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found that the throughput increases linearly with the number of relays, if simultaneous
relaying is considered. Besides, the BER performance of the cooperative diversity
network using fixed modulation is also investigated in simulation and analytical methods
based on the analytical results from the cooperative diversity network using adaptive
modulation. Results show that the BER performance of the cooperative diversity network
under perfect CSI using fixed modulation is much better than that of the classical direct
transmission sy :m. In addition, there is significant BER performance degradation of the
cooperative di -sity network under imperfect CSI compared with that from the
cooperative diversity network under perfect CSI. However, the cooperative diversity
netwo under imperfect CSl is still better than the classical direct transmission system in

BER performance.
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Chapter 1

Introduction

1.1 Wirelee Communication

Wireless communication was started by the Italian inventor Marchese Guglielmo
Marconi throu; a public demonstration on 1901. Many great inventions soon emerged
into the vision of mankind. From the earliest radio to recent cellular phones and wireless
networks, wire 3s communication has experienced tremendous development in the past
hundred years. ntil today, it is still a very active area of research. Moreover, the benefits
brought by its plications are continuously having the great impact on civilian life. A
increasing amount of people are enjoying the services offered by wireless communicatic
From the popular cellular phone to the wireless home network, wireless communication
is accelerating i pace to replace once prosperous wired infras: tures. Meanwhile,
mobility is als becoming an implicit standard when customers are purchasing electronic
devices such as the wireless keyboard and mouse.

To the consumers, the transition from wired products to wireless is merely the magic of
wire removal. F m the perspective of engir s, what kind of ¢ nge do we need to
make to have magic and also what kind of new technique challenges are we going to
face?

Wireless comn 1ication operates through the use of electromagn  : radiation in space.



The transmission  :dium between the transmitter and the receiver is called the radio
channel. Unlike the wire channel in wired communication, radio channel has a distin
property called the multi-path fading, which is caused by the dispersive nature of the
electromagnetic r iation. This means that the transmitted signal will be reflected or
diffracted by objects between the transmitter and the receiver before arriving at the
receiver. There re, a large number of possible propagation paths exist to carry the
transmitted signal. As a result, multiple copies of the same transmitted signal will arrive
at the receiver with distinct amplitudes, delays and phase shifts, since each copy is
through unique propagation path.

These received copies of the transmitted signal sometimes interfere constructively at the
receiver due to their similar phase shifts. In this case, a much stronger signal is generated.
Sometimes, hc ever, these multiple copies interfere destructively if the phase shift
difference is large enough to cancel each other. Therefore, the receiver does not get any
useful information about the transmitted signal.

In essence, all the phase shifts are triggered by the different run length, which is the time
interval for sig 1l to transmit from transmitter to receiver, reflection and deflection of t/
propagation paths. The small movement of either transmitter or receiver will result in the
transition from the construction to destruction, or vice versa. This kind of phenomenon is
named small- 1le fading. On the contrary, if some dominant propagation paths are
attenuated by the huge obstacles when the receiver is moving into the shadowing are
the received sig 1l strength will decrease. This situation is defined as the large-scale
fading. The ¢ on is to move the receiver out of the shadowing region by a la

distance.

(8]



Multi-path fading is playing a detrimental role in wireless communication. Small scale
fading, in particular, degrades the performance to a large extent. Hence, combating multi-
path fading is alw /s the first thing to do in order to improve wireless communication
performance.

The most effective technique to mitigate multi-path fading is the transmission and/or
reception of multiple faded signals from independent fadii  paths. T s is due to the fact
that two independent fading paths may seldom experience deep fading simultaneously.
With proper combining of these signals from independent paths, the resultant signal can
be immune to multi-path fading. Naturally, the next question is how to create independent
signal paths. G crally, there are three techniques to generate independent paths.

The common 1y is to use multiple antennas at the transmitter and/or the receiver. This
technique tries to exploit the spatial diversity to create independent paths, as long as the
separations amc | antennas are sufficiently large. Multiple-Input Multiple-Output
(MIMO) antenna stem is an implementation of this category.

The second technique, utilizing the frequency diversity, transmits the same informatic
on multiple channels with different carrier frequencies. As long as = carrier separation
1s large enough, 1 iltiple independent fading signals can be obtained.

The third technique that makes use of time diversity by transmitti ! the same message
for several tin 3, as long as the separation time between two successive transmissions
exceeds the cc rence time [1].

In the previous discussion, the MIMO system is capable of combating multi-path fading

based on its ultiple antenna elements. However, this multiple antenna system w

significantly increase the size, power consumption and hardware complexity of the













For instance, an extra time slot is used by the relay to forward the message in each
message transir  sion between the source and the destination. As a result, half of the time
resources are lost for relaying and the throughput of the system is greatly reduced. Hence,
the cooperative diversity is derived at the expense of extra resources for the relaying

process.

1.3 Adapti*  Modulation for Cooperative Diversity [5]

In a classical communication system, the modulation scheme is usually fixed. For
exam] :, a system realizing 64 Quadrature Amplitude Modulation (QAM) will use this
modulation sct to transmit messages continuously. Obviously, systems utilizing fixed
modulation are fit for wired communication since the wired channel is linear and time
invariant.

In contrast, the radio channel is time variant. Therefore, the radio channel condition is
sometimes ina g d state. This means that a higher modulation level scheme can be used.
At other times, however, the channel condition is in a bad state. In this case, only a low:
modulation level scheme can realize the communication v h certain quality.
Consequently, 1e system is able to change its modulation scheme according to the
current channel ite, the time variant property of the wireless channel is fully exploite
This changeable modulation scheme in terms of a channel state is called adapti
modulation.

Adaptive mc 1lation has been applied to many wireless communication areas and has
shown its excellent performance. Since it can adjust the modulation scheme according to

the channel conditions, it always provides the best modulation choice.



Since cooperative diversity enhances the signal quality and overcomes the bad channel
conditions such as deep fading, it is foreseeable that throughput gain can be achieved in

cooperative diversity networks by using adaptive modulation.

1.4 Literat -e Review

The origin, evolution and main developments of the cooperative diversity network are
discussed in [2], [3], [4]. Meanwhile, the block error rate perform ices of three relay
schemes are also shown in order to compare with no cooperation scheme. More efficient
relaying schemes related to cooperative diversity is well illustrated [7] [8]. In addition,
the outage bel w is analyzed as well. Moreover, the model : 1 outage behavi
analysis to the mu i-hop diversity network is given in [3].

The symbol error probability for the cooperative links is studied in paper [7], which
gives the error  -obability formulas in high average SNR. The formula remains valid for
a large class f fading channels. Moreover, the accurate results of symbol error
probability for t  cooperative diversity network over the Rayle’ '/ fading channel is
discussed in {7].

In the work discussed above, cooperative diversity is mainly used to reduce the BER,
which provides a better signal quality. Although the SNR at the destination increases
dramatically when utilizing cooperative diversity, this comes at the expense of t
amount of re. ired resources, since additional channels (time slots, carriers, etc.) are
needed for the r 1ys. Therefore, the throughput of the cooperative diversity networks is
reduced.

In [6], the thr ighput performance of the cooperative ad-hoc networks over Rayle 1



fading channels is examined. To achieve high throughput, the relay is set to transmit and
receive simultaneously, which is impractical in the real situation.

A novel sche ¢, presented by [8], uses two relays and multiple receiving antennas at
the destination rminal to avoid the throughput loss in cooperative diversity networks. |
this scheme, the source terminal will first send a message to the destination and any one
of the relay terminals. Then, the source terminal will send out the next message to the
other unselecte relay and the destination while the first selected relay is forwarding the
previous mess: : to the destination terminal. Therefore, multiple antennas are needed in
destin ion to receive two messages from the relay and source terminal simultaneously.
Although there is no throughput loss in this scheme, the multiple antennas for the
destination terr nal is not practical in some cases.

A more prac :al scheme is given in .. ], which is similar to the scheme in [6] exc
that only a single antenna is used at the destination. In this scheme, orthogonal channels
are assigned each terminal. For example, orthogonal channels can be a set of
orthogonal codes in Code Division Multiple Access (CDMA) or a set of orthogonal
carriers in Frequency Division Multiple Access (FDMA). In some environments such
the downlink of a cellular system, this scheme saves time-slots at the expense of
frequency or code channels. Hence, there is no saving of the resources anyway.

Mo of the discussions related to cooperative diversity netwo s are based on t
assumption th [ terminals in the networks have perfect knowledge of current channel
state iformat n. However, this assumption cannot be realized in real world due to the
estimation err

The imperfect CSI case has been studied extensively for the MIMO system. However,



these results cannot be applied to cooperative diversity networks. The main reason for
this is that the che el distributions are not identical in direct and indirect branch since
the indirect bran  goes through two independent paths while the direct branch
experiences only one. The other reason is that the noise power is unequal in the direct and
indirect branch. Hence, the available results [9] of the imperfect CSI analysis for the
MIMO system ca ot be used in the cooperative diversity network. From the analytical
perspective, this non-identical channel distribution and unequal noise power are more
difficult to model.

In [10], the Pr Hability Density Function (PDF) of normalized SNR with imperfect CSI
conditioned on eal SNR in MIMO system is given regardless of noise power. Therefore,
this PDF can be modified to cooperative diversity networks under imperfect CIS as

shown in Chapter 4.

1.5 Problem Statement

Form the p1 ‘'ious literature review, the research status of the cooperative diversity
network is mainly focused on the improvement of received signal quality. However, e
issue of throughput loss is ignored. In this thesis, the primary efforts are on the
throughput enhancement of cooperative diversity networks.

Adaptive modulation is devised to convert additional SNR gain to the extra throughg
increase in wireless communication. In general, the system is designed to meet the worst
case of the nel. But the wireless channel has wide variations, which means
sometimes the channel is in good condition and sometimes it is in bad condition. If |

system could :p track of channel condition, then it can use a larg:  constellation size to



transmit when the channel is in good conditions, which means high SNR [11]. Therefore,
the throughput of the system will be greatly increased.

This motivat us to use adaptive modulation in cooperative diversity network in order
to make use of ad tional SNR gain provided by cooperative diversity networks. We hope
this cooperative diversity network, using adaptive modulation, could provide enou;
throughput gain so that not only the throughput loss in using cooperative diversity can be
compensated b1 the extra throv "1put gain can be obtained.

Current resear  in the cooperative diversity networks, whether it is about the SNR
improvement e throughput enhancement, is based on the perfect channel state
information assumption. Actually, the perfect channel state information assumption is not
realistic in the re:  world. There must be some kind of estimation techniques to measure
the channel state information. Hence, estimation error exists. It is certain that the
estimation error will affect the performance of cooperative diversity.

In this thesis, first, the throughput of the cooperative diversity networks over the
Rayleigh fading channel under perfect channel state information is investigated using
simulation and analytical methods. Then, the throughput of the cooperative diversity
networks o ie Ray fadit  channel rerfect channel state information is

also investigated using simulation and analytical methods.

1.6 The The s Organization

This thesis is organized in six chapters. The introduction of the cooperative diversity
network, adap ‘e modulation and literature review are included in Chapter 1. In Chapter

2, the perforr nce of fixed modulation in the cooperative diversity network is studied



briefly to set up a basis for later work. A basic classical direct sys n is built first to
provide the performance for later comparisons. Then, the cooperative system is set up
based on the classical direct system. The throughput of the cooperative diversity network
using adaptive modulation under perfect CSI is analyzed in both simulation and
analytical methods in Chapter 3. The different relay gain schemes are studied by given
the simulation first and analytical verification second. Similarly, Chapter 4 analyzes the
throughput of the cooperative diversity network using adaptive modulation under
imperfect CSI in th simulation and analytical methods. The corresponding relay gain
schemes are investigated. Chapter 5 analyzes the BER performance of cooperative
divers networks using fixed modulation in both simulation and analytical methods. The
analytical results are based on the results from the previous chapters. Chapter 6 covers

the conclusions and future work.
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Chapter .

Performances of Fixed Modulation Systems

This Chapter w  study the BER performance of the classical communication system
using the Binary Phase Shift Keying (BPSK) modulation over Rayleigh fading channel
with Additive hite Gaussian Noise (AWGN). The cooperative communication system
using the BPSK modulation is also investigated. In addition, the cooperative
communication system derived in this chapter will be used as a reference for the later

cooperative sy using adaptive modulation.

2.1 Classical Communication System over the AWGN Channel

2.1.1 AWGN Channel Model

. — a
|

Figure 2-1Model for AWGN channel
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From this figu . it can be shown that the simulation result conforms to the theoretic:
results of BPSK in the AWGN channel very well below 10 dB. Since only (10° bits)
samples are us  in this simulation, the precision can only reach 107 since the precision

can be approxim: 1 by formula (100/ total samples).

2.2 Classic | Communication System over Rayleigh Fading

Channel

2.2.1 Multi- 1th Fading Channel Model

The multi-path fading effect is briefly illustrated in the introduction chapter. The
mathematical « scription given here is used to simulate the multi-path fading channel in
this thesis.

The unmodulated carrier is given by

c(t)y = Acos2rf t. (2
where A is the amplitude of the sinuso’ ~ cos is the cosine function, f. is the carrier

frequency and t is the time.

The received signal without the noise can be expressed as

R(t) = AY. a, (t)cos[24f, (t — 7, (1))] = ARe[)_ a, (1) exp[ 27,7, (1)]exp[ 27, 1]]
= ARe[z(t)exp[-27f t]],

where a, () is the time-variant attenuation factor on the nth path, and 7,(7) is the

corresponding delay on the n, path. From the perspective of formula,

2(t)y= 2,(t «pl-24f.7,(1)] can be any value since f, is fairly irge. A small delay

o n

15




7,(t) can make e product 27f, X 7, (¢) several times larger than basic period 27 . [12]
In fa the d .y 7,(s)associated with each path changes in its own way which is

independent of her paths. Therefore, the addition of large amount of signal paths, Z(t),
can be modeled by a complex Gaussian random variable according to the Central Limit
theorem. Furtl mmore, Z(t) in rectangular notation can also be transformed to polar
notation. The d  ribution of the magnitude and the phase are presented as follows.

The PDF of the magnitude of Z(t) in polar notation is given by

N

-exp(-—), (2.3)
o 20°

vV

f,v)=

where v is the magnitude of Z(z) and o’ is the variance of the Gaussian random variable.

The PDF of the phase of Z{(t) in polar notation is given by
|
f()(ﬁ):— 0<0<2rm, 2.4)
27

where @ is the phase of the phase of Z(1).

2.2.2 Simul: on Results

Figure 2-3 shows the BER performance of the classical communication system using
BPSK modula under the Rayle” "1 fading channel. The figure shows the BER results
versus SNR o - the Rayleigh fading channel. The theoretical result is also provided by
MATLAB to show the correctness of simulation result [12]. The purpose is to set up a
correct simul on system for classical communication and then revise this correct
classical system to the coope.___ve system.

In Figure 2- it can be verified that the simulation of BPSK over the Rayleigh fading

channel is accurate. The simulation result agrees with the theoretical result. This lays a









2.3.3 The V thematical Model

[f the transmitted signal in source terminal is represented by s and« is denoted as the

amplifier gain in the relay terminal. Then, the received signals in each terminal of

cooperative diversity networks can be expressed as follows:

-Received signal at the relay node:

RelayFromSource — 5 T 1ps
-Received | at the destination node from the source terminal:
R peskromsource =8 T 15,
-Received I at the destination terminal from the relay terminal:

RDesFrum Relay = a[S + ”l ]+ ”3 ’

-The total received signal:

R =R +R

=6¥[S+nz]+n3 +5+n,

rotal DesFromRelay DesFromSource

=(l+a)s+n, +om, +n,.

2.3.4 Simul: on Results

..gure 2-6 below ows the BER results versus SNR for a coc

"(2.5)

(2.6)

(2.7)

(2.8)

ive system using

BPSK modulz )n over the AWGN channel, where the relay gain is 1. The BER of the

classical system using BPSK is also given for comparison.










j6 Jo,

r(t) a,re’”st)+a,re .s'(t)+a3r3efa~‘s(t)

= (a,r, +a,r, + a,r;)s(t)
3
= Zair, s(1),
i=l
The total noise power can be expressed as follows:

Nmml = (Z ai ; )Nn M (2 10)
i=1

where N, is the noise ower density on each branch.

Thus, the SNR at the output of MRC

3
(Z a,r,} L
SNR =~ — (2.11)
[Z a,l JN‘
i=1
The maximal value of SNR can be obtained by
SNR,, =¥, + 7>+, wherea, =—— (2.12)

N,

2.4.2 Simulation Model

Figure 2-8 below shows the simulation model for the cooperative communication

system over Raylei; fading channel. In this model, the Rayleigh ding is represented
by h; and AWGN noise is denoted by n; where i indicates the channel index. Both t|

Rayleigh fading effect and the AWGN are considered in this model. The solid li

indicates the direct link and the dashed line indicates the indirect link.
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Figure 2-9 MRC structure for cooperative system

-Combinec gnal R .., at the output of the MRC:

(2.16)

Rmmhmed = ﬂ D RDmFrmm‘ourrc + ﬁ ! RDe.vam Relay *

2.4.3 The Weights of MRC on Cooperative Communication

It is obvious 1at the combining of signals in cooperative communication is different
from the non 1l signal combining (discussed in the Literature Review) in that the
received noise power is different in each branch. Therefore, the branch weights must be
recalculated for cooperative communication.

As mentioned before, the combined SNR after MRC should be the sum of SNR on t
individual branches. Hereafter, we will verify the correctness of £,,, 3, , which make t
total SNR be the sum of each SNR. The power of signal s is assumed to be E, and noise
power on three individual channels 1, n, n; have the same power N.

If the noise | wer between the direct branch and the indirect branch are not equal, the

optimum weights should 1 ziven by

Bo= " B = L 1)
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The two inputs of IRC can be written as

R, =hS+n, (2.1¢

omSource

= (
R rromretay = ohh,S + ahn, +ny, (2.1¢

The SNR of each -anch can be represented as

(2.20)
IhJ |h

R jestn n Re lay W| W

The signal at the output of MRC can be represented as following equation.

R(' med ﬁ DR DesFromsource + ﬂ f R DesFrom RelayNormalize

=MS+
N N

h_l " |h | 'hzl a’h;h}*(4:1/]13712 +n,)

| W
-\ + a’ |||’ So\h, . ah, by (ahun, + ny) ‘
S TS IV FU R TR A Y

The SNR of M C output
oy I

[|hlz+ 2, 2 ] E’
(1+a“h;) N~

|MVN+@WWM*¢M$+DN

(2.2

(1+a/ (1+a/2

SNR

combined —

By

N L+ @) ) 2

[ + |h|m4}“£i h2+aﬂmﬁmFJzE
[EPETARIEY Y liatn)) N

w, N [l @2 )+ (s

N I+a?|m| )N (1+a“'|h3|')1\l

(2.22)
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Chapter 3

Coa ‘rative Diversity Networks using

Adaj; ve Modulation under Perfect CSI

This chapter studies the performance of the cooperative communication system using
adaptive modu n scheme over the Rayleigh fading channel under perfect CSI. In the
first part, one relay case is analyzed. The multi-relay case is then investigated in the

second section. Some important simulation results will be given for both cases.

3.1 Adaptive Modulation with Single Relay

3.1.1 The Principle of Adaptive Modulation

As mentioned i Chapter 1, the basic idea of the a * itive modulation is to adjust the
modulation scheme based on the current channel state. When the channel is in good state,
a higher mod n scheme is chosen to communicate. Otherwise, a lower modulation
scheme will be employed. The modulation scheme is selected such that the signal quality
in terms of the average bit error rate is guaranteed to fulfill the desired requirement. To
implement this mechanism in the real situation, the following question needs to be
answered: what nd of me : should be used to indicate the channel quality? In this

project, the total SNR at the output of MRC is used as the metric since it dire ¢
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determines the pe rmance of communication system.

Since the exact SNR at the receiver side is impossible to know in advance, the only way
to do this is to estimate the total SNR before each transmission and then select the
modulation scheme based on the estimated total SNR. However, the estimation of the
total SNR requires the knowledge of current CSI, which can be obtained by sending a
pilot sequence through the channel. In this Chapter, we assume that all terminals have

perfect knowledge of the current channel state information.

3.1.2 Calculation of Total SNR

The total SN at the output of the MRC can be calculated based on the individu
received SNR on each branch. As shown in Chapter 2, two received signals are expressed
in Equation (2.18) and (2.19).

Assuming the erage power of the transmitted signal S is E and the noise power is N,

the SNR of the two | nches are “ven by

(i] e 3.1)
N)g N '

(ij _ & E 32)
NJw N(+a|h])

Since the MRC  employed and the perfect channel state information is known,

aggregated SNR  the output of MRC should be the sum of two individual SNRs.

Yl E WE
(i) =[£j +(£j _ @[l +L_ (3.3)
N J ol Niw \NJgp N1+ || ) N

3.1.3 Decis N tric of Modulation Scheme
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equation,

rt=|n’-p -G~PL0(di)‘". (3.7)

0
The expectation of the received signal power on two receiving branches of the

cooperative di*  “sity network can be described by this equation separately:

2 2 d, . s
RD({\'meSuurre = Ihl i : P, . G ’ PLO (%) = 20- 1,
[t
) (3.8)
: 2 ¢ SroN—a 2
RRc lavFromSource = ‘hl ) P[ G- PL()( d ) 20- 2,
0

According to e variance relationship between Rayleigh distribution and Gaussian

distribution

o, =04290",

2 2
o,, =04290,",

(3.9)

where 0’y and o7, are the variances of the Rayleigh fading from the source to

destination (s-  link and from source to relay (s-r) link respectively, oy and o2 are t
variances of the Gaussian Random variables which generate the Rayleigh fading
parameters on the s-d link and s-r link, respectively. The ratio of the received power of

the s-d link to tt  of s-r link is given by

2 [[ sd N -a (1\11 ~u
5 R . |l R-G-PLCTD) ()
R e UJ[ _ 20 _ [[0 _ do _(&)ﬂ, (310)
T 5.1 20% d, . d N
RRcIuvl-'rmn.\'uun'r 0-[2 20— N }lw : ° 1), G " PLO( M )_u (( v )~u o
° d, d,
Since the expectation of |hl|' and |h,|" are equal. Therefore,
R .
R ! 3
2 1 d

The above € 1ation incorporates : path loss into the variance of the Rayleigh fading.
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use the same trar nission power P as that of the source of the classical system with no
indirect links, whereas the latter scheme fixes the total transmission power of the whole
network to P.” is means that for each complete message transmission in the cooperative
diversity netw: ¢, the energy consumed in the fixed-total-power scheme is equal to that
of the direct transmission scheme with transmission power P. Therefore, the fixed tot:

power scheme provides a fair comparison platform for the cooperative diversity network

and the classical direct transmission system.

3.1.6 Relay ranch Analysis

One of the rez ns that the throughput gain is achieved is that the indirect branch
provides the sufficient increase of SNR to support the larger modulation scheme to
compensate for : ne-slot loss due to relaying process. As discussed in the previous
section, the ampl /ing gain can be either fixed or changeable. Hence, the different choice
of amplifying gain may result in different SNR increase on the indirect branch. Howew
the amplifying gain, which can generate maximum SNR increase, is able to provide
maximum throughput gain. In this part, the SNR from the indirect branch will be
investigated under both fixed gain and changeable gain situation. The SNR on this
indirect branch can be written as follows.

(S‘j ahy| |hI" E
= . (3.12)
NJw NQA+a’|h|)

The relay gain « is first set to the Variable Gain I in the variable gain case, which is the
reciprocal of the Rayleigh fading on the s-r link. Then, equation (3.12) can be

transformed to the following f

'
L)






3.2 Fixed Relay Gain Case

3.2.1 Simul: on of Fixed Relay Gain Case

In this case, the fixed relay gain (a=1) is used to simulate the performance «
cooperative sy em. The relay is assumed to locate in the middle of the source and
destination terminals, which means the distance between the source and relay, relay and
destination is only half of the distance between source and relay. Hence, the links are
asymmetric by using the equation (3.11) to model the path loss effects. We will use the
following set of parameters in this simulation.

Channel bandwidth: 5 MHZ

Bit Error Rate: 10™
Relay gain: 1
Modulation levels: BPSK, 4QAM, 8QAM, 16QAM, 32QAM and 6« 'AM
Number of samples: 600000
Transmission power: fixed total power and fixed power per user
Link property: asymmetric network
Path-loss exponent: 4
Simulation Results

Figure 3-2 ¢ »ws the throughput results of the classical system and two cooperative
systems with the unit relay gain but different power schemes. It is clear that both power
schemes in cooperative system outperform the classical system. Moreover, fixed-power-
per-user case uch better than fixed-total-power case since more energy is consumed
for each trans ission. Figure 3-3 shows the BER results over the SNR in these systems.

As we can see, the target 107 BER is satisfied in all cases.

35















spectral efficie y at each average SNR. The average spectral efficiency of a particular

average SNR ¢ | be calculated as following formula.
/
St =) SE(i)e p(i) (3.17)
i=1

where i is the 1 modulation scheme, SE(i) is the spectral efficiency of the ith modulation

scheme, p(i) is the probability of choosing the ith modulation scheme at this particul

average SNR, [ is the modulation scheme with highest levels and SE is the average
spectral efficie :y.
Once the aver e spectral efficiency is derived, the average throughput of the

cooperative diversity network at a particular average SNR can be obtain as follows.

:lnroughput = SE « BW (3.18)

Where Throughput represents the average throughput of a specific average SNR and BW

is the channel indwidth.

As seen in above formula, the probability of choosing each particular modulati
scheme at a specific SNR is necessary to calculate the average throughput at this specific
SNR. To find this probability, the probability density function of the t 1l
SNR at the « itination terminal is required. Then, this probability of choosing each

modulation sc 'me can be obtained by using following formula,

max SNR(1)

piy=["" " flyhy, (3.19)

min SNVR(i)
where f(y) is the PDF of the SNR, ¥ is the instantaneous SNR and the integral lim

decides the SNR rar : of the ith modulation scheme.
To verify the simulation results in this case, the key purpose is on  1ding the PDF of the

total SNR at the destination terminal. Then, the average throughput can be calculated
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using the Equations (3.17) and (3.18).

Next, the distrit ion of the total SNR at the destination terminal will be derived by
analyzing the foll ving model.

The received s in the direct branch:

R =hs+n, (3.2

DesFromSource

The received signal-to-noise ratio from the direct branch:

| E
Vi = T, (3.21hH)
The probability density function of y,:
S )]
|hl| follows the Rayleigh distribution f, | (]hl|) = —exp(—-—),
: o- 20°
By calculating the PDF of a function with respect to PDF of |h1|
N N
fr (1) =——=exp(-—5-), (3.22)
26 E 20,°E

If

— is substituted by a constantb,, the PDF will be simplified as a standard

20°FE
expo 1t" " distribution.
5, (r) bexp(=by,), (3.23)
The received signal in the indirect branch

R = ah,h, S + ohyn, +ny, (3.24)

DesFromRe lay

The received signal-to-noise ratio from the indirect branch

41



| ERE
, ~ |l I E o Y (3.25)
e ey e, B
N o’N
h, 1E |h |2E

Substituting y, = and y, = 3N into above equation. Similarly, ¥, and y,

follow the exponc tial distribution as follows.

f}’: (}’3) = bg exp(_bg}’g) s .fh (}’x) = b} CXP(—b373)a (326)
where b, = — and b, = N’ )
* 20,’E ' 20E

Equation (3.26) is simplified in the following form,

m|'E |n'E
* —— }/ v
}/indircrl = Nz N = (327)
|h; E E C+ }’3
3 + -
N a N

The total SNR under perfect CSI can be represented by the summation of the SNRs on

direct and indi :t branches.
y=—"=—4+y, (3.28)

where the first term is the SNR on the indirect branch, the second term is the SNR on the
direct branch and Cis E/(a* N).
In the fixed relay gain case, & is a constant. Hence, C is a cons 1t when the avera

SNR is a co ant. The PDF of the total S.... conditioned on y, can be found by

following method.




V2Ys £ :
=2 4y = >t =Cy, ty =Y, 1,
/4 1 C 7 [}/3 +C]}Q /4 V2TV =V T (3.29)

where C, iseq lto ¥,/(y, +C) and y; isequal to C,¥,.

The PDF of y, can be derived after simple random variable transformation

, 1 }/2‘ b7 S
, ) =— —~)=—0r9 L.
[, (r)) C fi( c ) C (3.30)

The PDF of y shoul be the convolution of random variable y," and y, like following.

Frln=m=[f, @f, (y-0dz
0

4
J
0
¥ byt (3.31)
!

= %e—?xb,e""""”dr
1
b X 4 _E
— ]b._ e—b]}’J-e & eb'TdT
G, 0
yo_t o,
:———b‘b2 e [e © l)ra,'Z'
C, 0
_ )
bb, & wr |
= I et l_e G e bl)”
b, hC,
The PDF of tt  otal SNR under perfect CSI
£,0)=[farl 08, vy,
0
w ) 3.32)
bb, | Zer (
:I B2 l-e G e_"‘7><b36’_["y"[1}/3
0 bz _blc’l L

43



b,
T bbb, T hhbh, . -y
___e—b,yj 127 . b‘y‘d}/:‘ _ LI b\y‘e e d}’;,C N

0“2 ObZ_blCl » l_}’3+C
bbb, bbby, +bbbC Ay, +B
b,-bC, (b, —b )y, +b,C D;/1 +E’

F=b,.G=b,)C

0 }/3 + 0 }/3 +
E

i o BD - aEYe " Fepi- EETPT)_4p
J’ AY.+B _ D

S ey, = ,

YDy .+ E : D'F
JAy?+B —(/y, Iy.d}/

! Dy, +E :

To solve the above integration, the fraction part is first represented by the series. Then,

the following integral can be used.

v

J 7 exp-fie” — e = _;})2,, K, (2JPy) (3.33)
0 p

P

However, the ne 1tive value of D will result in an infinite discontinuity point inside the
integration. As a result, there is no way to express this fraction in series. Therefore, there
is no closed form solution for this integral. An alternative way to find the solution of th
integral is using e numerical method. Therefore, the numerical PDF of the receive
SNR can : obtained after using the numerical integration. Similarly, this I F is used to
calculate the ar  ytical throughput by using the formu™ in the changeable gain proof.
Analytical res ts

As seen from Figure 3-4, the analytical throughput of cooperative diversity networks
with unit relay gain is plotted in the crossed curve. The triangle curve shows the results
from the simulation. It is obvious that two curves overlap to each other very well in the

whole range of SNR. Therefore, the analytical results verify the simulation results.
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Number of samples: 8400000 (More Modulation Schemes Included and different block
size is chosen to make the block size dividable by the spectral efficiency of all
modulation schi 1es)
Transmission Power: total fixed power and fixed power per user
Link property: asymmetric network
Path-loss exponent: 4
Simulation Re: Its

Figure 3-5 below shows the throughput of the classical communication system and two
cooperative com unication systems with different power schemes. These two
cooperative sys ms correspond to the fixed-power-per-user and fixed-total-power cases.

The BER result vi .us SNR in this simulation is given in Figure 3-6.

35— i X 1 1 -
+  Classical system : *,,*"
—&— Cooperative system(fixed total power & asymmetric) ; /’
30H| & Cooperative system(fixed power per user & asymmetric) | e
25"‘ - - E - - - - - - 4:4—— - —: >E. —/’x 1:,, - _
- | | I | :
S 200 - A / ______ '@ﬁ@-’éﬁi
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Figure 3-5 Throughput comparisons of simulation systems with eight modulation levels
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here.

3.2.4 Fixed k lay Gain with Higher Target BER Simulation

In this case, tl ER is increased from the previous 107 to107 while the modulation
levels are the s. e as previous case. We will use the following set of parameters in this
simulation:

Channel bandwidi 5 MHZ

Bit Error Rate: 107

Modulation levels: I SK, 4QAM, 8QAM, 16QAM, 32QAM, 64QAM, 128QAM and
256QAM

Relay gain: 1

Number of samples: 840000000

Transmission p ver: fixed total power and fixed power per user

Link property: as: metric network

Path-loss exponent: 4

Simulation Resu

Figure 3-7 shows the throughput of the classical system and cooperative systems. In t
case, the BER is set to107°. Therefore, larger sample size is required to generate more
accurate simulati 1 results. Figure 3-8 shows the BER results versus SNR for these
communication systems.

Table 3-10 shows the SNR in each link of cooperative communication system with the
fixed-power-per-1 :r scheme. Moreover, the ratio of the aver: : SNR in the indirect link

to the average .in the direct link is also given. Table 3-11 shows the throughput gain
















following set of p 1meters in this simulation.

Channel bandwidth: 5 MHZ

Bit Error Rate: 107

Relay gain: 1/]h;)

Modulation scheme: BPSK, QPSK, 8QAM, 16QAM, 32QAM and 64QAM
Number of sam zs: 600000

Transmission power: total fixed power, fixed power per user

Link property: asymmetric network

Path-loss exponent: 4

Simulation Results

- -1

+- - Classical system
~( - Cooperative system(fixed total power & asymmetric)

Jut(Mbps)

Throu

SNR(dB)

Figure 3-¢ 1roughput comparisons of simulation systems with variable relay gain I
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where y, =20, 'N), v, =20, *(E/N), K,() and K,() are the zero-order modified
Bessel function and first-order modified Bessel function of second kind.

Up to this point, the PDF of direct branch and indirect branch are derived, next we will
combine them together and find the PDF of the combined SNR. As we know, the
received SNR after the maximal ratio combining is the sum of two individual SNR from

two branches.

},l‘(imbl”lL’(l = },l + },imlirerl (337)
According to e probability theory, the distribution of a sum of two independe
random variables : = convolution of these two distributions. Hence, the PDF of the

total SNR can be dernived by numerical convolution.
v D=L, [, (V) (3.3¢

where * is the convolution operation

Once the PDF of the total SNR is found, the previous throughput calculation Equations
(3.17) and (3.18) based on the PDF of the total SNR can be applied to derive the
theoretical thro thput of such system.

“ytic " results

As seen from the Figure 3-11, the analytical results d° sed from the above analysis
completely overlap with the simulation results. Therefore, the simulation results are
proved to be cor t. Also, the cooperative diversity network using adaptive modulation
with changeable relay gain can provide great throughput gain compared with the classical

system.
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A very tight upper bo

d of ¥,.4.. 15 given by [15]

;/Indire("lAppru.\‘imule = mjn(}/SR ’ }/RI) )’ (341)
The PDF of the y,, directAppronmate Ca1 be given by
1 . o e = _ _20;E _ 20E
£, () = —exp(-22) where 7 =(7,7,)/(7, +7,) and 7, = 22227, = 222 (3.42)
iz iz N N
For the direct branch, the exponential PDF is used as in the previous section
. 1 _ _2n’E
I (1) ZTGXP(—Q) where y, =-  — (3.43)
1 4
Similarly, the combined total SNR can be calculated as the following equation.
}/ = }/ IndirectApproximate + }/ 1 (344)
The PDF of the combined total SNR
f(yl ) = f(}/Indirz'rmpprn.\'inmle ) * f(yl) (345)
This convolution can be solved by using the following integral
2
fa)=[ £, @, —)dz
| -7
= _[ ' Xp(——)——eXp(—y‘T)dT
e ! 1
1 v o - =
—exp(- [ exp(=z(l/7 ~1/7,))d7 (3.46)
4 N
—exp(=r(/7=1/7,) |"
= _Lexp(—é)[ 2 e 7 ))]
Ié I (1/7_1/71) 0
1- -y, (/¥ V¥,
- —_‘—exp(—%[ expCy, U7 -7 ))}
77 7 Wy =17

Similar to the previous case, the PDF derived here can be used to find the analytical

throughput.

Analytical Results
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Figure 3-14 Analytical throughput with variable relay gain II

As seen in Fire 3-14, there is a gap between analytical results and the simulation
result between 0 and 15dB. But the gap closes as the SNR increases. Actually, this
difference is caused by the approximate PDF of the indirect branch since this

approximation accurate only when the Sl... is fairly [ _

3.5 Adaptive Modulation for Multiple Relays

3.5.1 Multiple ‘lelays Model

As shown in the single-relay case, the results of the cooperative network are impressive.

In this section, the number of relays will be changed from one to two or even more. As
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*

oh h

B, = ( - W (3.48)

1+a3’h"_3

where h*,,,, and *,,,3 are the conjugates of h, ; and h, ». The received signal at the output

of MRC should e

R =R, + D BR,, (k) (3.49)
k=1

The weight calculation in Equation (3.47) and (3.48) requires the channel state
information, which can be provided by using channel estimation.

We assume that all terminals have perfect knowledge of the channels state. Hence, the
source terminal ¢ 1 easily predict the total received SNR at the destination terminal as

follows.

SNR,. NR,+ ; 5NR, (k) (8)
k=1

where the SNR,; . the SNR on the direct branch and SNR,,4(k) is the SNR on the
indirect branch.

Moreover, the cooperating sequence is different from the one relay case. Two options
are offered for mult le relays. First, all relays will send the received message from the
source to the destination sequentially, which means that the more the relays used the
more time slot lost. Second, all relays send the information back to e destination at the
same time slot needed, which rec "es the destination to receive multiple copies fic

multiple relays simultaneously. Although this is possible, it puts constraints on the
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hardware because of the co-phase transmission requirement. Obviously, since just one
slot time 1s wasted, t : throughput gain must increase as the relay number increases in

this case.

3.5.2 Multiple Relays with Simultaneous Reception Simulation

In this case, we simulate the multiple relays’ situation with simultaneous receptions. All
relays send back 1 : received message from the source to the destination simultaneously.
We use the following set of parameters in this simulation.

Channel bandwidth: 5 MHZ

Bit Error Rate: )™

Distance from the source to destination: d

Inter-relay dist: ce: d/10 (d is the distance between the source and the destination)
Cooperative m 10d: one slot time loss

Modulation le' s: BPSK, 4QAM, 8QAM, 16QAM, 32QAM, 64QAM, 128QAM and
256QAM

Relay gain: |

Number of san les: 8400000

Transmission power: fixed power per user

Link property: asymmetric network

Path-loss expc nt: 4

Simulation Results
Figure 3-17 shows the through;  of the cooperative communication system w:

different number f relays. The BER results versus the SNR of each system will also be
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Chapter
Cooperative Diversity Networks using

Adaptive Modulation under Imperfect CSI

Cooperative diversity networks using adaptive modulation under Perfect CSI is capable
of offering re arkable throughput gain, as shown in Chapter 3. However, this
extraordinary enhancement on the throughput of cooperative diversity networks is base
on the assumption that the CSIis perfectly known by all the terminals.

In the real wo 1, there 1s no such means that can provide the terminals with perfect CSI.
However, the esti ation techniques can obtain the CSI with a certain degree of accuracy.
In previous chapter (Equation (2.17)), the channel coefficients are used to generate the
branch weights for MRC. Therefore, the error in channel coefficients will cause the error
in branch weig s in 1RC. As a result, the total received signal at the output of MRC is
affected by the branch weights error in both the amplitude and phase. Eventually, the
error in channel coefficients will d¢ ade the , :rformance of the cooperative div ity
network. An interes 1g question is how much throughput gain can be still maintained by
the cooperative diversity network under imperfect CSI condition compared to that und
perfect CSI condition.

In this chapter, we first introduce the mechanism of channel estimation and several
channel estimators. After that, these channel estimators are applied to the cooperative

diversity netw k and the simulation results are given. A general estimation error model



is given to generalize the various estimation techniques. Then, this general error model is
used to simulate the cooperative diversity network in different relay gain cases.
Furthermore, the  alytical results are presented to prove the simulation results in each

relay gain case.

4.1 Chann¢ Estimation

In wireless communication, the channel estimation is essential to estimate the amplitude
and the phase of the time-variant wireless channel. The coherent reception and the
weighted combini ; of multiple received signals are based on the knowledge of CSI. The
pilot aided estii m scheme is adopted in this thesis to estimate the channel coefficients.
Just as its name indicates, a pilot sequence of symbols, which is known by the transmitter
and receiver in ¢ ‘ance, is transmitted from the transmitter to the receiver through the
wireless chann y doing this, the received pilot sequence at the receiver will carry the
current CSI. Eventually, this CSI is extracted by using some channel estimators.

The transmissic  of each pilot symbol can be modeled by the following equation:
r.=hs, +tn, 4.1)

where s; is the ith transmitted pilot symbol, k; is the fading coefficient of this pilot symbol,
n; is the AWGN noise and r; the ith recetved pilot symbol.
Suppose a pilot sequence length of 4 is used, the transmission of whole pilot sequence
can be express by = following matrix,

T, h, 0 0 O]s, n,

r 0 h, 0O O0]s, n, 4.2)

> = + )
r 0 0 hy O]s, n,

r, 0O 0 0 h|s, n,
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Another equivalent matrix representation can be written as following:

n s, 0 0 OfAh n,
3 0 - 0 0 ]7 N
| ] (4.3)
I 0 0 s; O|h n,
r, 0 0 O s,|h n,

This representation highlights the relationship among these parameters since our purpose
using estimation technique is to estimate the unknown parameter /; based on r; and s,
known by receiver. By using vector notation, r;, s, f; and n; matrix can be denoted as R, S,
H and N, respectively. Therefore, the vector expression of pilot aided estimation model is
derived as

R=SH +N. 4.4)

4.2 Channel Estimators

4.2.1 Minim n Variance Unbiased (MVU) Estimator [17]

If the observed data has the model as

R=SH + N, 4.5)
where R is an N x1 vector of observations, S is a known N x P observation matrix
(withN > P) ¢ lrank P, H is a Px1vector of parameters to be estimated, and N 1s an
N x1noise vec r with PDF N(0,5°I), then the MV U estimator is

H=(5"S)"S"R, (4.6)

~

where H is the estimated vector of H.
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4.2.2 Minimm 1Mean Square Error (MMSE) Estimator

Bayesian Linear Model [17]

R=SH+N, 4.7
where H is a }F | random vector with prior PDF N(u,,,C, ), and N is an Nx1 noise
vector with PDF N(0,C,,) and independent of H. Then, this model is called the Bayesian

general linear zl. It differs from the classical general linear model in that H is
modeled as a random variable with a Gaussian prior PDF.

The mean of Posterior PDF for the Bayesian General Linear Model is [17]
EH|R)=u, +C,S"(SC,ST +Cy\) " (R-Su,), (4.8)
and covariance [1 .,
Cr =Cy —C,S"(SC, ST +C,)'SC,, (4.9)
Assume the random variables with prior PDF
H ~ N©,0;1)

The following rameters can be rewritten like following: [17]

Then, equation (4.8) and (4.9) can be simplified, the MMSE estimator can be written as
following: [17]
H=EH|R) =028 (So.ST +0*I)'R, (4.10)

Cop =041 —0,H  (HoyH' +0°1)" Hoy,. 4.11)

4.2.3 Correlation Estimator [10]

A known pilot sequence with K symbols is sent out from the transmitter to the receiver
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one by one. L. s assume the fading coefficient # never change in the whole pilot
sequence transt ssion. At the reception of each pilot symbol, the receiver uses the
conjugate of the same pilot symbol to multiply the received pilot symbol which
experiences fad g and noise in the wireless channel. This can be shown in the equation

as follows:

(hs, +n)xs,” =|s [ h+s'n, (4.12)
After the successful reception of the whole pilot sequence at the re  ver, the estimated
channel fading ¢ fficient can be obtained by adding up the whole received pilot

sequence and then normalized the symbol power. The resultant correlation estimator is

given by [10]

=L i""’K 43S @.13)

where o is the average transmitted signal power and H is the estimated channel fading

coefficient A.

4.3 Channel ¢ matic— in Cooperative ™iv-—"*‘y Networks

4.3.1 Distr  ion of Channel Estimators

As shown in igure 4-1, two channel estimators are used in the cooperative diversity
network to estimate the channel information. One estimator is used by the relay termin.
to measure the fading coefficient A, of the source-to-relay link. The other estimator is

used by the d ation terminal to measure the fading coefficient k; of the-source-to-






Estimated SNR calculation at the Destination Terminal
Branch weights of MRC can be calculated based on the estimated channel coefficients in

the following tv  equations:

h
B, = ﬁ (4.14)
an, h'
B, = e, (4.15)
(+a’lh| )N

where i" i, 1 h,"are the conjugates of A, ,h, and h,, respectively, N is the noise

power and « is the amplifying gain.

The estimated received signal can be written as the following equation:

R, pinea = (ﬂb};l + :Bl al;zﬁz )" +(fpn, + al;zﬂ:”z + ﬂl"} ), (4.16)

The estimated SNR can be obtained by following equation

E

(8o, + B, cdvsh, | B, + Byt )

SN _est=———
(8.8, +(B.aiNpciv) + 5.5 )

—- 4.17)
N

4.3.3 Adaptive Modulation Thresholds in Imj fect CSI

In the perfect CSI case, a decision look up table is used to determine the proper
modulation scl . However, results from this table cannot be ap; ed to the imperfe
CSI case anymore since BER in this case will exceed the target BER. In the perfect CSI
case, the target BER is determined only by the AWGN due to the coherent detectio
however, the inc  :rent detection in the imperfect CSI case will cause the phase error in

conjunction with the AWGN. A simple means to achieve the target BER is to add SNR
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margin to compensate the extra phase error caused by the incoherent detection. We have
found experimentally that a 3dB SNR margin is adequate to guarantee 10~ BER. Table

4-1 shows the minimum SNR for all kinds of modulation levels to guarantee 10~ BER

under imperfect

condition.

Table 4-1 Adaptive Threshold for BER (10™ ) under imperfect CSI

Modulation Scheme Minimal(Es/No)(dB) | Modulation Scheme Minimal(Es/No)(dB)
BPSK 9.781 32QAM 22.73
4QAM 64QAM 2>.53
8QAM 1.37 128QAM 28.57
16QAM 19.52 256QAM 31.37

4.4 Fixed Relay Gain Case

4.4.1 Simulation of Fix¢ " ™ ~lay Gain Case

With the know

ge of various channel estimators and new modulation thresholds, the

cooperative diversity network under imperfect CSI is investigated in simulation under

different estimation techniques. Subsequently, the throughput and

R performance of

cooperative diversity networks under imperfect CSI are given to show the performance

change of cooperative div

case.

The set of para

zters used in the simulations is listed as follows:

ty networks from the perfect CSI case to the imperfect CSI
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Channel bandwidth: 5 MHZ

Bit Error Rate: ™

Modulation levels: BPSK, 4QAM, 8QAM, 16QAM, 32QAM, 64QAl
Relay gain: 1

Number of samples: 600000

Transmission p« er: fixed power per user

Link property: asymmetric network

Path-loss exponent: 4

Estimation technic 2: MVU, MMSE, CE

Modulation scheme in estimation: BPSK

Number of training symbols: 4

Simulation Re: Its

r——— - —_— e
—<}—- Perfect CSI !
o5l - - —+#— Directtink | S L

—»—— Imperfect CSI using MVU 1 . '
| |
—+— Imperfect CSl using CE | )
|
l .
| N
I
|

Throughput{(Mbps)

Figure 4-2 Throughput performance with imperfect CSI using MVUE, MMSE and CE






from various ct 1 estimators and the throughput curve from the direct transmission
shows the existence of great throughput gain in cooperative diversity network under
imperfect CSI compared with the direct transmission system. For instance, at the same
10dB, the throughput of cooperative diversity networks in imperfect case is 9Mbps while
the throughput of « ect transmission system is only 5 Mbps.

Figure 4-3 shows the BER performance of the cooperative diversity network using
MVU, MMSE d CE estimators. As shown in the figure, the target BER 107 is almost
achieved in each estimation method.

The overlap of tl >ughput curves from different estimation techniques can be observed
from the Figure 4-2. It is likely that the throughput performance of cooperative diversity
network under imperfect CSI is independent of the estimation technique. The explanation

of the overlap problem is illustrated in the following part.

4.4.2 General M odel of Channel Estimator

In the previous part, three different estimation techniques are applied to the cooperative
diversity netw: under imperfect CSI. It is interesting that these throughput results
from different estimation techniques are very close to each other. This can be explained
by the Gaussian estimation error theory [9]. The separate transmission of pilot and signal
in time will result in the Gaussian error in the weighting factor regardless of the
estimation method, if the transmission is over the Raleigh fading channel. Moreover, this
point can be ver ed by following equations from the correlation estimation technique
discussed before.

The estimated channel coefficient can be modeled as the sum of its true value and the
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estimation error. The following equation offers the relationship between the true and

estimated channel coefficients.

~

h=h+e, (4.18)

To find the distribution of e, the signal to estimation noise ratio can be computed using

Equation (4.13) as follows.

(%é'.s-,FTh”h

)= = (4.19)
— N ‘Il. :
ke
Further simplifica >n can result in following form [10]
R K 2] H] ] Hl
)= "7 == L (4.20)

No,  \o;/KoT N
where o is the noise power and H is the transposition operator.

As seen from equation (4.20), the estimation noise can be modeled by a scaled version

of the AWGN noise. Therefore, estimation error e is a spatially white Gaussian random
variable with variances? /Ko? . Hence, this general estimation model can be treated as

a general estir  ion technique to generalize the previous different estimation techniques.

4.4.3 Simulation of Cooperative Diversity Networks using GM

In this case, the GM method is used in cooperative diversity networks to estimate the
fading parameters. We use the following set of parameters in this simulation.

Channel bandwidth: MHZ

Bit Error Rate: 107

Modulation le Is: BPSK, 4QAM, 8QAM, 16QAM, 32QAM, 64QAM
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the imperfect C  are presented to show the influence of the channel estimation on the
throughput perfor1 ince. The verification of these simulation results requires analytic:

calculation. In this 1rt, an analytical method is proposed to verify the simulation results.

Basics

The problem channel estimation errors has been studied extensively in classical
diversity system (e.g. space and frequency diversity). However, most of these results
cannot be applied to the cooperative diversity network. One reason for this is that the
channel fading on the direct and indirect branches in the cooperative diversity network
are not identic. The other reason is that the noise power on the direct and indirect
branches are also fferent. In classical diversity system, the results are derived based on
the identical ct ] fading and the equal noise power on each branch. Nevertheless, a
model given in 0], [22] and analyzes the CSI estimation error and its influence on the
performance even HOr non-identical channels in classical diversity system.

In [10], the author found the PDF of normalized total SNR under imperfect CSI
conditioned on the total SNR under perfect CSI at the output of the MRC. Moreover, this
model did not make any specific assumption on the noise power and the channel models.
Therefore, it is ral enough to be extended to fit the cooperative diversity network.

PDF of the total NR under imperfect CSI
The PDF of nor ized total SNR under imperfect CSI conditioned on the total St

under perfect CSI at the output of MRC is given by[10]

R

Fu (1 7) = (N=De * (1= )" % F (N L2, (@

5

where y,is the total SNR under imperfect CSI, y is the total SNR under perfect CSI,
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p=v/y,isthe no alized total SNR under imperfect CSI, N is the nt iber of branches, s

isequalto o2 /Ko? and F is the non-central F-distribution.

It is shown that Equation (4.21) can be simplified to the summation fc n [22]

=(I- ))Yq 5 N-l N —l
7|Yo(p|}/0):(N_l)€ s (l—p)N'XZ( X J+ (4.22)
A=0 .
In this thesis, 1  cooperative diversity network with single relay is mainly discussed.

Hence, N shou be equal to 2 in single relay case. Equation (4.22) can be further

simplified to the following form.

Yo

Fanlr=e ' " ae 2y, (4.23)

N

The PDF of tt 1l SNR under the imperfect CSI can be derived by using following

transformations.

£, = [ £, (7 0dx

= [ o | 0f,, (0)dx

(4.2
= y
= J‘ fp[yo (_ | x)fyo ('x)d'x'

X X

4
From equation (4.23), the conditional PDF inside integral can be expressed as
x
Loz, Lx = GXp(—(——Z))[l +ZJ, (4.25)

X s s s

f,, (x) 1s the 1 F of the total SNR under perfect CSI, which has already been obtained

in Chapter 3.

We solve this integration in Equation (4.24) numerically because the PDF of the to |

88






4.4.5 Simulation of Large Number Pilot Symbols

The number of lot symbols used in channel estimator is related to the channel
estimation error. A larger number of pilot symbols results in smaller channel estimation
error. In the = :vious simulation, we investigated the throughput performance of
cooperative diversity network, which use 4 pilot symbols to do the channel estimation. In
this case, 8 pi [ symbols are used in cooperative diversity network using adaptive
modulation. The set of parameters used in the simulations is listed as follows:

Channel bandw th: 5 MHZ

Bit Error Rate: 107
Modulation levels: BPSK, 4QAM, 8QAM, 16QAM, 32QAM, 64QAM
Relay gain: 1
Number of samples: 600000
Transmission Power: fixed power per user
Link property: ymmetric network
Path-loss exponent: 4
Estimation technique: General Model
Modulation level 1 estimation: BPSK
Number of pilc  symbols: 8
Simulation R s
In Figure 4-7, the throughput results of cooperative diversity network using 8 pilot
symbols are given as well as the results from the 4 pilot symbols simulation. It is clear
that the throughput loss due to channel estimation errors in 8 pilot symbols is much less

than that in 4 lot symbols. Therefore, increasing the number of pilot symbols is able to
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4.5 Variable Relay Gain

In this section, the cooperative diversity network with variable relay gain is investigated
under imperfect CSI. All the simulations in this section are based on the GM estimation
method. As shown in Chapter 3, two types of changeable gain are commonly used in the

variable relay ¢ n situation. One of them is set tol/|ho|, which is called as variable relay

E
gain I case. The other one 1s set to [—————, which is called as variable relay gain 11
N+ E|n,|

case. The variable gain I case is first investigated in simulation; then the analytic:

evaluation is g :n to vernfy the simulation results. Second, the variable gain II case is

studied similarly s wlation and analytical evaluation.

4.5.1 Variab ¢ 1y Gain Case I Simulation

In this case, the cooperative diversity network under imperfect CSI with variable gain |
1s simulated. The GM method is used to estimate the fading parameters. We use the
following set of parameters in this simulation.
Channel bandwidth: S MHZ
Bit Error Rate: 107
Number of samples: 600000
Modulation levels: BPSK, 4QAM, 8QAM, 16QAM, 32QAM, 64QAM
Relay gain: the reciprocal of the fading between source and relay
Transmission Power: fixed power per user

pr _ rty:i itrict - work

Path-loss exponent: 4
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targeted BER 107 is ¢ isfied as shown in Figure 4-10.

BER

10°—— : 1

SNR(dB)

Figure 4-10 BER performance with variable relay gain I under imperfect CSI

4.5.2 Analytical Evaluation of Variable Relay Gain case I

Since the con tional PDF of normalized SNR is independent of the relay gain, it is sti
used in finding the PDF of the received SNR under imperfect CSI. However, the PDF «
the received SNR under perfect CSI is changed due to the different relay gain. In Chapte
2, the PDF of the tot  SNR with variable gain II is derived under perfect CSI. Hence, the
analytical PDF exp sion of the total SNR under imperfect CSI can be obtained by
solving Equatior 1.24) numerically.

Finally, the analytical throughput is derived based on the PDF of the total SNR under






parameters. We e the following set of parameters in this simulation.

Channel bandwidth: S MHZ

Bit Error Rate: 10~°

Modulation levi : BPSK, 4QAM, 8QAM, 16QAM, 32QAM, 64QAM

E
N+ Ehzz

Relay gain:
Number of sam 2s: 600000
Transmission P ver: fixed power per user
Link property: asymmetric network
Path-loss exponent: 4

Estimation technique: General Model

Modulation lev  in estimation: BPSK

Number of training symbols: 4

Simulation Results

Figure 4-12 shows results of the throughput of the cooperative diversity network under
imperfect CSI w 1 variable gain II. Compared with the throughput of the cooperative
diversity network under the perfect CSI, certain amount of throughput loss can be
observed. For example, the throughput at 10 dB decreases from 8Mbps in perfect CSI
case to7Mpbs in imperfect CSI case. However, the throughput loss in variable gain I case
due to the im rfect CSI is less than the case with fixed relay gain. Figure 4-13 shows

that the ta t BER 107 is achieved in the simulation.
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4.5.4 Analytical Evaluation of Variable Relay Gain case 11

Since the conditional PDF of normalized SNR given in Equation (4.23) is independent
of the relay gain, it can be still used to find the PDF of the total SNR under imperfect CSI.
However, the PDF of the total SNR under perfect CSI is changed due to the different
relay gain. In C  pter 2, the PDF closed-form expression of the tot: SNR under perfect
CSI is derived. Hence, a PDF closed-form expression of the total SNR under imperfect
CSI can be obtained through following steps. The PDF of the total SNR under perfect

CSlis given by

[l—exp(—}’,(l/ y-1 7.))} (4.26)

! 4
fr)= -exp(-=) —
144 P Ay -y

i 4

This equation can be simplified by using the following substitutions

a=/7-17)b=.c=17,
] — —
£, ()= %exp(—cn ){ex—‘;(”@} 4.27)

The PDF of the total SNR under imperfect CSI can be found as follows:

S
£ 0=~ f 10, (0

I'4

- exp(—(i - Z)){1 + }/} 1 exp(—cx)[l__mﬂ(_ﬂ}dx
X s Ky b P

J B
{1 N ) (4.28)
= = exp(Z)Il[l —exp(—ax)|exp(—(c + d)x)dx,d = /s

S ¥ X

[l +Z‘
= . exp(l)l:r x™ exp(—(c+d)x)dx - Imx" exp(—(a+c+ d)x)cbc},
S Y I4
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The following integration can be used to find the solution for above integral
Ix" exp(—fx)dx = Ei(- fx) = -[~Ei(- fx)] = —E, ( fx), (4.29)

where Ei(x)ist exponential integral, which is defined by E(x)=-Ei(-x).

Therefore, two integrals inside the PDF function can be solved as follows

J’: xexp(=(c+d)x)dx = [~ E [(c + DX)[T =E,[(c + d)y], (4.30)

I: x exp(—(a+c+d)x)dx = [— Ef(a+c+ d)x]]:’ =E(a+tc+d)y], (4.31)

Then, substitute the above results into the PDF function

-]
I+~
= —sexp(Z) ° Umx“' exp(—(c + d)x)dx - me" exp(—(a+c+ a’)x)dx}
ab $ Y y
]
s 4
= 7) o[El(c+d)y]-El(a+c+d)y)] (4.32)

-]
1+
s y _ o _
. Ly e [E,[0/7, +1/s)Y1—- E L7 - /7, +1/s
T 7 ) [ELY7, +19)71- ELQ/7 - YF)+ 17 +1/9)7]

Analytical Re Its
The PDF close form expression of the total SNR with variable gain II is found in
Equation (4.32). Then, this PDF can be used to determine the throughput of cooperative
diversity networks under imperfect CSI by using the throughput calculation method given
by Equations ( 18) and (3.19).
As shown from Figure 4-12, the analytical throughput results are slightly higher than the
w - ion ftl it v an  betv 1 these two st

SNR increases. Actually, this difference is caused by the approximate PDF of the indirect
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Chapter 5

BEP Analysis of Cooperative Diversity

N_tworks using Fixed Modulation

In Chapter 2, we have already discussed the cooperative diversity networks using fixed
modulation in sir tlation briefly. As a result, the BER curve is given for fixed BPSK
modulation scheme. However, all these work are restricted on the s wlation of variable
relay gain case  the cooperative diversity network under perfect CSI only. In this
section, the cooperative diversity network using BPSK modulation is studied in fixed
relay gain case and variable relay gain case, respectively. For each case, the perfect C¢
and imperfect CSI conditions are considered. Moreover, the an: rtical evaluation is
provided to ve 'y the simulation results.

In cooperative ¢ ersity networks using fixed modulation, the obtained diversity gain is
used to impt ‘e the received SNR at the destination node. 1erefore, the BER
performance should be examined. In this section, we investigate the =~ performance of
cooperative diversity networks under perfect and imperfect CSI conditions. In additio
the BER perforn ace of direct transmission system is also given to show the superiority
of cooperative diversity networks. The GM method is used in all simulations related to

imperfect CSI.

5.1 BER Performance in Simulation
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P, =02y, (5.2)
where Q is the nor alized form of cumulative distribution function and y is the SNR.

In Chapter 3, the PDF of the total SNR in cooperative diversity network under perfect
CSI is found in both fixed and variable relay gain. Therefore, Equation (5.1) can be
solved numeric ly. The analytical BER performance of perfect CSI case is given in
Figure 5-3 and 5-4, individually.

The PDF of error conditioned on SNR for imperfect CSI in I SK modulation is
completely different since the imperfect CSI cause the phase error. The conditional BER

of BPSK is giv.  in [21] as follows:
P.(y,0) = %erfc(\/; cosf), (5.3)

where erfc(z)  the complementary error function and € is the Gaussian distributed

phase error. The I 'F of Gaussian distributed phase error
PO)= «p(=6° 12" )/ 2ma™, (5.4)
where @ is the loop SNR and « is proportional to ¥ . The PDF of error function

conditioned SNR Hr imperfect CSI case can be found by using following integration.
P, = [P.0.0O)P©)db. (5.5)

The PDF of the total SNR in cooperative diversity networks under imperfect CSI using
fixed relay gain is derived in Chapter 4. Therefore, Equation (5.1), (5.3), (5.4) and (5.5)
can be used to find the BER of cooperative diversity networks using BPSK modulation
under imperfect CSI. The analytical BER performance of imperfect CSI case is given in

Figure 5-3 and 5-4.
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As shown in F . 5-3, the analytical BER performances in perfect and imperfect CSI
are very close to tt  BER performance from the simulation in fixed relay gain. Similarly,
Figure 5-4 shoy at the analytical BER performances in perfect and imperfect CSI are
close to the sim ation results as well. Therefore, all the simulation results are verified by

the analytical results.
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Chapter 6

Conclusions

This thesis investigated the performance of cooperative diversity networks using
adaptive modulation over Rayleigh fading channel with perfect and imperfect CSI.

The thesis sta 'ith the simulation of the simple classical communication system over
the AWGN ch . This simple system is then modified to wo over the Rayleigh
fading channel. Finally, a cooperative diversity network system is set up based on the
simple system er the Raleigh fading system. By doing this, not only is a cooperative
diversity netw: ¢ system generated, but also a classical direct communication system,
which is used { provide the reference. In this part, some interesting results regarding the
SNR enhancement of cooperative diversity networks are given. The results show that the
cooperative diversity network using BPSK modulation over Rayleigh fading chann
under perfect CSI condition can achieve much better BER performa e than the classic.
system. The i fect CSI condition of cooperative diversity networks results in large
BER performanc degradation. However, the BER perf: :e in imperfect CSI  still
superior to that of the classical system.

A cooperative diversity networks system using adaptive modula Hn over the Raleigh
fading channel is set up and the throughput performance and BER performance are
investigated based « the perfect CSI assumption. We have investigated the benefits of
using adaptive  odulation in cooperative diversity networks to compensate for the

resource loss e to relaying. Results show that the cooperative diversity network using
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adaptive modulati | ot only compensates for the resource loss but also provides
significant throughput gain compared with the classical communication system. Next, we
investigated the multiple-relay case. We showed that multiple relays can not provide
further throughput gain unless the co-phase transmission is used. Moreover, an analytical
approach is presented to verify the results from the simulation in one relay case. The
PDFs of the total SNR of cooperative diversity network in fixed and variable relay gain
are found analy :ally under perfect CSI condition.

Since the perfect CSI assumption is not practical in the real world, the cooperative
diversity network using adaptive modulation over the Rayleigh fading channel under the
imperfect CSI is 1vestigated to provide a more realistic model. In this part, various
estimation techniques are applied to the cooperative diversity networks to replace the
perfect CSI assumption. Results show that the throughput gain degrades greatly in
cooperative diversity networks with fixed and variable relay gain. However, a
considerable t ghput gain still exists. The throughput loss can be reduced by
increasing the number of pilot symbols in channel estimator. Besides, the throughput loss
in variable rel:  gain due to imperfect CSI is less than that of the fixed relay gain.

An analytic: proach is also found for the imperfect CSI case. The PDFs of the total
SNR of coope tive diversity network in fixed and variable relay g: 1 under imperfect is
found analytically under imperfect CSI condition. The results show that the simulation
results confor1 to the analytical results in fixed and variable relay gain cases.

Therefore, the cooperative diversity network using adaptive modulation over the
Rayleigh fadi:  channel is able to provide significant throughput g 1 in both perfect ¢

imperfect CSI situations.
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Besides, the BER performance of cooperative diversity networks using fixed (BPSK)
modulation is found to be able to provide better BER performance than the classical
direct transmission system in both perfect and imperfect CSI cases. Based on the PDFs of
the total SNR 1 operative diversity networks, an analytical approach is proposed to
verify the simu n results in each case. Results show that the simulation results
conform to the alytical results in fixed and variable relay gain cases.

In this thesis, the cooperative diversity network with single-relay under adaptive
modulation has been studied in simulation and analytical evalu on. However, the
multiple-relay case « the cooperative diversity network using adaptive modulation is
only evaluated 1 simulation for the perfect CSI only. Therefore, one direction of our
future work is to simulate the cooperative diversity network with multiple-relay using
adaptive modulation under imperfect CSI. Meanwhile, the analytical work of
cooperative diversity networks with multiple-relay under perfect and imperfect CSI
should be inve gated.

Some additi al work can also be carried out in the BER performance of cooperative
diversity networks using other fixed modulation schemes since we only studied the BER

performance of ¢ perative diversity networks using BPSK modulation scheme.
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