like in eq.
(2.11) or (2.26).

An efficient encoder and decoder were proposed in [15]. The system aims to
send symbols and their negative conjugates in the second time slot excepts that of the

Alamouti encoded layers, then eq.(3.1) will be

_ Xspa
X = G | (3.3)

where G, is the Alamouti encoder matrix of eq.(2.11) of p =2 and eq.(3.2) will be

.

X — X,

.

X -x

_ 3 4

Xy = : : , (3.4)
*
Xom-nn-t ~ Xom-nn)

and eq.(2.1) will be

<r>=<H{Xw]+<n>. 69)

r n,
r, n,
=(Hpa Hux#| (3.6)
Ny
ny
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where H, is the Alamouti channel matrix for groups of two and it has the form of

H, H., H
H, = Hi Hi o H (3.7)
Hi, Hi Hi,

where every element of eq.(3.7) is given by:

H :I\b — (ha,*]b+M—nJ-1 ha;ZbJrM—nJ j (3 8)

ha,2b+M—nJ - ha,2b+M—nJ—l

Fora=1,2,.,Nandb=1,2,...,Jand Hg, is

R HE e Hiw
H spa H spa . H spa

Hgo = > > Mo (3.9)
HY, H: o Hi

where every element of eq.(3.9) is given by:
h. 0
He =) . (3.10)
’ 0 —h;

Fori=I1,2,...,Nandj=1,2, ..., M-nJ.

Now for 4 x 4 MIMO system, Alamouti scheme can be used so M =4, J=1,n=2 and
p=2.

According to eq.(3.1) and G, then

X X

*

X — X
x=|"? N (3.11)

X5  —Xg

*

Xe X5

and for the channel matrix in eq.(2.1) and eq.(2.28) and also according to the criteria in

e channel matrix will be
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H h, 0 h, 0 hy h
Hua=| 21 = o 2 0 L] 12
Hibrid (H4x6 ng [ 0 —h ! 0 - h2 h4 - h3 8x6 (3.12)

where h,, is the n'™ column vector of Hxa.

X
X;
r, h, 0 h, 0 hy h, Jux n,
x . X x s b (3.13)
r, 0 -h, 0 —-h, h, —-h;)x, n,
Xs
X6
r= Hgibrid r= Hgibrid H i X+ Hgibrid n, (3.14)
H/., . H,... willbea 6 x 6 matrix where any decoding scheme can be applied.
The same criteria can be done for 3 x 4 MIMO system, eq.(3.11) can be like
X -x
x=|x, -x, (3.15)
X, X
The channel matrix will be
(2] 8 ) 16
ibrid * - * * * 5 .
! Has 6x4 0 -h, hy —h, 6x4
and
X
r h, 0 h, hy\x n
A o R S I (3.17)
r, 0 -h, hy —h,)x n,
Xy

As eq.(3.14) shows,H/, H,. . will be a 4 x 4 matrix so any decoding scheme can be

applied.
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PERFORMANCE ANALYSIS

It is clear that the hybrid system has much higher diversity than VBLAST
systems. Let the diversity d of the system as the minimum diversity among all the
layers, the following theorem gives an exact result for the diversity of hybrid system.
Theorem 3.1: [14] For an (n, p, J) STBC-VBLAST system having M transmit and N
receive antennas, the diversity is the minimum of n(N— M) + n’ and N— M+ Jn + 1.
Since the minimum diversity among all the layers is enhanced, the error propagation is
suppressed efficiently. For example, a STBC-VBLAST with one layer of 2x2 STBC
and N =M has a diversity of three, compared to one for VBLAST systems.
Table 3.1 [14] illustrates the comparison between hybrid and VBLAST systems.

Table 3.1 Summary of diversity and spectral efficiency for STBC-VBLAST and

VBLAST
Schemes Hybrid system Uncoded VBLAST
Diversity (d) N-M+1
n(N— M) + n’
min
N-M+Jn+1
Spectral efficiency (1) K(M — nJ + JRs) KM

PERFORMANCE AND SPECTRAL EFFICIENCY TRADEOFF
For a BLAST system, the spectral efficiency can be expressed as

n= KM bits/s/Hz, (3.18)
where K is the number of bits in a modulated symbol. For a (n, p, J) STBC-VBLAST
system

n=KM—-nJ +JRy) bits/s/Hz, (3.19)
where R; is the code rate for STBC of eq.(2.17). The problem is how to choose n and J
to obtain best tradeoff between performance and spectral efficiency.
Theorem 3.2: [14] For an (n, p, J) STBC-VBLAST system having M transmit and N

receive antennas, in order to use the bandwidth efficiently, J should be chosen such that
N-M+1
J£n+(N—M)—{—J, (3.20)
n

where L()J indicates the largest integer which is smaller than (.).
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3.3 Hybrid BLAST STBC System (Layered Space-Time Codes)

This is the second type of hybrid system, combining BLAST and STBC
performance in a layered architecture with transmit diversity in each layer. This is
called a Multi-Layered STBC (MLSTBC) system [10], [62]. It is called in some
references a hybrid BLAST-STBC system [56], it may be called a combined STBC and
BLAST or combined STBC and SM system [63]. This architecture was first considered
in [10] but with space time trellis codes (STTC). One advantage of using STBC over
STTC is that the orthogonal structure and the short code length can be exploited at the
receiver to reduce the minimum required number of receive antennas [6]. For MLSTTC,
the number of receive antennas should be at least equal to the total number of transmit
antennas. However, for MLSTBC, the number of receive antennas is equal to the
number of layers. In [64], [65] horizontally layered space time (HLST) codes and
diagonally layered space-time (DLST) codes were proposed, HLST considers a
VBLAST layering technique and DLST considers a DBLAST layering technique with
channel coding then moving them through space and time through these layers. Fig. 3.2

shows the architecture of the Hybrid BLAST STBC system.

1
(STBC layer 1)

011101 ! e i
S/P STBC 1
Data encoder j n L > .
2
' . 2 1 n+1 = > &5 P 011101
Constellation (mxp) : s |z 5 Z 28
STBC : E 2 = —>
Mapper oo | 20 Y3 | a% NN PS | pia
e FRGAREE
3 xp) - N: @}
STBC | (N Ly N
encoder j
(J-Hn+1
J (mxp) STBC |
STBC ( ayer J)
encoder j Jn=M

Fig. 3.2 Architecture of the Hybrid BLAST STBC System

Consider a system with M transmit and N receive antennas, the idea of this
system is to de-multiplex single user’s data into parallel J layers then each layer is
encoded by STBC encoder. Furthermore, each group of n antennas is used to transmit
an n x p STBC symbols, denoted by G, , where »n and p indicate the number of transmit
antennas for each encoder and symbol intervals occupied by the STBC, respectively and
M = nJ. Fig. 3.3 illustrates the Layered Space Time (LST) code encoding process for
both of HLST and DLST [64], [65].
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............  — to antenna 1
............ E— to antenna 2

............ ——  toantennaJ
] ] ] ] ]

time

v

A)HLST

............ E— to antenna 1

............ —» toantenna?

............ ——» toantennad
| | | | | |

> time

B) DLST

Fig. 3.3 LST Code Encoding Process. (A) In HLST, the coded symbols from
encoder m are transmitted by antenna m. (B) In DLST, the coded symbols from

encoders are rotating on all M transmitting antennas.

In general, the transmitted signals of this system can be expressed in matrix

form as
1
G,
2
X = G

b

G.J

n

where G, is the transpose of one of encoding matrices of STBC (G,,G3,G..

eq. (2.11) or (2.26).
For G,, Alamouti encoder matrix of eq.(2.11), eq.(3.21) will be

X _x;
o= x1 ’
X, X,
and eq.(2.1) will be
G,
G,
()=(H) " |+(n)
GJ

3) it will has the form of
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n n,
r n,
—(H: HZ o HIx+| (3.24)
It Ny
Ty My

where H , is the Alamouti channel matrix for groups of two as eq.(2.16)

Now for 4 x 4 MIMO system, Alamouti scheme can be used so M =4, J=2,n=2 and
p=2.

According to eq.(3.21) and G; then

.
X —X
*
X X
x=|"72 "ol (3.25)
X, —X,
*
X, X

and for the channel matrix in eq.(2.1) and eq.(2.28) eq.(3.21) will be
7 n

(I*J:(Hi‘ H,";)x+[ i]. (3.26)
r n

2 2

And according to the criteria in eq.(2.12) to eq.(2.20) the channel matrix will be

HHib”_d _ (Hi“ Hi): Hjx4 _ hi _hz* hi h4* ,
H4X4 8x4 h2 h] h h 8x4

s T
(3.27)
where h,, is the n™ column vector of H.es.
X
r h, h h h, \ x n
A I R TS I ) (3.28)
r, h, —-h, h, —h;)x n,
Xy
r= HII-IIibrid r= HII:IIibrid H g X+ HII-IIibrid n. (3.29)

H/ . H,... willbea4 x4 matrix where any detecting scheme can be applied.
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Again the capacity of the Hybrid BLAST-STBC system may be obtained by the same
general form as eq.(2.4). The bandwidth must be scaled by factor of p for a
compensation of ' to be measured over p consecutive symbol periods. The general

formula for the capacity of the Hybrid BLAST-STBC system for any STBC scheme is

1
Chriria = ;Zng (det |1, + % H gibrid H il bps/Hz (3.30)

As with the Alamouti scheme, the bandwidth must be scaled by factor of two

consecutive symbol periods. This time, the resulting capacity equation is

1
Criria = 5 log,(det |1, + % H gz‘brid H 1itvial) bps/Hz. (3.31)

3.4 summary

Combining spatial multiplexing and STBC can provide both increased
throughput and diversity. Occasionally it mitigated the problem of deep fading in some
independent links of a BLAST system in some environments, but it decreased the
overall capacity since it reduced the multiplexing rate that it needed one more antenna

to use Alamouti encoder at least.

Hybrid BLAST-STBC (or Hybrid STBC-BLAST ) MIMO system [58] is
proposed and studied widely. Hybrid STBC-BLAST system [14], HMTS [59], Multi-
Layered STBC (MLSTBC) [10] [62], combined STBC and BLAST or combined
STBC-SM system [63], HLST and DLST [64] [65] and hybrid BLAST-STBC [64] were
introduced, its structure referred as G, + G, +...+ 1 + 1 + .... according to the number

of G, (n x p) STBC encoders used and the remaining multiplexing layers.

It was clear that the hybrid systems had much higher diversity than VBLAST
systems then the overall performance of the system was improved significantly with
respect to the same multiplexing rate system with same transmit power. It was shown
that the number of the G, encoders should not be greater than a threshold in order to use
the bandwidth efficiently. Although a part of the spectral efficiency was lost because of

the STBC, it could been compensated for by using a higher modulation scheme.
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CHAPTER 4

PERFORMANCE AND CAPACITY COMPARISON BETWEEN
HYBRID BLAST-STBC, VBLAST AND STBC SYSTEMS

4.1 Introduction

This chapter compares the BER performance and the capacity of Hybrid
BLAST-STBC (G2 + 1 + 1) and (G2 + 1), MLSTBC (G2 + G2), V-BLAST, QOSTBC
and G4-OSTBC. In addition, we provide performance comparison between the Hybrid
BLAST-STBC and MLSTBC and the former systems and investigate the advantages of
the Hybrid system.

One of the main differences between MLSTBC and V-BLAST at the same
number of transmit/receive antennas is that MLSTBC has more transmit diversity than
V-BLAST while V-BLAST has more layers. For example, with a 4 x 4 MIMO system,
hybrid system has at least one layer with a transmit diversity of two with receive
diversity of four with ML detector at the receiver. On the other hand, V-BLAST has
four layers and no transmit diversity with the same receive diversity. The concerned
systems in the current simulation are V-BLAST, Hybrid G2 + 1 + 1, Hybrid G2 + G2,
Hybrid G2 + 1, QOSTBC and OSTBC systems.

Throughout this thesis, a 4 x 4 MIMO system is considered as a case study in
MIMO communication systems using the same constellation of QPSK modulation by
each transmitter. Alamouti code [7] is used for a certain layer in hybrid system. The
capacity and BER performance of different systems is estimated by generating random
complex AWGN channel realizations and averaged over more than 10000 random (i.i.d)
Rayleigh distributed flat fading channel, the channel elements are complex numbers,
with both real and imaginary parts drawn from zero mean, Gaussian distributions
assuming a full channel estimation at the receiver side.

The simulation is done using MATLAB software where the total transmitting
power normalized to one, thus a power transmitted by each transmitter is proportional to
1/M. The system signal-to-noise ratio (SNR) is a given parameter. Hence, the power of
the white noise is adjusted in accordance with the SNR. The purpose of normalizing the
transmit power is to make the results independent of transmitted power. All the
detections are done using optimal receiver (ML) as eq.(2.10). Although ML detector is a

complex ,it is used to get an optimum detection for making a fair comparison.
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4.2 Comparing VBLAST systems and Receive Diversity
As Fig. 2.7 in chapter 2,a 1 x 1,2 x 2,3 x 3 and 4 x 4 VBLAST performances
and channel capacities must be simulated and compared to 1 x 4, 2 x 4 and 3 x 4

VBLAST performances and channel capacities. Fig. 4.1 and Fig. 4.2 shows this

comparison.
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Fig. 4.2 Comparing M x M and M x 4 VBLAST Capacity.

It is clear from the Fig. 4.1 and 4.2 that M x M VBLAST performances are worse than
M x 4 system excepts that 1 x 1 case due to less interferences appeared from other

transmitting antennas compared to 2 X 2, 3 x 3 and 4 x 4 cases, but there is an important
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results in the previous figures that M x 4 system has greater capacity than its higher
order VBLAST system. In contrast, at SNR equals 8 dB 2 x 4 system has the same
channel capacity as 3 x 3 system. Likely, 1 x 4 system has a greater capacity than 2 x 2
system for SNR less than 8 dB because of receive diversity. Finally it can be concluded

that M x 4 system have better performance and greater capacity.

4.3 Comparing Hybrid G2 +1 + 1, G2 + G2 and G2 + 1 systems
After introducing M x 4 and M x M system, it is important to see the hybrid

system's performances and capacities which are depicted on Fig. 4.3 and Fig. 4.4.
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Fig. 4.3 BER of Hybrid systems G2 + 1 + 1, G2 + G2 and G2 + 1.

The hybrid system G2 + G2 in Fig. 3.2 presents the best BER performance compared to
others since it has two transmit diversity (one for each layer). Conversely, the hybrid
system G2 + 1 + 1 of Fig 3.1 with M = 4 and J = 1 Alamouti encoder has the worst
performance because it has two pure spatial multiplexing layers with additional layer
which having a transmit diversity of Alamuoti [7], but its ergodic capacity according to
eq.(3.30) is the best since it has 6 bit/sec/Hz eq.(3.19) spectral efficiency at QPSK
modulated signals. Regarding to hybrid system G2 + 1 of Fig 3.1 with M =3 and J =1
Alamouti encoder, it has worse performance than G2 + G2 by about 14x10* BER at 5
dB-SNR or 1 dB in SNR at 10~ BER and better than G2 + 1 + 1 by about 16x10* BER
at 5 dB SNR or better 0.75 dB in SNR at 107 BER, at 10” BER there is about 0.75 dB
improvement in SNR between G2 + 1 + 1 and G2 + 1. Both of G2 + G2 and G2 + 1
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hybrid systems has a spectral efficiency of 4 bit/sec/Hz eq.(3.19) but the upper bound
Shannon capacity of G2 + G2 is better by about 0.25 bit/sec/Hz since it has one more

transmit diversity layer.

20

—e— G2+1+1
== G2+G2 |
=>—G2+1 |

—
()]

Capacity (Bit/Hz/sec)
S

(9]
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

N
|
|
|
|
|
|
|
|
|
|
|

r—-——~"~"~>~>~"r -~~~ °7°7T
|
|
|
|
|
|
|
|
|
|
|

00 5 10 15 20
SNR, dB
Fig. 4.4 Capacity of Hybrid systems G2 + 1+ 1, G2 + G2 and G2 + 1.

4.4 Comparing 3 x 3,3 x 4, 4 x 4 VBLAST and Hybrid G2 +1 + 1

systems
It is expected that G2 + 1 + 1 hybrid system has better performance than pure

spatial multiplexing scheme.
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Fig. 4.5 Performance comparison for 3 x 3,4 x 4,3 x 4 and G2 + 1 + | systems.
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By logical inference, both of them have 4-Tx and 4-Rx antennas with the same
symbol power and the same receive diversity. So only one thing is varied, it is the last
two layers of the transmitter in which it is replaced by an Alamouti encoder which is
considered as a third layer with transmit diversity. Unfortunately, transmitting over two
time slots causes a decrease in spectral efficiency or average channel capacity since 4 X
4 MIMO loses one transmitting layer, Fig. 4.5 and Fig. 4.6 show the results.

As expected the BER performance of G2 + 1 + 1 hybrid system is better than pure 4 x 4
and 3 x 3 VBLAST system due to transmit diversity benefit of Alamouti in the last
layer. An 4 x 4 blast system has 4 layers to be transmitted and 3x3 BLAST system has 3
layers as 3 x 4 BLAST system with receive diversity of 4 but with no transmit diversity.
A hybrid system G2 + 1 + 1 has 3 layers, two of them are pure uncoded layers and one

of them has Alamouti encoder with receive diversity of 4 using ML detector.

25 ‘ ‘ ‘
—8— 4x4VBLAST
== 3x3V-BLAST | |

200 - == 3x4VBLAST| 1
=0 G2+1+1

15—

0F e R T

Capacity (Bit/Hz/sec)

Fig. 4.6 Capacity comparison for 3 x 3,4 x 4,3 x4 and G2 + 1 + 1 systems.

4 x 4 BLAST system has a 8 bps/Hz spectral efficiency with the greatest upper bound
Shannon capacity and 3 x 3 and 3 x 4 and G2 + 1 + 1 system has 6 bps/Hz with lower
bound of Shannon capacities. However, G2 + 1 + 1 hybrid system has better capacity
than both of 3 x 3 and 3 x 4 BLAST systems. Finally, the results give a conclusion that
G2 + 1 + 1 hybrid system has a better performance and capacity than switching off one

transmit antenna or one receive antenna.
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4.5 Comparing 2 x 2, 2 x 4 VBLAST, Hybrid G2 + G2 and G2 + 1

systems

2 x2,2x4 G2+ G2 and G2 + | systems have the same spectral efficiency of 4
bps/Hz, Fig. 4.7 presents the performance results of them.

2 x4 ,G2+ G2 in Fig. 3.2 and G2 + 1 in Fig. 3.1 have the same number of receive
antenna but they have different number of transmit antennas 2, 3, and 4, respectively,
they have another different thing, it is a transmit diversity layers. A 2 x 2 and 2 x 4 in
Fig. 2.1 have no transmit diversity layers while G2 + 1 has one transmit diversity layer
and G2 + G2 has two transmit diversity layers. The benefits of hybridizing scheme is
clearly appeared in Fig. 4.7. Even though all these scheme have the same transmit signal
power of 2Es at each time slot, it can be seen that at 10° BER there is about 1 dB
improvement in SNR respect to G2 + 1 and 2 x 4 and 11 dB improvement in SNR
respect to 2 x 2 VBLAST.
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Fig. 4.7 Performance comparison for 2 x 2, 2 x 4, G2 + G2 and G2 + 1 systems

Accordingly, these systems have the same spectral efficiency of 4 bps/Hz and

there is no large difference in Shannon capacities as illustrated in Fig. 4.8 below
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Fig. 4.8 Capacity comparison for 2 x 2, 2 x 4, G2 + G2 and G2 + 1 systems.

As seen in Fig. 4.8, there is slight difference between hybrid systems and receive
diversity technique about 0.25 dB in SNR but high for 2 x 2 VBLAST about additional
5 dB improvement in SNR to reach 11 bps/Hz. G2 + G2 hybrid structure has the best
performance and capacity with equal transmit power and spectral efficiency respect to
pure 2 x 2 VBLAST system, switching off two transmit antenna of 4 x 4 system to be 2
x 4 VBLAST or switching off one transmit antenna of 4 x 4 system and hybridizing it
with Alamouti encoder applied to one layer to be G2 + 1 hybrid system.

4.6 Comparing 1 x 1, 1 x 4 VBLAST, G4-OSTBC, G2-OSTBC and
QOSTBC systems

An 1 x 1 system has no diversity benefits while 1 % 4 structure has four receive
diversity order when using ML detector. G4-OSTBC, G2-OSTBC (Alamouti) and
QOSTBC have both transmit and receive diversity benefits. Fig. 4.9 shows the
performance results in a comparable way. Clearly, it is in Fig. 4.9 seen that at 10~ BER
QOSTBC scheme needs more 4 dB improvement in SNR, 6 dB for 1 x 4 system, 9 dB
for 2 x 2 Alamouti system and more than 20 dB for 1 x 1 VBLAST system to reach G4-
OSTBC performance with the same transmit power. All these system have a spectral
efficiency of 2 bps/Hz except G4-OSTBC system which has a 1 bps/Hz and half
transmitted power of them. Fig. 4.10 shows the Shannon capacity of them in a

comparable way,
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Fig. 4.10 Capacity comparison for 1 x 1, 1 x 4,2 x 2 Alamouti, QOSTBC and G4-

OSTBC systems

G4-OSTBC system has better capacity than 1 x 1 VBLAST for SNR below than

12 dB since it enjoys both transmit diversity on 4 transmit antennas and receive

diversity benefits of 4 receive antennas but both of them have lower capacity than other

systems. QOSTBC scheme [9] in Fig. 2.9 achieves better capacity than others with the

same transmit power. For example to achieve 4 bps/Hz 1 X 4 system needs more about

0.25 dB improvement in SNR, 3.25 dB for 2 x 2 Alamouti system, 8 dB for 1 x 1
system and 9.5 dB for G4-OSTBC system to reach the bound of QOSTBC system.
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Finally, QOSTBC had a very good performance compared to other systems with the

best capacity for the same transmit power.

4.7 Comparing 4 x 4 VBLAST, Hybrid G2 + 1 + 1, G2 + G2 and
QOSTBC systems

Now a comparison of the best performances and capacities of the above case or
for cases of the same transmit power must be introduced. Fig. 4.11 and Fig. 4.12 show
the compared performances and capacities of 4 x 4, G2 + 1 + 1, G2 + G2 and QOSTBC
systems.

Form Fig. 4.11 and Fig. 4.12 a good comparison could be done that a 4 x 4
VBLAST system needs 3.75 dB improvement in received SNR to reach the BER
performance of QOSTBC system of 10~. Conversely, a 6 dB improvement in SNR is
needed for QOSTBC system to reach the capacity of 4 x 4 system of 5 bps/Hz. Also a
2.5 dB improvement in SNR needed for 4 x 4 system to achieve 10° BER
performance's of G2 + G2 system, but G2 + G2 need 2 dB improvement in SNR to
reach the capacity of 4 x 4 system of 5 bps/Hz. Finally, G2 + 1 + 1 needs more 0.75 dB
in SNR to reach a 4 x 4 capacity bound of 5 bps/Hz, but 4 x 4 system needs 1 dB

improvement in SNR to achieve G2 + 1 + 1 performance of 10~ BER.
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Fig. 4.11 Performance comparison for 4 x 4, G2 + 1 + 1, G2 + G2 and QOSTBC
systems.
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Fig. 4.12 Capacity comparison for 4 x 4, G2 + 1 + 1, G2 + G2 and QOSTBC systems.

4.8 Summary

A comparison for the BER performances and the capacity of V-BLAST,
QOSTBC, G4-OSTBC and Hybrid systems G2 + 1 + 1, G2 + 1 and G2 + G2 were
carried using simulation. In addition, it was shown that the Hybrid systems was better
than pure VBLAST in both BER and capacity. At the same transmit power and spectral
efficiency the hybrid system G2 + G2 presented better performance and capacity than
G2 + 1 system since it has two transmit diversity layers. It has also better performance
than G2 + 1 + 1 system, but not for the capacity with different transmitting power and
spectral efficiency at QPSK modulated signals. M x 4 systems (for M =1, 2, 3 or 4)
have better performance and greater capacity than M X M systems. The results showed
that G2 + 1 + 1 hybrid system have a better performance and capacity than switching
off one transmit antenna. G2 + G2 hybrid structure have better performance and
capacity than switching off two transmit antennas of 4 x 4 system or switching off one
transmit antenna of 4 x 4 system and hybridizing it with Alamouti encoder applied to
one layer to be G2 + 1 hybrid system. The QOSTBC have a very good performance and
the best capacity than switching off three transmitting antennas of 4 x 4 system. Finally,
a comparison between 4 x 4 VBLAST, hybrid G2 + 1 + 1, hybrid G2 + G2 and

QOSTBC was made to see the best cases at several spectral efficiencies.
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CHAPTER 5
ADAPTIVE SWITCHING HYBRID BLAST-STBC SYSTEM

5.1 Introduction

Fading is a wireless channel impairment [18]. Wireless communications occur in
the public space, where signal transmission suffers from many factors such as path loss,
shadowing, fading, etc. As a result, the wireless channel has time-varying condition and
capacity. Thus, transmission techniques such as adaptive transmission, will play an
important role in increasing the throughput. Adaptive transmission is one of the key
enabling techniques in the new generation standards for wireless systems that has been
developed to achieve high spectral efficiency on fading channels [19]. Adaptive
modulation, antenna subset selection and switching systems are considered as common

adaptive schemes for MIMO communication systems in high data rate next generation.

Throughput is a key measure of the quality of a wireless data link. It is defined
as the number of information bits received without error per second and this is required

to be as high as possible [17].

This chapter will study the effect of transmit antenna multipath channel deep
fading on the effective received SNR, BER, capacity and throughput of 4 x 4 MIMO
system for several transmit fading scenarios. A new way to represent 4 X 4 MIMO
systems will be studied, in which the transmission process is carried out in an adaptive
manner for both 4 x 4 SM system and transmit diversity of QOSTBC, Hybrid systems
G2 + 1 + 1 and G2 + G2 according to the transmit link state in order to save the total
transmitted power, get the maximum throughput and the best performance under certain
level which keep overall performance robustness and efficient capacity. An adaptive
switching transmission scheme by the strategy of measuring the transmit links fading is
investigated as well. The simulated results are obtained in an environment as same as
the previously described simulation environment in chapter 4 with more ideal
conditions are assumed for adaptive switching transmission such as no channel
estimation errors, no feedback transmission errors, no channel state feedback delay, a
very low capacity feedback transmission and no peak power constraints, etc. It is also

assumed-that:allimanagement and control frames are transmitted correctly and in time.
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5.2 Transmit Link Deep Fade
In last chapters, a full study of 4 x 4 VBLAST system was introduced regarding

to the performance and Shannon capacity. Now the questions is what will happen to
BER, Capacity and throughput of this system if one or more transmit links suffers from
a considerable fading.

In addition, what is the best choice to do if the system is under deep fade
condition to maintain a certain level of BER or received SNR which achieving the best
capacity and throughput without additional transmit power.

Throughput can be computed as [63],

T=R (I-BER), (5.1)
where R is the data rate, the capacity of wireless channel is C, but the data that
wanted to be sent on that channel is with rate R where R < C. Now data rate R can be
equal or less than the capacity of the channel. C is the upper bound capacity of the
channel and data rate R is the actual data that is being sent/received on that particular
channel.
The data rate can be equal or less than the capacity according to the application.
To give a specific example, the ISDN telephone line which normally offer 128 Kbps. If
this ISDN line is used for just single telephone and not for any data purpose, then only
64 Kbps is used while its capacity is still 128 Kbps but only 64 Kbps is used. So in this
sense capacity and data rate may differ from each other and can be treated as different
terms, but usually they considered the same.
Since fading will decrease the Shannon bound then letting R to be at the maximum
bound of Shannon R = C will give a good test in this system.
T= C (I-BER) (5.2)
The effective average received SNR of 4 x 4 MIMO system is equal to [66]

Hl,

E|H]|. 2
SNRy =— o= SNR|H], (5.3)

o

where || ||2F is the Frobenius norm [67] which is equal to

|H], = ,/Z,Z,hf (5.4)

The individual contribution of each receive antenna to the effective SNR is through the

contribution of [H ||i [68].
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5.2.1 Deep Fade of Transmit Link 4

The first case that will be studied and simulated is that if transmit link 4 of 4 x 4
VBLAST system under deep fading condition. This means that the 4™ column of
channel matrix has lower overall gain than the other columns. Then all symbols
transmitted from this antenna will be received with high error probability which will
increase the overall BER of the system as well as the capacity of the system will
decreased until it reaches the capacity of a 3 x 4 system. In other words, the faded Tx
link will look like as switched off. Fig. 5.1, 5.2, 5.3, 5.4 and 5.5 show their effect on the
effective SNR, BER, capacity and the overall throughput.

26.4

26.2

26

25.8

25.6

25.4

25.2

Received SNReff dB

25

24.8

24.6
-70 -60 -50 -40 -30 -20 -10 0

Channel Gain dB

Fig. 5.1 Effect of 4™ Tx link fading on SNR,; for SNR = 14 dB.

It seen from Fig. 5.1 that a 4 x 4 VBLAST SNR,; decreases as the channel gain
decreases until it reaches a 3 x 4 VBLAST at fading lower than -20 dB, the maximum
decreasing of SNR of 4™ Tx link fading at 14 dB SNR is about 1.2 dB. Since 4 x 4
Rayleigh Channel with variance 1 so eq. (5.4) states that the average Frobenius norm of
H is 16, so the effective SNR of 4 x 4 MIMO channel is 16 times the received SNR for
one receive link then is SNR=14dB then SNR,; = 14 +10log;016 = 26.02 dB on
average. But the average Frobenius norm of 3 % 4 channel is 12 then SNR,; = 14
+10xlog;o12 = 24.8 dB on average. As a result, 3 x 4 channel and 4 x 3 channel have
the same effect on SNR,; since the average Frobenius norm of 3 x 4 and 4 x 3 channel
is the same. It can be inferred that a deep fading of one Tx link or one Rx link have the

same effect on SNRrand average capacity.
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Fig. 5.2 Effect of 4™ Tx link fading on average capacity for SNR = 14 dB.
When the channel gain is lower than -30 dB then there is a loss in capacity of 4.35
bps/Hz as shown in Fig. 5.2.
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Fig. 53 BERof 4 x4and G2+ 1 + 1 if 4™ Tx link faded to -20 dB.

Now the BER performance when 4™ Tx link faded to -20 dB then the 4™ layer will
suffer of high errors which causes a very bad BER. However, if Alamouti encoder is
used for the last two layers with the same transmitted power for every symbol (G2 + 1 +
1 system), an improvement in BER can be noticed. The difference between
conventional G2 + 1 + 1 system and the faded one is only about 2 dB . Fig. 5.3 shows
that an improvement by 14 dB is needed for 4 x 4 system to achieve the BER
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performance of G2 + 1 + 1 under a deep fading condition. The capacity of both of them

is approximately the same as seen below in Fig. 5.4.
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Fig. 5.4 Average Capacity of 4 x 4 and G2 + 1 + 1 if 4™ Tx link faded to -20 dB.
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Fig. 5.5 Throughput of 4 x 4 and G2 + 1 + 1 if 4™ Tx link faded to -20 dB.
Normally, G2 + 1 + 1 system has lower BER at the same capacity of deeply faded 4 x 4
system so from eq. (5.2) G2 + 1 + 1 system will have higher throughput until getting
high SNR about 20 dB as seen in Fig.5.5 .
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5.2.2 Deep Fade of Transmit Links 3&4

The third and fourth columns of channel matrix have lower overall gain at deep

fading condition. All symbols transmitted from these antennas will be received with a

high error probability which make the overall BER of the system so bad. Moreover, the

capacity of the system will decrease until it reaches a 2 x 4 system. In other words the
faded Tx links will look like as switched off.
Fig. 5.6, 5.7, 5.8, 5.9 and 5.10 will their effect on the effective SNR, BER,

capacity and the overall throughput.
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Fig. 5.6 Effect of 3" & 4™ Tx links fading on SNR,; for SNR = 14 dB.
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Fig. 5.7 Effect of 3" & 4™ Tx links fading on Average Capacity for SNR = 14 dB.
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It can be seen from Fig. 5.6 that a 4 x 4 VBLAST SNR.; decreases as the channel gain
decreases until it reaches the SNR.yof 2 x 4 VBLAST at fading lower than -20 dB. The
maximum decreasing of SNR.; of 3" & 4™ Tx links fading at 14 dB SNR is about 3 dB.

On the other hand, Fig. 5.7 shows that there is a loss in capacity of 6.3 bps/Hz when the
fading gain of 3" & 4™ Tx links is lower than -30 dB.
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In Fig. 5.8, it is clear that the BER of 4 x 4, G2 + 1 + 1 and G2 + G2 systems for 34 &
4™ Tx links faded to -20 dB are bad enough. However, QOSTBC system has the best
BER performance but with much lower capacity as in Fig. 5.9 which make its
throughput to be lower than other as seen in Fig. 5.10. Additionally, Fig. 5.10 states that
G2 + 1 + 1 system has the best throughput. So using Alamouti encoder for 3™ & 4™
fading layers and leave the first two layers to be transmitted directly as a pure spatial

multiplexing transmission will give the best throughput.

25 [ 1 |
=B =4X4 Faded | |

=& = G2+1+1 Faded

20F--{ =@®=G2+G2Faded [--7-----—-—-—-—-—-—-r--—
=W¥=QOSTBC Faded 1 :

—8—4X4 |

15) - | == G2+1+1 I

—o—G2+G2

== QOSTBC _
10F---------—-—- I ____ g Ae” o | _ A ]

Troughput bps/Hz

Fig. 5.10 Throughput of 4 x 4, G2 + 1 + 1, G2 + G2 and QOSTBC systems for 3" & 4™
Tx links faded to -20 dB.

5.2.3 Deep Fade of Transmit Links 2&4

Now if 2" & 4™ transmit links have been faded deeply then the effect on the
received SNR.y and the average capacity is as same as the effect of deeply fading of 31
& 4™ transmit links but not for BER, average capacity and overall throughput.
It is clear from in Fig. 5.11 that the BER of 4 x 4 and G2 + 1 + 1 systems for 2" & 4™
Tx links faded to -20 dB are bad enough. However, G2 + G2 and QOSTBC systems
have a very good BER performance with lower capacity as in Fig. 5.12. Additionally,
Fig. 5.13 states that G2 + G2 system has the best throughput. So using two Alamouti
encoder for the first two layers which include the 2 deeply faded Tx link and the last
two layers which include the 4t deeply faded Tx link gives the best throughput. At 107
BER, there is loss of more than 16 dB in SNR due to deep fading for 4 x 4 and G2 + 1 +
1 systems but only 4 dB loss for G2 + G2 and 3 dB for QOSTBC systems as shown in
Fig. 5.11.

53

www.manaraa.com



== 4X4 Faded
=4@= G2+1+1 Faded
= ®= G2+G2 Faded
=W= QOSTBC Faded
== x4
—— G2+1+1
—0— G2+G2
=¥ QOSTBC

1

~ T ‘
AN 1 1

14 16 18 20

Bit Error Rate

Fig. 5.11 BER of 4 x4, G2+ 1+ 1, G2 + G2 and QOSTBC systems for 2" & 4™ Tx
links faded to -20 dB.
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Fig. 5.12 Average Capacity of 4 x 4, G2+ 1 + 1, G2 + G2 and QOSTBC systems for 2™
& 4" Tx links faded to -20 dB.

Also Fig. 5.12 shows a 6 dB loss due to deep fading of 2" & 4™ Tx links for 4 x 4 and

G2 + 1 + 1 systems, 8 dB loss for G2 + G2 system and no loss for QOSTBC system at 5

bps/Hz. Finally, Fig. 5.13 shows that G2 + G2 system has the best throughput until

improving in SNR to be more than 17 dB then 4 x 4 VBLAST system will be the best.

Notice that the best throughput is achieved without additional power nor additional

bandwidth.
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Fig. 5.13 Throughput of 4 x 4, G2 + 1 + 1, G2 + G2 and QOSTBC systems for 2" & 4"
Tx links faded to -20 dB.

5.2.4 Deep Fade of Transmit Links 2"! & 3" & 4™
At -20 dB fading of 2™ & 3™ &4™ Tx links, then all symbols transmitted from

2&3&4™ Tx antennas will be received with high error probability. Then the overall

BER of the 4 x 4 system is so bad also its capacity until it reaches the capacity of a 1 X
4 system. In other words, the faded Tx links will be switched off. Fig. 5.14, 5.15, 5.16,
5.17 and 5.18 show their effect on the effective SNR, BER, capacity and the overall

throughput.
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Fig.5.14 Effect of 2" & 3" & 4™ Tx links fading on SNR,; for SNR = 14 dB.
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Fig. 5.15 Effect of 2" & 3" & 4™ Tx links fading on average capacity for SNR = 14
dB.

It can seen from Fig. 5.14 that a 4 x 4 VBLAST SNR.; decreases as the fading gain
decreases until it reaches a -20 dB, the SNR,; of 1 x4 VBLAST at fading lower than
-20 dB. The maximum decrease of SNR,; of 2" & 3™ & 4" Tx links fading at 14 dB
SNR is about 6 dB.

On the other hand, Fig. 5.15 shows that there is a loss in capacity of 10.5 bps/Hz, when
the fading gain of 2™ & 3™ & 4™ Tx links is lower than -30 dB.
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Fig. 5.16 BER of 4 x 4, G2 + 1 + 1, G2 + G2 and QOSTBC systems for 2™ & 3™ & 4™
Tx links faded to -20 dB.
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Fig. 5.18 Throughput of 4 x 4, G2 + 1 + 1, G2 + G2 and QOSTBC systems for 2™ & 3™
& 4™ Tx links faded to -20 dB.

Additionally, Fig. 5.18 states that QOSTBC system has the best throughput until SNR
is equal to 15 dB then the throughput of G2 + 1 + 1 system gives better performance
until the SNR is equal to 20 dB.

Hence 4 x 4 system reacquire its advantages of increasing the capacity with acceptable

BER performance and yields the best throughput. At 10 BER there is loss of more than
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16 dB in SNR due to deep fading for 4 x 4 G2 + 1 + 1 and G2 + G2 systems but only 7
dB loss for QOSTBC system as shown in Fig. 5.16.

Also Fig. 5.17 shows more than 10 dB loss due to deep fading of 2™ & 3™ & 4™ Tx
links for 4 x 4, G2+ 1 + 1 and G2 + G2 system and only 4 dB loss for QOSTBC system
at 5 bps/Hz. Notice that the best throughput is achieved without additional power nor
additional bandwidth.

5.2.5 Deep Fade of All Transmit Links
If all Tx links suffer from deep fading then all entries of the channel matrix will
be at low gain then SNR; will decreases more and more as the channel gain decrease as

seen in Fig. 5.19.
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Fig. 5.19 Effect of all Tx links fading on SNR,; for SNR = 14 dB.

Also the capacity will decrease more and more until it reaches 0 bps/Hz which means
that it is equivalent to switching off all Tx antennas. Fig. 5.20 shows the effect of deep
fading of all Tx links. In addition, Fig. 5.21 shows the BER performance of these
systems. This case of fading makes all BER performances very bad and a great loss of
power occurred, a great loss of capacity occurred too and all systems capacities
approximately the same as seen in Fig. 5.22 until 14 dB SNR. Some improvements on

BERs and capacities of these systems are noticed at SNR higher than 15 dB.
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Fig. 5.20 Effect of all Tx links fading on average capacity for SNR = 14 dB.
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Fig. 5.21 BER of 4 x4, G2 + 1 + 1, G2 + G2 and QOSTBC Systems for all Tx links
faded to -20 dB.
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Fig. 5.23 Throughput of 4 x 4, G2 + 1 + 1, G2 + G2 and QOSTBC systems for all Tx

links faded to -20 dB.

It is seen from Fig. 5.23 that the system's throughput is not good since this channel is so

bad but some bps could be saved for a given bandwidth, 4 x 4 system has better

throughput for all cases.
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5.3 Proposed Adaptive Switching between VBLAST, Hybrid G2+1+1,
Hybrid G2+G2 and QOSTBC Systems

In 4 x 4 MIMO system, there are two antenna selection methods to improve the
effective SNR, transmit antenna selection and receive antenna selection [67], [68]. This
thesis considers only the first way, every way has a base to select on, it may be based on
SNR threshold, BER threshold, bandwidth efficiency or channel norm threshold [69]
[70], [71], [72]. The proposed adaptive switching hybrid system (ASHS) will be
switched in order to maximizing the throughput in all cases through sending a training
sequence of every scheme for every £2 dB change of received SNR and computing the

throughput of all transmitted schemes.

Since the wireless channel condition is always changing and the signal quality is
unpredictable [19], ASHS always chooses the best transmission scheme based on the
Channel State Information (CSI) obtained from the receiver. The throughput
maximizing-based ASHS is implemented.

The basic procedure for ASHS follows:

e The receiver constantly measures and estimates current SNR and CSI.

e [f+2 dB change in SNR has happened then the receiver send a request of
training sequence.

e The transmitter sends a training sequence of every system without error
correcting codes.

e The BER and Capacity for each transmission scheme is estimated.

e Based on the highest data rate, select a transmission scheme that yields a
maximum throughput.

e The receiver sends the decision of transmission scheme back to the
transmitter via control channel or management frames. Both the receiver

and the transmitter switch to the new transmission scheme.
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ASHS can track the channel fading gain and adapt the transmission to be the
best one for any change in the effective SNR but it takes a small time to transmit the
training sequence, compute the best throughput and feed back the selected transmission

mode to the transmitter. Fig. 5.24 illustrate this proposed system.
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Fig.5.24 Proposed Adaptive Switching Hybrid System.

The ASHS system of Fig. 5.24 works well in the case of transmit link fading or receive
link fading as well. Since it computes the overall throughput regardless of the source of

fading. Sending a training sequence is the better than making a threshold-base selection.

Additionally, the effect of receive link fading on the effective SNR and the
average capacity is as same as transmit link fading due to the effect of cancelling one
column or more for transmit link fading and one row or more for receive link fading as
stated in section 5.2.1. Now a test for this system will be done for all cases of deep

fading studies in the previous sections.
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5.3.1 Adaptive Switching Hybrid System for 4™ Tx. Deep Fading
The BER performances, capacities and the throughputs of these systems are

shown in the figures 5.25, 5.26 and 5.27 in addition to ASHS BER, Capacity and

throughput.
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Fig. 5.26 Capacity of ASHS for 4™ Tx link faded to -20 dB.

63
www.manaraa.com



20

- = 4x4

b =&=G2+1+1 | . |
N —..-G2+G2 | |
z =W¥=QOSTBC 1 ‘ -~
x . +-Y
Z 1 R T ol —r: —————————— g
o0 ! 4
=] | _v——
E -

5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

% 5 10 15 20

Es/No, dB

Fig. 5.27 Throughput of ASHS for 4™ Tx link faded to -20 dB.

By default, ASHS system transmission was done by 4 x 4 VBLAST system until a
request to send training sequence (TS) is coming from the receiver as shown in Fig.
5.25. Let us assume that the received SNR is -2 dB and there is an improvement of 2 dB
in SNR so the improved SNR is equal to 0 dB and the transmission scheme was a 4 x 4
VBLAST then the receiver sending a request of TS to compute the BER, capacity and
the throughput of all systems.

After sending the TS and computing the throughput the decision is G2 + 1 + 1 system,
then ASHS switches to this decision as in Fig. 5.25, 5.26 and 5.27 and keeps using it
until a 20 dB. At that point, SNR is measured then it will switch again to 4 x 4
VBLAST system and leep using it for SNR higher than 20 dB.

5.3.2 Adaptive Switching Hybrid System for 3" & 4™ Tx. Deep Fading

Fig. 5.28 shows that ASHS system will switch to G2 + 1 + 1 system for a
change of £2 dB in SNR. Although its BER is not so good, the throughput is the best
until a 20 dB SNR is measured or higher, then ASHS system will switch to 4 x 4
VBLAST system. Fig. 5.29 shows that 4 x 4 VBLAST and G2 + 1 + 1 systems are at
the same capacity bound and G2 + G2 system has a worse capacity and finally
QOSTBC system has the worst capacity but its throughput better than G2 + G2 system
for SNR less than 16 dB as seen from Fig. 5.30.
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Fig. 5.28 BER of ASHS for 3™ & 4™ Tx links faded to -20 dB.
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Fig. 5.29 Capacity of ASHS for 3™ & 4™ Tx links faded to -20 dB.
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Fig. 5.30 Throughput of ASHS for 3™ & 4" Tx links faded to -20 dB.

5.3.3 Adaptive Switching Hybrid System for 2" & 4™ Tx. Deep Fading
Fig. 5.31 shows that ASHS system will switch to G2 + G2 system for a change

of +2 dB in SNR and its BER is very good opposite to the BER performance of 4 x 4
VBLAST and G2 + 1 + 1 systems. The QOSTBC system shows also a very good BER

performance but with the worst capacity and throughput as seen in Fig. 5.32 and 5.33.
In Fig. 5.33, the throughput of G2 + G2 system is the best until higher than 17 dB SNR

is measured then it will switch to 4 x 4 VBLAST system.
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Fig. 5.32 Capacity of ASHS for 2™ & 4" Tx links faded to -20 dB.

Fig. 5.32 shows that 4 x 4 VBLAST, G2 + 1 + 1 and G2 + G2 systems are at the same

capacity bound.
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Fig. 5.33 Throughput of ASHS for 2™ & 4™ Tx links faded to -20 dB.
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5.3.4 Adaptive Switching Hybrid System for 2" & 3" & 4™ Tx. Deep

Fading

Fig. 5.34 shows that ASHS system will switch to QOSTBC system for a change
of £2 dB in SNR and its BER is very good opposite to the bad BER performances of 4 x
4 VBLAST, G2 + 1 + 1 and G2 + G2 systems for SNR lower than 15 dB.

The ASHS system will switch to G2 + 1 + 1 system for SNR higher than 15 dB
and lower than 20 dB. After 20 dB, the SNR is measured and the ASHS system will
switch to 4 x 4 VBLAST system as seen in Fig. 5.34.

Fig. 5.35 shows that 4 x 4 VBLAST, G2 + 1 + 1, G2 + G2 and QOSTBC
systems have the same capacity bound for SNR lower than 15 dB and there is some

difference between them for higher SNR.

In Fig. 5.36, the throughput of QOSTBC system is the best until the measured
SNR is above 15 dB then it switches to G2 + 1 + 1 . The throughput of 4 x 4 VBLAST
system is better for more than 20 dB SNR.
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Fig. 5.34 BER of ASHS for 2™ & 3™ & 4™ Tx links faded to -20 dB.
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5.3.5 Adaptive Switching Hybrid System all Tx. Deep Fading

As stated in section 5.2.4 this is the worst case of deep fading cases, this channel

is inefficient. Fig. 5.37 shows the BER performance of these systems, this case of

fading make all BER performances very bad and a great loss of data occurred.
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Fig. 5.38 Capacity of ASHS for all Tx links faded to -20 dB.
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A low capacity bound is obtained and all systems capacities approximately the same as
seen in Fig. 5.38 until measured SNR is equal to 14 dB, some improvements on BER
performances and capacities of these systems could be gained for SNR higher than 15

dB.
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Fig. 5.39 Throughput of ASHS for all Tx links faded to -20 dB.

The ASHS will transmit over VBLAST system for most of time however its throughput

is the best but it is not practical.

5.3.6 Adaptive Switching Hybrid System for Random Tx. Deep Fading
Finally, ASHS system must be tested for a random deep fading of all cases
previously studied Fig. 5.40 shows the performance of these system with 2 x 10°
random deep fading simulation scenarios in addition to ASHS performance. For SNR
lower than 8 dB G2 + G2 system is selected because it has the highest throughput. If
SNR higher than 8 dB 4 x 4 VBLAST system has the maximum throughput so ASHS
is switched to 4 x 4 VBLAST system and continue to working on it as seen from Fig.

5.41 and 5.42.
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Fig. 5.41 Capacity of ASHS for random Tx links faded to -20 dB.
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Fig. 5.42 Throughput of ASHS for random Tx links faded to -20 dB.

5.4 Summary

In this chapter, the effect of deep fading on different transmit links were
simulated and analyzed. It had been realized that the transmit link deep fading had the
same effect on the effective SNR and the average capacity as the case of receive link
deep fading. Also a decision was made for the best throughput system in each case.

A 4 x4 VBLAST had the best throughput at high SNR in all cases and G2 + 1 +
1 system proves itself for the case of deep fading of 3 4™ or 3 & 4™ Tx links, and G2
+ G2 system was the best in case of deep fading of 2™ & 4™, 19 & 4™, 1" & 3" or 2™ &
3 Tx links. The QOSTBC system gave a very good BER and saved a lot of bps/Hz if
any of the three transmit links were suffering from deep fading. At the case of deep
fading of all transmit links there was no valuable solution. However, for a range of SNR
from 0 — 20 dB it could save from 0 — 2 bps/Hz.

ASHS system was switched in order to maximize the throughput in all cases
through sending a training sequence of every scheme for every £2 dB change of the
measured SNR at the receiver, and decision was made based on the maximum
throughput transmission scheme. The decision was fed back to the transmitter. ASHS
showed a lot of benefits such as a higher throughput, no additional transmit power and
no additional bandwidth needed but it suffered from a higher complexity degree and

switching effect.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

6.1 Conclusion

BLAST MIMO system is one of current promising techniques that could realize
Giga bps high-speed wireless transmission for future communications networks. STBC
system can improve the performance much better but with a reduction of data rate. So
by hybridizing BLAST and STBC systems into one hybrid BLAST-STBC system was
considered as the optimal tradeoff between increasing data rate and getting better
performance with same transmit power. Study and analysis of hybrid BLAST-STBC

system were done for only Alamouti scheme (G encoder).

4 x 4 MIMO communication systems were studied. A comparison for the
performances and the capacity of V-BLAST, QOSTBC, G4-OSTBC and Hybrid
systems G2 + 1 + 1, G2 + 1 and G2 + G2 were carried out through using simulation
results. In addition, it was shown that the Hybrid system was better than pure VBLAST
in both BER and capacity, QOSTBC and OSTBC capacities that was neither QOSTBC
nor OSTBC BER performance.

The simulation results showed for 4 x 4 system, the hybrid systems G2 + 1 + 1
and G2 + G2 and QOSTBC had better performances and capacities than switching off

one, two or three transmit antennas respectively.

It had been realized from the deep fading effect study that the transmit link deep
fading had the same effect on the effective SNR and the average capacity as the case of
receive link deep fading. A 4 x 4 VBLAST had the best throughput at high SNR in all
cases and G2 + 1 + 1 system was better if one or two adjacent Tx links are deeply faded,
G2 + G2 system was the best in case of deep fading of two nonadjacent Tx links and
QOSTBC system gave a very good BER and saved a lot of bps/Hz if any of the three
transmit links were suffering from deep fading.

This thesis proposed and analyzed a MIMO communication system that

switches between spatial multiplexing, Hybrid BLAST-STBC and QOSTBC systems
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based on instantaneous channel state information. The adaptive switching criteria were
based on the result performance of a training sequence sent on receiver request.

Throughput performance results under different channel conditions showed that the
hybrid algorithm could provide enhanced performance relative to a standard spatial

multiplexing approach.

Training sequence was requested if the received SNR changed by about +2 dB.
The adaptive switching architecture was presented and described specifically for flat
fading Rayleigh MIMO channels. It was clear, that for frequency selective fading
Rayleigh MIMO channels OFDM could be applied to get a flat fading for every tone.

The simulation results proved that the proposed ASHS system could track the
best throughput scheme and kept the BER performance robust over deeply fading
MIMO channels. Based on the results, the proposed ASHS system appeared to be an
effective feasible solution for improving the throughput in the next generation of mobile
communication systems or for general MIMO systems suffered from a deep fading

without additional transmit power, bandwidth nor number of antennas.
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6.2 Future Work

This thesis considered the ML detection where corresponding metrics were
generated for all possible transmitted symbols, and the vector with the least ML
Euclidian distance was considered as an estimation of the transmitted vector. Although
ML achieves the best performance and diversity order, it required an exhaustive search
which is exponential in the number of transmit antennas and constellation set size. Thus,
for high modulation order ML becomes infeasible from a hardware implementation
perspective.

e Reimplementing this work by applying other low complexity detection scheme.

e Using Space Time Trilles Coding instead of STBC and see the performance and
throughput behavior.

e Study the effect of receive antenna deep fading hence apply adaptive switching
scheme to the receiver antennas in order to choose the best set of antennas which
achieve the highest throughput.

e A work on studying the empirical results could be studied and simulated for
choosing the SNR threshold for adaptive switching instead of applying a training
sequence to test the channel for both transmit and receive antenna switching to
reach the optimum throughput with lower complexity or applying any other
threshold-based switching schemes.

e A fuzzy rules could be applied to the proposed system instead of studying the
empirical results for optimization.

e ASHS system can make an improvement to WiMAX technology [74] if an
adaptive modulation scheme applied to it.

e For simplicity, adaptive switching technique can be applied to a pure BLAST
system for both transmit and receive antennas with ability to apply adaptive
modulation scheme to compensate the decreasing in data rate when switching to
lower order BLAST systems like 3 x 3 or 2 x 2 VBLAST.

e A complexity analysis of ASHS system can be studied as well.

e A complexity reduction of ASHS could be farther studied and some ideas could
be proposed to reduce the system's complexity.

e Applying the DLST technique of Fig. 3.3B instead of vertical scheme with

different detection schemes could be applied and studied.
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