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Dr. Jwo-Yuh Wu
Department of Communication Engineering

National Chiao Tung University

Abstract

A major drawback of cooperative communication:is the spectral efficiency loss
due to additional channel needs for the“relay. Recently, coded cooperation had been
proposed as a spectrally efficient solution for user:cooperation. In this thesis, our aim
is to design space-time protocols under coded cooperation that achieve higher system
reliability. We introduce two modified protocols: space-time (ST) coded cooperation
and code partitioning (CP) coded cooperation. These protocols achieve remarkable
gains comparing to the performance of conventional coded cooperation while
maintaining the same data rate and transmit power. We conduct performance analysis
in terms of pairwise error probabilities, showing that both protocols achieve extra
diversity gain guaranteed by the space-time code used. Robust algorithms in case of
poor inter-user link are also developed and analyzed. Although we demonstrate the
case of two and four users, extension to other number of users is straightforward.
Different types of code structures for cooperation and space-time coding are also

flexible to choose depending on various needs.
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Chapter 1

Introduction

Various techniques are being investigated for meeting the goals of next
generation wireless communications. Among these techniques, diversity is of great
interests. In a multi-antenna communication system, one way to achieve diversity is to
apply space-time coding (STE). For-example, space-time trellis coding (STTC) is
proposed in [1], which combines signal processing“at the receiver with coding
techniques for multiple transmit antennas:—iSpace—time block coding (STBC), first
discovered by Alamouti [2] and generalized in- 3]} ‘and [4] to an arbitrary number of
transmit antennas, is able to achieve the full diversity promised by the transmit and
receive antennas.

However, mobile devices may not be able to support multiple antennas due to
size or other hardware constraints. In this case, since most wireless communication
systems are operated in a multi-user scheme, the idea of user cooperation was born [5]
[6]. The basic concept is shown in Fig. 1-1, in which every user has its partners. The
users are responsible for transmitting not only their own data, but also the data of their
partners they received and detected [7]. Diversity can be achieved since each mobile

user sees an independent channel to the base station.
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Fig. 1-1. Cooperation between mobile users

This form of space diversity.is referred to-as cooperative diversity in [8] (cf. user
cooperation diversity of [6])-Space-time-codes.can be:applied to the “virtual array”
formed by the users. Anghel etal. extended the cooperative system by implementing a
distributed Alamouti space-time code ‘based on the multi-user scheme [9]. It is shown
in [10] that cooperative diversity with appropriately designed codes realizes full
spatial diversity gain.

Common information at distributed points is required for applying distributed
space-time codes. In other words, users have to exchange their data before
cooperating. However, half-duplex systems which are commonly used in real world
devices need additional channel for the transmission from user to partners, thus
suffering from the loss in spectral efficiency [11][12].

Many solutions are proposed to reduce the above spectral loss (Fig. 1-2). The
authors of [13] propose a network coding scenario for communication between two

users. In [14] it is extended to the case of two users transmitting to one destination,
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where multiple-access relay channel is used. In [15], the authors suggest spatially

reusing the relay time slot. Although it causes interference between the users, this
protocol has a spectral efficiency of K /(K +1) and is close to 1 when K is large.

In the above cooperative models, the partner only repeats what it received.
Recently, a different framework called coded cooperation was proposed ([16][17] and
[18]), where signals are not repeated by the partner. They assume that the user data is
protected by channel coding (which is commonly used in wireless communications)
and partition the codeword into two sets: one set is transmitted by its own user and the
other is transmitted by the partner. A sketch of system design of the mentioned

i
<

N .jh\.>

] Rhﬁ'

NV

] —
(c) (d)

Fig. 1-2. System design of (a) Network coding [13], (b) Network coding [14],
(c) Spatial reuse [15], (d) Coded cooperation[16]



Since there is no repetition of the codeword, the spectral efficiency of coded
cooperation is 1. The works in [16]-[18] prove that it can achieve full diversity
guaranteed by the number of users.

Space-time coding can also be applied to coded cooperation. In [16], the authors
suggest the use of space-time code which allows the users to capture better space-time
diversity under fast fading. In [19], space-time overlay coding is used to achieve
higher diversity gain when the partner nodes and their destination have multiple
antennas.

In this thesis, our main goal is to design and analyze the space-time coded
cooperation protocols for single-antenna terminals under slow fading environments. It
is intuitive to combine coded cooperation swith distributed space-time code since it
needs only half the time to eomplete sthe~"data exchange” process comparing to
conventional cooperation. In particular, wepropoese “two modified protocols that
achieve higher diversity order than.conventional coded cooperation without the need
for more antennas or channel resource.

The remainder of the thesis is organized as follows. We give a brief review of the
basic model of conventional cooperative scheme and coded cooperative scheme in
Chapter 2, where concept of the proposed protocol will also be given. The first
protocol will be described in Chapter 3. Bit error rate (BER) and frame error rate
(FER) will be analyzed and given along with simulation results. Also, algorithms
addressing the cases of data exchange failure will be considered. The second protocol
will be described in Chapter 4. This new scheme is developed based on the discovery
in Chapter 3. Performance analysis and simulation results will be given, and pros and
cons of these two protocols will be discussed. Finally, we summarize the contributions

of our works and give an outline of possible extended research in Chapter 5.



Chapter 2

System model and Problem
Formulation

In this Chapter we review the concept and model of conventional wireless
cooperative communication and ¢oded cooperative-communication. We introduce the
problem of loss in spectral efficiency due-to.the additional channel uses in half-duplex
systems under conventional- cooperative'scheme. Then, a different scheme called
coded cooperation which compensates the spectral -efficiency loss will be given.
Finally, we introduce the proposed cooperation scheme to further utilize the benefits in
cooperation, thus achieves higher transmission reliability.

For the model of the cooperative system throughout this thesis, a narrow-band
transmission in frequency-flat and slow fading channel with additive noise is
considered to isolate the benefits of cooperation diversity. Extension to frequency- and
time-selective fading channel can be naturally done, but the cooperation gain will not

be substantial since other kind of diversity can be exploited in that system.

2.1 Review of Cooperation Network

Consider a system in Fig. 2-1 which two users U,,U, (ex. mobile phones) are

5



communicating with a destination D (base station). We assume all terminals are

equipped with single antenna.

Step 2

Fig. 2-1-  Protocol of two-user cooperation

We define step 1, 2 as “broadcast phase”, where two users separately transmit
their information to the destination and the other user. We call it broadcast phase
because it utilizes the broadcast nature of wireless channel. Step 3, 4 are defined as
“relay phase”, where the two user act as a “relay” of each other, passing the
information received from other user to the destination. Throughout the 4-step
transmission, two copies of one user data will be transmitted by different user in
broadcast phase and relay phase, separately. There are commonly two relaying
protocols:  amplify-and-forward (AF) and decode-and-forward (DF). In
amplify-and-forward mode, relays amplify their received signals subject to their own
power constraint. In decode-and-forward mode, relays fully decode the information
and retransmit it to the destination. Both of these protocols achieve full diversity (of

order 2 under 2-user case) in appropriate conditions. [20]
6



In these cooperation protocols, relays have to do both receiving and transmitting.
To preserve time for the relaying process, a straightforward way is to make relays
receiving and transmitting at the same time. However, implementation of this kind of
full-duplex system (transmitting and receiving at the same time in the same frequency
band) is less practicable due to the limitation of current radio hardware. Instead,
half-duplex operation is commonly used in such cooperation protocols. That means
broadcast and relay phase need to be separated into different channel uses. An
example is shown in Fig. 2-2. Assuming time division multiple access (TDMA) is

used, a total of 4 time slots are needed for each user to transmit one data.

. userl data
@ user2 data

<
[
[
kS o
S user2 %
< ' & \
time
broadcast phase relay phase

Fig. 2-2. Channel use in half-duplex two-user cooperation (TDMA)

Define the channel coefficients between user U, and destination as h,, where
u=12. Assume all channels are independent, flat fading and quasi-static over one

phase. Assuming binary phase-shift keying (BPSK) modulation is used, we define the

baseband-equivalent  discrete-time symbols transmitted by user U, as
S, =[S Suz - Sen| . Where s, e{-L+1}, u={12}, i=1--,N and N is the
frame length. The signal received by destination is

r, = hu\/E_ssu +n, (2.1)



where E is the transmit energy per bit, h, is the fading coefficient between user U,

and destination with |n,|~ Rayleigh(c), h,=X +jY and X,Y ~N(0,6°). n, is
a vector of additive white Gaussian noise (AGWN) with zero mean and variance %

per dimension.

Now we denote r'” as the received signal for user U, data at destination in

broadcast phase. In the same way, r'” denotes the received signal for user U, data

u

at destination in relay phase. Thus the received signal at the destination in the four

time slots can be written as

{r;w ) Ers, +nl {r;w 0 E 5 )

r” = hPJE, s, L 0= h [E, s +n"

Note that the channel coefficients are-added with-superscripts (b) and (r) to

(2.2)

distinguish the two phases. They are also added to the'noise vector. The transmitted
symbols at the relays si,s. are added'withtilde becatise they are not always equal to
the transmitted symbols at the source. In AF mode, si,s. are normalized signal

received from the source, that is

5= o _ h, \/E_ssl +n,
JElRL] VERS N,
5 = 1 _ h2,1\/E_sSZ 0,
V] VERS <N

Note that r,, and r,, denote the received signals at user U, and U, respectively.

(2.3)

These can be written in the form of

I, = hl,z\/ Essl +n,
I, = h2,1\/ Egs, +ny,

(2.4)



where h,,,h,, denote the channel coefficients from user U, to U, and from U,

to U,, respectively. n,,,n,, denote the noise received by the relay, and N,,,N,, is

the noise power. In DF mode, the relays and the source will transmit the same
information if the relays decode what they received correctly, that is, s: = S, s2 = S, .

Half-duplex cooperation protocols suffer from the loss in spectral efficiency due
to the two channel uses required for the transmission from the source to the relay and
relay to destination, which causes a pre-log factor 1/2 in the corresponding rate
expressions [11].

The protocol can be easily extended to more user cases, for example, Fig. 2-3
demonstrates a 4-user scheme. A diversity: order of 4 can be achieved for each user’s
data, but note that the length of the relay phase is three times longer than in 2-user

case. Thus the loss of spectral-efficiency is even severer.

. userl data
@ user2 data

user3 data

user4 data

%

userl
= \
% user2 & <
& user3
. GEY .
user4 §
time
broadcast phase relay phase

Fig. 2-3. Channel use in half-duplex four-user cooperation (TDMA)



2.2 Review of Coded Cooperation

One way to avoid the additional channel use is using coded cooperation ([16][17]
and [18]). Coded cooperation combines the idea of user cooperation with channel
coding, which is commonly used in wireless communication systems. Assume data of
all users are protected by channel coding. We call the channel code used as base code.
Apart from the conventional cooperation protocol mentioned in Section 2.1 where
relays repeat the received data, relays in coded cooperation decode and re-encode the
received data using different encoder, then transmit it to the destination. More
specifically, the base code is partitioned into two sub-codes: one is transmitted by the
source and the other is transmitted by.the relay, we call them broadcast sub-code and
relay sub-code, respectively. The basic ideasis-that the data exchanged between users
is encoded by a shorter sub-code-(broadcast sub-code).to preserve channel resource.
Relay decodes the received data and-encodes-it into:another sub-codeword (relay
sub-code), then transmits it 't0 the destination..*The destination combines the
codewords received from source and rebuilds the original base codeword for
decoding.

It is important to note that relay needs to successfully decode the data received
from the source to do cooperation. The data is now only protected by shorter codes,
but it is tolerable since the channel between users is usually better than the channel to
the destination (considering cellular phone system for instance, the distance to nearby
mobile user are much shorter than the distance to the base station)

Consider 2-user case. For a rate-R base code, assuming there are K data bits per

block, we have N =% coded bhits. The N-bits codeword is divided into two

sub-codewords (for broadcast and relay phase, respectively). The length of each

10



sub-code needs not to be the same. We define N® N as the lengths of the

sub-codes for broadcast and relay phase, respectively. Note that N® + N =N . We

focus on TDMA scheme which is similar to the scheme in Section 2.1. In the
broadcast phase, each user transmits its broadcast sub-codeword. If the relay
successfully decodes the source data, it re-encodes the data using relay sub-code and
transmits. Since the total transmitted bits of a data block is still N, no more channel
resource is needed compared to direct transmission scheme, that is, no spectral

efficiency loss.

2.2.1 Code Selection

Various channel coding methods can be used in-the coded cooperation protocols.
For example, the base code may be a block or convolutional code or a combination of
both [16]. Partitioning of the.codeword can be achieved by puncturing, product codes
or other forms of concatenation: Convolutional codes with puncturing are used in
[16]~[18], but with different generators:"[16] uses a rate-compatible punctured
convolutional (RCPC) code proposed in [21], where [18] uses a self-designed code for
specific purpose.

For the models in [18], the authors use convolutional codes with rate-1/4. The

generator is [15 17 13 15], the codeword length is 260 bits and the puncturing patterns

are[1100] and [00 1 1]. Thus we have N® =N =130 and R"” =R" :%. The

structure of the codeword is given below:

11



L

apply puncturing pattern

two % sub-codes

(130 coded bits each)

braodcast codeword relay codeword

Fig. 2-4. Structure of codeword in coded cooperation

2.2.2 Transmission Model

=i

Based on the code structure gived %bmve we denote the broadcast and relay

'1

sub-codewords of user Ulkas c§ ),,cﬁ'f, respectlvely, In the same way, c\’,c!’

denote the sub-codewords for user U The transmtSSlon model is similar to section

2.1, but different codewords are transmltted from the source and the relay. (Fig. 2-5)

userl user2

broadcast sub-codeword

\

userl
user2

relay sub-codeword

(antenna)

time

broadcast phase relay phase

Fig. 2-5. Channel use of coded cooperation with two users (TDMA)
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Thus the received signal at the destination can be modeled as

{r;w ) JE e +n? {rzw O )+ n)

9 KO e ) |l = el

Note that only DF mode can be used in coded cooperation, since the relay has to

(2.5)

decode the received codeword in order to re-encode it into another codeword.

The model can be extended to more user cases. However, it has similar problem
to conventional cooperation. Longer relay phase is needed for all users to transmit the
relay sub-codeword. It decreases the spectral efficiency and makes coded cooperation

less attractive.

2.3 Proposed Protocols Based on Coded

Cooperation

Considering the transmission imodel of ‘coded cooperation (Fig. 2-5), there are
several empty slots in both broadcast phase.-and relay phase. In broadcast phase, the
transmission of different user’s data cannot be overlapped. One reason is that the
destination is equipped with only one antenna and is unable to separate the signals of
different users if they overlapped; the other reason is that a user has to listen to other
user data in order to perform relaying.

However, in relay phase, all users already know each other’s data (if decoded
successfully). Thus some changes can be done here in order to improve the
performance. We will introduce two modifications of the coded cooperation protocols,
which we called space-time (ST) coded cooperation and code partition (CP) coded
cooperation. Detailed descriptions, simulations and the performance analyses of the

protocols will be given in Chapter 3 and Chapter 4 for ST-coded and CP-coded

13



cooperation, respectively.

2.4 Summary

A comparison of all transmission protocols mentioned in this chapter is shown in
Fig. 2-6 to make the difference of spectral efficiency more clear. The spectral
efficiency loss in conventional 2-user cooperation protocol is clear shown in the
figure. It uses twice more time slots compared to other protocols. Coded cooperation
uses just half of the time but still achieves same diversity as conventional cooperation.
For the proposed modification of coded cooperation protocols, we aim at the relay
phase to achieve higher transmission.reliability:

In this chapter we review: the system model of conventional cooperation and
coded cooperation under multi-user schemes. It"is -shown that by using coded
cooperation with appropriate’ choice~of..codes,.we can avoid the loss of spectral
efficiency while still achieving  full diversity. Then we point out the potential of
extracting more benefits from coded cooperation by using more reliable transmission
in relay phase. Two modified protocols which can acquire higher diversity order (>2)

without losing spectral efficiency are introduced.

14



(Protocols)

userl user2 user3 user4

base codeword - m

broadcast sub-codeword .

relay sub-codeword . @

direct transmission R\

2-user
cooperation

2-user
coded cooperation

Proposed modification of
2-user coded cooperation

time

Fig. 2-6. Comparison of channél uses for cooperation protocols (TDMA)
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Chapter 3

Spectrally Efficient Multi-user
Coded Cooperation Using
Space-Time Code

In this Chapter we intrgduce the. first.modification of coded cooperation:
space-time (ST) coded cooperation. A detailed-description of how this protocol works
will be given. Performance bounds.-will “be. analyzed and showed along with
simulation results. Cases when.a user does not successfully decode the data from
other users are also considered. We focus on 2-user coded cooperation with Alamouti
space-time code for simplicity, but extension to more user cases with other types of

space-time codes is straightforward.

3.1 Protocols of ST-Coded Cooperation

In coded cooperation, since all users know each other’s data after the broadcast
phase, we can treat the users as “virtual antennas”. Since that, applying space-time
code in relay phase to achieve transmit diversity is possible. In the following Sections

we’ll give an example that shows how 2-user ST-coded cooperation works.

16



3.1.1 Code Structure and System Model

Since there are two users in the cooperation scheme, we can apply Alamouti code

[2] in the transmission of relay phase, the protocol is shown in Fig. 3-1.

userl user2

broadcast sub-codeword

N
relay sub-codeword L

userl

N\

user2

(antenna)

v

time

broadcgétphase, ; relay phase

Fig. 3-1. Channel use-of.ST-coded cb,o,pération with two users (TDMA)

Assume the same quasilgtatic fadiﬁqqhgnﬁel as in Chapter 2, that is, the fading
coefficient remains constant d;uringrthe transmission of the space-time code (one
phase). A diversity gain of 2 is extrabted by the use of Alamouti code in the relay
phase, thus we can expect a total diversity order of 3 for each user data since the
broadcast sub-codeword sees independent channel with that seen by relay
sub-codeword.

In the broadcast phase, there’s no change to the transmission model comparing

with (2.5), so it can be written as

N e
9 < Bl

In the relay phase, Alamouti space-time code is applied, the code matrix of the ith

element of the sub-codeword is
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c=| " ! (3.2)

where the subscript i denotes the ith element. (cl(;) is the ith element of the vector
)

Thus the received signal during relay phase is

) =1 Sl h Bl o)

(3.3)
0 _ 0 [Es () oy [Es (c0) 40
r-2,i - hl 2 (CZ,i) +h2 2 (Cl,i) +n2,i
Define channel matrix of the relay phase as
H hl(r) hér) (3.4)
7l |
then (3.3) can be written in matrix form
(n) (r) r (r
r-(r) _ E hl hz lfl(i):l%- Ny
2 ()" —(h7) Jlest | |(nl)) (35)

where 71=[dr ()] e <[t e T, w0 <[ ()] . mutipying

GISNMGIE ; 3.6
_[E h7 +|h 0 [Cl(’i)] ~(r) (3.6)
= ) +nj

" )

h{")

+

where ni” =H"n(). Note that r is a vector which contains the ith detected

symbols of relay sub-codewords for both users.
Assuming ML detection, from (3.1) and (3.6) we can write the detected signals
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foruser U, (ue{1,2})in broadcast phase as

9 =() & -

where ﬁf.b) = (h(b) ) nﬁb) . Also, the detected signal in relay phase is

® 4 pt 3.7)

il

u

2 2 ~(r
20 = %(hp +|ni )cgr>+nﬁ>
(38)
_ 5 O 0 450
2 F

where h"” =[hl(r) hgr)]T. Base codeword can be rebuilt by combing the detected

signals.
Consider the case of more than two users. For example, a 4x4 orthogonal
space-time block code (OSTBC) can bejused in 4-user coded cooperation, the protocol

is shown below:

. userl data user3 data

user4 data

user2 data

userl

user2

(antenna)

user3

user4

time

broadcast phase relay phase

Fig. 3-2. Channel use of ST-coded cooperation with four users (TDMA)

The major advantage of ST-coded cooperation is that space-time code with higher

diversity order can be applied when more users are involved. There is no loss of
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spectral efficiency as long as the space-time code used is of rate equal or higher than

1.

3.1.2 Case of Data Exchange Failure

For a wireless cooperative communication system, it is always possible that data
exchanged between two users are corrupted due to deep fading and cannot be decoded
successfully. We call this event data exchange failure.

The effect of data exchange failure to the coded cooperation can not be ignored.
When it happens, cooperation can not be done since users don’t know each other’s
information. Both users have to transmit their own relay sub-codewords by
themselves (no cooperation mode):-More specifically, if user U, can’t decode the
broadcast sub-codeword from U, correctly, ‘it will notify U, by one bit of
information to let U, transmit its relay stb-codeword itself. Meanwhile, U, will
also transmit its relay sub-codeword-itself: Cyclic redundancy check (CRC) can be
used for error detection.

Consider a 4-user scheme using a 4x4 OSTBC. Note that every user has to
know the data of all other users, that is, all users have to successfully decode the data
from other users in order to perform cooperation. That gives rather high requirements
for inter-user channels. The effect of data exchange failure to the overall performance

will be analyzed in next Section.

3.2 Performance Bounds of ST-Coded

Cooperation

We present an analytical methodology in this Section for evaluating performance
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of the proposed Alamouti ST-coded cooperation protocol. Only the performance of
user U, data is considered since the error rates of the two user data are statistically
equal. The pairwise error probability is calculated using the technique from Simon
and Alouini [22], then we determine the union bounds for the overall bit error rate
(BER) and frame error rate (FER) using weight enumerating function and the tools
given by E. Malkaméki and H. Leib [25]. These bounds will be shown and compared

with the simulation result.

3.2.1 Pairwise Error Probability

Since we focus on the performance of single user throughout this Section, some
notations in the equations can be, simplified. Thus we can rewrite the detected signal

for U, in broadcast phase as{from (3.7))
OB (3.9)

where i=1,---, Nb. The index.i denotes the ith element of the detected signal. From

(3.6), the detected signal for U, in relay phase can be rewritten as

2

2" = E,

(r)

| ¢ +ni (3.10)

' 2

F

where i=1,---,N . Sub-codewords are rearranged according to the puncturing

pattern and are combined at the destination to rebuild the base codeword. The base

codeword can be represented as

(b) when i
z:{z ! KD (3.11)

2", wheniey,
Note that y,, 7, are the sets of indexes which belong to the broadcast and the relay

sub-codewords, respectively.

Let y,,7, be the received SNRs for broadcast and relay sub-codewords,
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respectively. It is straightforward to find that

ho[ E
Yo = N,
) (3.12)
Hh(r) F ES
Ve =T
2N,

Since ML detection is used at the receiver, the corresponding symbol error probability

Is given by [23]
2
NeQ( @j wheni e g,
P.(i)~ (3.13)
~ y.d2 .
N.Q % , wheniey,

where N. is the number of nearest neighbors and d_. is the minimum distance of
separation of the underlying scalar constellation. Since BPSK modulation is assumed,

we have Ne=1 and d2 =4

min

Define the transmitted base codeword-as.x = [X,X,,---, X |, the probability that

Z; is decided as an erroneous symbol” ’X; # X; conditioned on known channel

() p)
o LU =[h(”> h(”} is
hgb) h(f)

2

Q[ 2E hl(b)rj’ wheni e y,
NO

P(zi—>>?i,>?i¢xi|H,xi):Pez (3.14)
E 2 .
—h"" |, whenie
Q[ N, FJ X

Base on above equation, we have the conditioned pairwise error probability:

in (3.15)

where 7, is the sub set of ie y, that X, #X and 7, is the sub set of ie y,

P(;( # x|H,x) = Q[\/%(Z Z‘hl(b)r "‘ZHh(r)

0 \iem
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that X; # X;. Thus the size of 77, are equal to the Hamming distance between the

broadcast sub-codeword in X and X. In the same way, the size of 77, are equal to

the Hamming distance between the relay sub-codeword in x and Xx.

Eqg. (3.15) can be further simplified to

h("

P(§¢x|H,x)_Q{J%(zdb‘hl(b)‘udri )2n (3.16)

u

where d,,d, arethesizesof 73, and 77, , respectively.

Since Q function can be replaced by exponential form:

1% X
X)=—|2exp| - do 3.17
Q) ﬂIO p( 23in29j 5.17)
we have
2
1 v II\EIS[Zdb‘hl(b)‘2+drthr)2j
P(x = x|H,x)== [Zexp| = =2 = do
<X x| X) zjﬂ P 2sin’ 0
(3.18)
1 z Esdb‘hl(b)r 2 Esdr
=—I26Xp I eXp TAN 2 A
70 N,sin“ @ |4 2N, sin“ @
Hence, the pairwise error probability is
2
Esdb‘hl(b)‘ 2 sTr | u
# exp| —————— exp| ——————— [dé 3.19
<X X|X) I N, sin’ @ E P 2N, sin’ @ (3.19)

The overbar denotes statistical averaging over the random variable. Since channels
between the destination and the users are assumed independent, the averaging can be

performed separately, thus
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: L ey e _ ol |
P(X¢X|X)_7,.[o exp N sin? 6 [Iexp 2N, sin? 6 dé (3.20)

u=1

Define a random variable « that is statistically equal to the channel coefficient

‘hfb)‘ , the first term in (3.20) which averages ‘hl(b)‘ over a exponential function can be

written as

N, sin® @ N,sin® @ (3.21)

=], ex p( NE S.rfelp (a)da

Now let y be the instantaneous receivéd SNR (i.e. y =a’E,/N,), we have

EAl: =t d
exp[——s - J = eXp(——. L ] ]P7(7)d7 (3.22)

N,sin® @ sin @
The integral above is in the form ofia Laplace:transform of P, ( ;/) and is the moment

generating function (MGF) of y, thus (3.22) can be written as

Eda? | d
exp| ——=2= | =M | ——2 3.23
p[ Nosinzé?} 7( sinzej (3.23)

In Rayleigh fading channel, the PDF of instantaneous SNR per bit is

P, (y):iexp(—lj, >0 (3.24)
Ve 4

where ; is the average SNR per bit. The Laplace transform of the PDF is

1

=, s>0 (3.25)
1+sy

M}/ (_S) =

Substituting (3.25) into (3.23), we have
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a — N1
E.d,a’ d,»
exp| ——2—— | =|1+—2— 3.26
p( NosinzeJ [ sinzﬁj (3.26)

In the same way, the other term of (3.20) can be evaluated:

v

2
E.d, " 2 )" Z "
exp| ————— =exp —Lﬂ = 1+O!r—7; (3.27)
2N, sin“ g 2N, sin“ @ 2sin“ @

Substituting (3.26), (3.27) into (3.20) and note that the average SNR in different

) —(r)

—(r) —=(r)
yEunye

channels may not be the same, thus we separate it by ;_/ib » , Which represent
the average SNR between user U, and destination in broadcast phase, and the
average SNR between U,,U, and destination in relay phase, respectively. Thus we

have

-1 -1 -1
X 1[5 s Gan A 1.0 24 do  (3.28
Plx=x|x)=—|2[1+-25 o + o :
(X X|X) ;;Io sin? @ 2sin’ @ 2sin’ @ (3.28)

From (3.28) it is clear that a diversity' order of 3'is achieved as long as d,,d, =0, that
is, the Hamming distances ‘between broadcast,*relay sub-codewords and the
transmitted sub-codewords are not zero. The diversity is gained by the use of
Alamouti space-time code in the relay sub-codeword, and by the independent channel

seen in broadcast phase.

3.2.2 Bit and Block Error Rate

A union bound for the BER and FER can be calculated using weight enumerating
functions. In traditional approach [24], the first step is finding the first-error-event
probability. Assume all-zero path is the correct path, we want to find the probability
that a path through the trellis with Hamming distance d from the all-zero path is the

survivor. The second step is taking the summation of the first-error-event probabilities
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over all possible Hamming distances. Note the Hamming distance between a path and
all-zero path is also the weight of that path. Recall that (3.28) is a function of

—(b) —(r) —(r)

Hamming distances d,,d, and average SNRs y, ,7, ,7, . Now we assume the

SNRs are given, (3.28) can be rewritten as a pairwise error probability function of

only the Hamming distances
P,(d,.d,)= P(§¢x|x,y) (3.29)

where v is a SNR vector with elements 7,7\ and 7. . Denoting the number of

paths that the broadcast and relay sub-codewords have weights d,,d, by a(db,dr),

we can bound the first-error-event probability by

ZZ (d,.d,)Py(d,.d, ) (3.30)

where on the right-hand side, we have included all-paths through the trellis that merge

with the all-zero path.
To calculate BER, first define b(d,,d,) as'the total number of bit errors in

paths that the broadcast and relay sub-codewords have weights d,,d,, then the union

bound of BER is

ZZb dy.d, )P, (dy.d,) (3.31)

dy=1d,=1

However, it is shown in [25] that the union bound approach was found to provide
quite loose bounds. This is because there is no dominant error event in (3.31), even at
high SNR region. Therefore, a modification to this method is proposed by [25] to
obtain a much tighter bound. It is done by limiting the conditioned union bound on the
bit error probability before averaging over the fading matrix. Thus we need the
pairwise error probability conditioned on a given channel, which is given in (3.18).

Rewrite (3.18) as
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Ed o’ Ed a?
Pa,a,a,d,d =—]2ex Sbl exp| ———=12_|exp| ———r*3_|4g
(o @y, 0, I [ 9} p( 2N0$n29j p( ZNONHZHJ

(3.32)

where o, :‘hl(b)‘,az :‘hl“) .,

- ‘héf)

. Then we sum over all possible distances to

obtain the bound of bit error probability which is a function of known channel

coefficients:

R (a2, 05) <m|n{ ZZb (dy,d, )P (e, 5, 25,0,,d, )} (3.33)

dp=1d, =

The bit error probability is limited to 1/2 because in practice, the maximum error rate
using Viterbi decoder is 1/2. By.averaging over. the channel coefficients, the new

bound can be obtained:
P < J.al J.az J.% R (&, 2, a) P ()P, (a0, )P, () derd e, d ey, (3.34)

A much tighter bound can be @btained this'way, but the order of the integrations and
the summations can not be exchanged in (3.34) due to the min operator, thus
numerical integral is needed to calculate the results. The bounds will be compared
with simulation results in Section 3.3.

Frame error rate can be evaluated in similar way. For a data block of K bits,

given the event error probability P,, the FER can be bounded as [26]

P, <1-(1-P,) <KP (3.35)

e

The traditional approach gives loose bound for the FER, thus the
limit-before-averaging technique is applied. We first calculate the bound of event

error probability conditioned on given channel coefficients:

P (ray ;) <min|1 Y S a(d,.d, )P, (25050, d, ) (3.36)

dy=1d,=1
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This time the event error rate is limited to 1 because the maximum error rate is 1 in

practice. Apply (3.36) to (3.35) and average over the channel coefficients we get
P, Sl_LLZ j (1-P(ana.2)) P, ()P, (2,)P, () dada,de, (3.37)

Again, the above equation needs to be carried out numerically in this case due to the

min operator.

3.2.3 Impact of Data Exchange Failure
Now consider the impact to the performance due to data exchange failure. We
focus on 2-user case first. Since the transmissions from user U, to U, and from

U, to U, are on the same frequency band and the same coherence interval, we
assume they see equal channels,due to the reciprocity.theorem [27]. Denoting P; , as

the rate of the data exchange failure between U; -and U,, the probability of
successfully cooperation between two-users-can-be written as

p.=1-P

C f,u

(3.38)

Denote the FER of 2-user cooperation with no data exchange failure as P and

f ,2user

the FER which data exchange always fails as P We have shown how to

f ,nocoop *

calculate P in previous two Sections. The calculation of P, can be done

f ,2user ,nocoop

simply by setting h{” to h{"” in (3.18). Thus the overall frame error rate for U,

data is
Pf = I:>f,2user PC + Pf,nocoop (1_ PC) (339)
= Pf,2user (l_ Pf u ) + Pf ,N0Coop Pf u
Since P, has diversity order of 3 but P, . has only 2, at high SNR region,
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the frame error rate will be dominated by P, and (3.39) can be bounded as

,nocoop

P, >P

f ,nocoop

P, (3.40)

It can be seen that the diversity gain decreases at high SNR region.

Now consider a 4-user scheme. Note that all users have to decode data from
others correctly to apply 4x4 OSTBC. Assuming the rates of data exchange failure
are equal between all users, the probability of successfully cooperation can be written

as
P.=(1-P.) (3.41)

Thus we have the overall FER in 4-user case as

P =Py syeerPe s + P 1-P.,)

Jnocoop (

= Pf JAuser (1_ Pf u )6 T Pf ,BCoop (1_ (1_ I:)f u )6)

,4user

(3.42)

where P

f,4user

is the FER with 4-user coded.cooperation and no data exchange failure.

The overall FER can be bounded as folHow/inhigh SNR region
Pf > Pf,nocoop (1_(1— Pf u )6) (343)
Again, we can expect the loss in diversity order at high SNR region, what’s more,

note that (1—(1— P, )6) is much higher than P, ,, the degradation of performance

will be larger compared to 2-user case. It will be shown in Fig. 3-4 in next Section.

To this problem, an adaptive scheme can be used to compensate the huge
performance loss in 4-user case. It is unnecessary to make all users back to no
cooperation mode if some of them still received others’ data correctly. Instead, other
space-time codes can be applied to the users who is capable for cooperation. For
example, if there are only two users successfully exchanged information with each
other, an Alamouti space-time code is applied instead of 4x4 OSTBC,; if there are

three, a 3-user space-time code can be used. For simplicity, consider only using
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Alamouti code and 4x4 OSTBC in the adaptive scheme, the probability of frame
error becomes

Py =P e Poa +P

f,2user

Py +Pr oo P (3.44)

f ,4user f,nocoop " C,0

where P, is the probability that all four users exchanged information successfully,
which is equal to (3.41); P., is the probability of any user successfully exchanged

data with U,; P., is the probability of no user successfully exchanged data with

U,. They are
Peo = Pfg,u

6
P.=(1-P,) (3.45)
Pc,z i I:)0,4 r Pc,o

respectively. Thus (3.44) can be writtensas

P =P

f ,4user

(1-P5 ) &P

f,2user

@—@—RMY—WJ+P P (3.46)

f,nocoop” f,u

The FER at high SNR region can be bounded-as

PRt (3.47)

f ,nocoop " f ,u

Note the difference between (3.43) and (3.47). The probability that users go back to
no cooperation mode is much lower comparing to the probability in non-adaptive
scheme, thus provides a better performance. Simulations of the adaptive scheme will

be presented in Fig. 3-5 in next Section.

3.3 Computer Simulations

In this Section we simulate the proposed space-time coded cooperation protocols
and compare with other protocols mentioned in Chapter 2. All systems are with equal

code rate R and hence equal data rate. We use a rate-1/4 base code with generator [15
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17 13 15] used by [18]. For the conventional coded cooperation and the proposed
ST-coded cooperation, the puncture patterns are [1 1 0 0] for the broadcast
sub-codeword, [0 0 1 1] for the relay sub-codeword. Binary phase-shift keying (BPSK)
modulation is used. The frame size is 260 bits. We consider the case that both nodes
communicate with the same destination. Each user and the destination are equipped
with a single antenna. The channel is slow Rayleigh fading channel with AWGN.

Fig. 3-3 plots the analytical bound and simulation results of FER as a function of
the transmit SNR. Similar results could be obtained in terms of BER. Perfect
inter-user channel is assumed so there is no data exchange failure. Investigating the
FER at high SNR region and comparing with the analytical bounds (dash line with
diamonds), it is clear that the proposed:ST-coded cooperation (line with diamonds)
achieves full diversity as we expected insSection-3.2. Comparing the performance of
the proposed protocol with conventional coded cooperation (line with squares) at FER
of 10°°, the proposed ST-caded coopgration tsing /Alamouti code achieves nearly
4dB gain over the conventional coded cooperation. If more users join the cooperation,
higher order space-time code can be used to gain more diversity. For the case of four
users (line with down triangles), additional gain of 2.5dB is achieved comparing to

2-USer case.
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--9-- Proposed ST-coded (Alamouti)(union bound)
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Fig. 3-3. Simulations and bounds—of-frame error rate (FER) in ST-coded
cooperation. Equal uplink SNR}.base code [15 17.1315]

Fig. 3-4 shows the impact of data exchange failure to the overall FER. We
assume that the rate of data exchange failure between users is 0.1. Analytical bounds
based on Section 3.2.3 are shown in the figure. It can be seen that the simulation result
Is consistent with the analytical bound.

Lines with diamonds and down triangles are the same as the simulation results in
Fig. 3-3, that is, ST-coded cooperation with no data exchange failure. Diamonds and
down triangles with no lines are the simulation result when data exchange failure is
considered. From the figure we can see that the proposed ST-coded cooperation
protocols lose their diversity at high SNR region. At that region, they seem to have

diversity of order 2 because the two sub-codewords still experience independent
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channels in broadcast and relay phase.

Despite the loss in diversity, the proposed 2-user ST-coded cooperation still has
advantages over the conventional one. But the performance of 4-user scheme is even
worse than 2-user case. As mentioned in Section 3.2.3, cooperation among four users
with imperfect inter-user channel experiences severe performance degradation since
the data exchange between 4 users is hardly all successful. To this problem, we’ll

show in Fig. 3-5 the performance improvements of 4-user cooperation with adaptive

protocol.
—O— Direct transmission
100 | —8— Conventional coded cooperation (failure rate=0.1)
_______ ST-coded (4x4 OSTBC) (failure rate=0.1)
(union bound)
V ST-coded (4x4 OSTBC) (failure rate=0.1)
ey O~ |- ST-coded (Alamouti) (failure rate=0.1)
10 (union bound)
& ST-coded (Alamouti) (failure rate=0.1)
—0— ST-coded (Alamouti) (perfect cooperation)
—%— ST-coded (4x4 OSTBC) (perfect cooperation)
-2
10 ]
& 107k .
w F
-4 S
10 e i
10° ! \\\ ]
-6
10 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Fig. 3-4. Frame error rate (FER) with imperfect inter-user channels. Equal uplink
SNR, generator [15 17 13 15], inter-user FER=0.1

Comparing the performance of 4-user case (down triangles) in Fig. 3-4 and Fig.

3-5, we can see clearly the improvement by applying adaptive protocol mentioned in
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Section 3.2.3. The algorithm assures the performance under 4-user scheme not worse
than the case when only 2-user Alamouti code is applied. Meanwhile, it still benefits
from the use of 4x4 OSTBC when the data is exchanged successfully. For the case
of data exchange failure rate=0.1, the average probability of 4-user cooperation is
about 0.531, 2-user cooperation is about 0.468 and the probability of no cooperation is

only 0.001.

0
10 —O— Direct transmission
—&— Conventional coded cooperation (inter-user FER=0.1)
¢ ST-coded (Alamouti) (failure rate=0.1)
—&— ST-coded (Alamouti) (perfect cooperation)

ST-coded (4x4 OSTBC) (failure rate=0.1)

10 ¥

(union bound)
V'  ST-coded (4x4 OSTBC) (failure rate=0.1)
—%— ST-coded (4x4 OSTBC) (perfect cooperation)
10-2 E E
& 10°t §
L [
10°F .
107} 9 ]
v N
-6 \\'\
10 1 1 1 1 1 1 1 1 |
0 2 4 6 8 10 12 14 16 18 20

SNR (dB)

Fig. 3-5. Frame error rate (FER) with imperfect inter-user channels. Equal uplink
SNR, generator [15 17 13 15], inter-user FER=0.1, adaptive algorithm

3.4 Summary

In this Chapter we give a detailed description of the proposed space-time coded
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cooperation protocol. We show the diversity gain in the case of 2-user coded
cooperation with Alamouti space-time code by evaluating the pairwise error
probability. Extension to other space-time code is straightforward. The proposed
protocol can utilizes full diversity gain from the used space-time code. Tight union
bounds for the BER as well as the FER are given by using the weight enumerating
function and the limit-before-averaging technique. Both analytical and simulation
results have been shown to prove the performance gain. We also consider the impact
of imperfect inter-user channel to the proposed protocol and give an adaptive way to

reduce the performance loss.
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Chapter 4

Spectrally Efficient Multi-user
Coded Cooperation using Code
Partitioning

In this Chapter we introduce the second madification of coded cooperation:
code-partition (CP) coded cooperation. The proposed: protocols still achieve great
system reliability while maintaining equal spectral efficiency as non-cooperation
protocols. The CP-coded cooperation has similar performance to the protocols in
Chapter 3. Besides, it has the advantages ‘of less complexity and lower requirements

for inter-user channel.

4.1 Protocols of CP-Coded Cooperation

Look at the performance bound in eq. (3.28), we can see that the diversity gain
comes from the independent channels of user U, in the broadcast phase and relay
phase. Further more, additional diversity is gained from U, channel by using
Alamouti space-time code in relay phase. Thus the total diversity gain compared to
direct transmission protocol is 2+1=3. There is another factor in (3.28) that

contributes to the overall performance: the Hamming weight of the sub-codewords
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(d,,d,). Aslong as d,,d, are not zeros, diversity order of 3 is achieved. Since that,
it is natural to think that if more than two sub-codes are separated from the base code
and transmitted by independent channels, higher diversity order can be achieved
without the help of space-time code. The second type of coded cooperation is

proposed based on these principles.

4.1.1 Code Structure and System Model

The main idea of CP-coded cooperation is to let every sub-codeword of a base
codeword transmitted through independent channels. Thus the number of sub-codes
depends on the number of independent channels we have.

For 2-user case, we partition:the base code into three sub-codes, one is for the
source and the other two are for the relays (See Fig. 4-1). The sub-codeword for the
source is still called broadcast sub-codeword; but for the other two sub-codewords for
the relays, we tag them with numbers (ex. 152" relay.sub-codeword, etc.), each relay
sub-codewords are transmitted by ‘different.relays: The code structure is shown in Fig.

4-2.
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userl user2

broadcast sub-codeword

ith relay sub-codeword

userl

user2

(antenna)

time

broadcast phase relay phase

Fig. 4-1. Channel use of CP-coded cooperation with two users (TDMA)

base code

puncturing

sub-codes

broadcast 1st rela 2nd relay
sub-codeword sub-codeword sub-codeword

Fig. 4-2. Structure of codeword in CP-coded cooperation (2-user case)

Note that the code-structure is different from the one in Chapter 3 and [18]. We

expect a diversity order of 3 is gained for each user data since the data is partitioned

into three parts. The analysis will be given in Section 4.2.

Assume quasi-static fading channel similar to the channel used in ST-coded

cooperation, the received signal at the destination in broadcast phase is

38



(4.1)

{rw e

rz(b) = héb)JEsc(Zb) + n(zb)
b)

where ¢!” ¢l denotes the broadcast sub-codewords of user U, and U, ,

respectively.

At relay phase, the received signal can be written as

{rl(ri) _ hi(r)JEchri) _I_ngri)

r2(ri) _ hi(r)\/E_sc(zri) +n(2ri)

where i={12}, ¢, )" denotes the ith relay sub-codeword of user U, and U,,

(4.2)

respectively. Assuming ML detection, the detected signal for user U, is

=

2 ~
0 e+ al”

2 ~

2W= E W] ™gn™ (4.3)
P =3

7' £ JEh{" cgrz) )

where ﬁ§b)=(h1<b>)*n§b>,ﬁ§”>=(h1(f>)*n§”> and ﬁirz):(hl('))*ng”). These detected

signals are combined at the destination to rebuild the base codeword. Then the
destination decodes the base codeword using Viterbi decoder.
This protocol can be easily extended to cases with more users, for example, a

4-user protocol is shown below.
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Fig. 4-3. Channel use of .Cﬁ-codédicgo’ﬁ}gratidn with four users (TDMA)
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sub-codes

broadcast st rela 2nd relay 3rd relay 4th relay
sub-codeword sub-codeword sub-codeword sub-codeword sub-codeword

Fig. 4-4. Structure of codeword in CP-coded cooperation (4-user case)

This time the base code is partitioned into five sub-codes, the first one is for
broadcasting and the other four is for relaying (four relays). Note that the four relay
sub-codewords are still transmitted by different users.

The main difference between ST-coded cooperation and CP-coded cooperation is
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the number of sub-codes used. In ST-coded cooperation, the number is fixed to two
sub-codes: one for broadcasting and one for relaying. It is the space-time code to
change with different number of users. However, CP-coded cooperation uses different

number of sub-codes to match the number of users participated in the cooperation.

4.1.2 Case of Information Exchange Failure

CP-coded cooperation is more flexible than ST-coded cooperation to the case of
data exchange failure; the latter needs all users to exchange data successfully to apply
space-time code, while the former doesn’t. For example, in a 4-user scheme, if error
occurs in the exchange of data between user U, and U,, they can’t cooperate with
each other so the diversity gain will be Tower due to the loss of one independent
channel. However, they can still cooperate with. U, ‘and U,, so it has no effect to the
error rates of U, and U, data.

There are two kinds of reactions for a user when decoding error occurs: notify
other users (method 1) or do nothing (method 2). More specific description will be

given in the following paragraph.

Method 1
The first method is the similar to the method used in ST-coded cooperation. Say,

in a 4-user scheme, if user U, fails to decode the information from U, , it will send
a notification signal to all other users. However, there is no need for all users to go
back to no cooperation mode (like we do in 3.1.2), instead, only U, takes this
notification signal. After receiving the notification, U, and U, will go back to no
cooperation mode and transmit the corresponding sub-codewords by themselves. A

figure plotted the channel use under above case is given in Fig. 4-5. From the figure
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we can see that the sub-codewords (2" sub-codeword of U, and 1% sub-codeword of

U, ) which should be sent by other users are now sent by its owners themselves

(U,,U,, respectively). However, there’s no change for U, and U, data. Thus full

diversity order can still be achieved for these two users, while diversity of order one

will be lost for U, and U, data.

userl user2 user3 user4

=
broadcast sub-codeword Q\
ith relay sub-codeword S

userl
‘S user2 -
c .
= A
S user3
=
user4
4
broadcast phase relay phase
Fig. 4-5. Channel use of 4-user CP-coded cooperation with bad userl — user2 link,
method 1
Method 2

The second method makes slightly modification to the first one. Since a long

base codeword is partitioned into several sub-codewords, it may still be okay for the

destination to decode if some of the sub-codewords are lost. That is, if a user fails to

decode the information from other user in broadcast phase, it does nothing in the

corresponding relay phase. The destination will hence lose that part of the base
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codeword, but data can still be decoded from the remaining parts. This method will
lead to some loss in not only diversity gain, but also coding gain; however, the major
advantage is that users don’t need to notify others if decoding error occurs, hence the
system complexity is less than the first method. Fig. 4-6 gives the example when data

exchange failure occurs between U, and U,. Note that compared with Fig. 4-5,

some sub-codewords are discarded instead of transmitted by their owner.

userl user2 user3 user4

broadcast sub-codeword §§
ith relay sub-codeword 3

userl i
i
S user2 g
c
S ~
S user3
=
user4
4
time
broadcast phase relay phase

Fig. 4-6. Channel use of 4-user CP-coded cooperation with bad userl — user2 link,
method 2

4.2 Performance Bounds of CP-Coded

Cooperation

Using the same technique in Section 3.2, we find the diversity gain through the

evaluation of the pairwise error probability of 2-user CP-coded cooperation. Let
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N,,N, N, denote the length of the broadcast, 1% relay and 2" relay sub-codewords

in Fig. 4-2. From (4.3) we can rewrite the detected signal for user U, in symbol-wise

form:
2 = JE W ¢ +nl”, i=1N,
2™ = JE, | ™+l i=1N,, (4.4)
22 = JE || ¢ 4y, i=1,N,,

where the index i denotes the ith element of the corresponding vector in (4.3). Thus

the base codeword after combining is

z, wheni e g,
z=17", whenie y, (4.5)
7, whenie y,,

Note that z,, 7., 7,, are the sets of indexes which’belong to the broadcast, 1* relay

and 2" relay sub-codewords, respectively.

The received SNR in the three phases are

(o)
ES hl
=N broadcast sub-codeword
0
2
E, "
Ta="x 1% relay sub-codeword (4.6)
0
2
E. |y
Ve = 2" relay sub-codeword
0

Hence the error probability of each symbol in (4.5) can be expressed as

2
NQ %] whenie g,
. ~ ydZ .
P.(i)=<NQ % , whenie g, (4.7)
2
NQ }/”Tdm"‘} whenie z,,
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2
min

Again we assume BPSK modulation, thus N.=1 and d2_ =4. Define user U,’s

codeword as x=[x, X, --- Xy]|. The symbol error probability that z; is decided

as an erroneous symbol X; # X; conditioned on known channel is

2
Q ZNES h®) whenie g,
0
~ A~ 2
P(Zi > X, X; X |h, Xi) ~1Q 2|\|ES hl(r) whenie y, (4.8)
0
2
Q ZNES h{" whenie g,
0

is defi _[h® p0 T
where the channel vector is definedas h=|h™~ h"~ hy’| .

In the end, we can write the pairwiseerror_probability of the received codeword

n (49)

where 77,7, and 77,, arethesubsetsof ieg.vie g, and ie g,, respectively,

conditioned on known channel in the formysimilar t0-+(3.15)

g > ‘hér)
ien,,

P(xx[n,x)=Q (\/%(z‘hl(b)‘z >3
0 \ien, e

that X; # X;. Thus we can remove the summations in (4.9) to simplify it as we have

done to (3.15):
P(§¢x|h,x)=Q(\/2NES (db

where d,,d,,d , arethesizesof 7,7, and 77, respectively.

2 2
] d 7] g g

+d,,

Zn (4.10)

Eqg. (4.10) is in similar form to (3.16), so we can apply the same simplifying
technique used in Section 3.2.1 to evaluate the pairwise error probability. Thus we

have
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A 1oz g I S0 -
=) =214l | |14l | 142272 | 4 4.11
(X¢X|X) 7;-[0 " sin® @ " sin? @ i sin’ @ (41D

where ;_/ib),?ir) and 7. represent the average SNR between user U, and

destination at broadcast phase and between user U,,U, and destination at relay
phase, respectively. It can be seen that when all of the distance parameters d,,d,,

and d,, are not zeros, diversity order of 3 can be achieved.
Diversity of more user case can be easily proved by the same method in this

Section. For example, a 4-user scheme with base code partitioned into five parts has

diversity order of 5 since it utilized the independent channels h® h" h{” h{" and

h{") (for U,).

Union bounds for BER and.FER ofjthese protocels can be calculated by the same
method in Section 3.2.2, so we:sKip this part.and-lock directly to the case of data

exchange failure.

4.2.1 Impact of Data Exchange Failure

We analyze the impact of imperfect inter-user channel to the overall performance

of user U, data. Both method 1 and method 2 in Section 4.1.2 will be considered.

Method 1

Denote P, as the rate of data exchange failure between users. In 2-user case,
the probability of successful cooperation is (1— P, ,u) and the probability of going
back to no cooperation mode is P, . Thus the overall performance can be written as

P . (4.12)

— ' f 2user f ,nocoop

Py =P pueer (1-P; )+ P

46



where P is the FER of 2-user CP-coded cooperation, which can be calculated

f,2user

from (4.11); P, is the FER when no cooperation is performed, it can be

,nocoop

calculated by replacing hér) in (4.10) with hl(r),since the sub-codeword is now sent

by U, itself. Evaluating the pairwise error probability under above situation, we
have
. —)\* MURN
~ 13 d (d,+d,)y

P X£x[x|=—|2|1+2L | |14 2L | dg 4.13

i) -2 1o 25 [t 629
Note that the diversity is lost comparing with (4.11). Also note that (4.12) is in similar
formto (3.39), thus loss of diversity to the overall FER is expected at high SNR.

In 4-user case, full diversity can beachieved for user U, data if and only if the

links between it and other three users aresavailable: Thus the probability of 4-user
cooperation is (1— P, )3. If one of the users doesn’t decode successfully, the
situation becomes 3-user cooperation schemejand the probability of this condition is

3P , (1—Pf'u)2. Also, the probability of-2-user cooperation and no cooperation is

3P7,(1-P;,) and P;

fu?

respectively. We denote the FER under 3-user, 2-user and

P

f,2user

no cooperation as P, and P respectively. It can be calculated in

,3user ! f ,nocoop !

the same way as P in 2-user case described above. The overall FER at the

f ,nocoop
destination is

Pf = Pf duser (1_ Pf u )3 + 3Pf ,3user Pf u (1_ Pf u )2
+3P

f,2user sz,u (1— Pf u ) +P PS

f,nocoop” f,u

(4.14)

Method 2

The only difference between method 1 and method 2 is the value of
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P

f,3user !

P

f,2user

and P, since some of the codewords are discarded in method 2,

,nocoop

it will lose some coding gain. The overall FER is calculated using the same equations

as method 1, that is, (4.12) for 2-user case and (4.14) for 4-user case.

Consider 2-user case for instance, P is calculated simply by setting the

f ,nocoop

U
term {1+MJ in (4.11) to 1, because the 2" sub-codeword is discarded. Thus

sin® 0

we have

NPT AN S0 -
P Sx|=—|2|1+21 | |1+22L | do 4.15
2'"°°°°p(x X) 71-[0 sin® @ sin® @ (4.15)
Note the difference between (4.13) and (4.15). The distance value in the second term

is changed from (d,+d,,) to.d,, this is because the sub-codeword for U, is

discarded instead of transmitted by U, .
The difference between (4.13) and (4.15) implies loss of coding gain when

method 2 is used, but the diversity gain is preserved.

4.3 Computer Simulations

We now simulate the proposed CP-coded cooperation protocols and compare
them with the performance bounds. Two base codes will be used: [15 17 13 15]
(rate-1/4) and [15 17 13 15 13 17] (rate-1/6). The constraint length is 4 and the frame
size is 260 bits. 2-user and 4-user cases will be considered; all users are equipped with
single antenna and are communicating with the same destination. To isolate the
diversity gain from the cooperation, the destination is equipped with only one antenna.

However, more antennas can be used to further enhance the system reliability.
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Fig. 4-7 shows the FER of CP-coded cooperation using 1/6 code. The puncturing
pattern is [1 1 0 0 0 0] for the broadcast sub-code. For 2-user case, the puncturing
patterns for the 1 and 2" relay sub-codes are [0 011 0 0], [0 0 0 0 1 1], respectively;
for 4-user case, they are [001000],[000100],[000010],[0000O0 1],

respectively.

0
10 ¢ i

T T T
—©— Direct transmission 1
--E- Conventional coded cooperation (union bound) (]
—8— Conventional coded cooperation
--0-- Proposed CP-coded (2-user) (union bound)
—&— Proposed CP-coded (2-user)
==~ Proposed CP-coded (4-user) (union bound)
—%— Proposed CP-coded (4-user)

~.
~
~
~
~
~
~,
~,
~o
~

N
~
~
~
~
~,
~.
~o
~

FER

\\
\\
~,

\\
~o
<

10'6 | | | |

|
0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Fig. 4-7. Simulations and bounds of frame error rate (FER) in CP-coded
cooperation. Equal uplink SNR, base code [15 17 13 15 13 17]

Comparing with the performance bounds evaluated in Section 4.2 (dotted line
with diamonds), we can see that 2-user CP-coded cooperation is consistent with the
bound and achieves diversity of order 3. It also holds for 4-user case (line and dotted
line with down-triangles). At FER of 10~°, 2-user case (line with diamonds) has

nearly 4dB margin comparing to conventional coded cooperation (line with squares)
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proposed by [18], and 3dB more is gained by using 4-user code partition. Note that all
protocols in Fig. 4-7 have equal data rate, equal spectral efficiency and equal power
consumption to single user case (line with circles).

Fig. 4-8 uses the same cooperative protocols as Fig. 4-7, but with a shorter base
code: [15 17 13 15]. The puncturing pattern of the broadcast sub-code is [1 1 0 0]. For
2-user case, they are [0 0 1 0] and [0 0 0 1] for 1% relay and 2" relay sub-code; for

4-user case, they are[00100000],[00010000],[00000010]and[000O0O0

00 1].
10° ‘ ‘ : :
—©— Direct transmission i
--EF- Conventional coded cooperation (union bound) |]
* —&— Conventional coded cooperation
107 B --€-- Proposed CP-coded (2-user) (union bound)
5 Ny . —O— Proposed CP-coded (2-user)
NN —%— Proposed CP-coded (4-user)
0N X E
[ad -
0 10°F - i
L E Sae
‘E\
4 \‘~\
10 E ‘\E\ E
107} . q
\6\
10'6 | | | | | | | | [N
0 2 4 6 8 10 12 14 16 18 20

SNR (dB)

Fig. 4-8. Simulations and bounds of frame error rate (FER) in CP-coded
cooperation. Equal uplink SNR, base code [15 17 13 15]

Note that the base code is equal to the base code used in Chapter 3, so this figure

gives a comparison of performance between CP- and ST-coded cooperation (Fig. 3-3).
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From the figure we can see that in 2-user case (line with diamonds), both protocols
have similar performances. But in 4-user case (line with down triangles), the
performance gain using CP-coded cooperation is not that significant compared to
ST-coded cooperation. It is due to the fact that applying code partitioning on a short
base code will generate sub-codes with very short code length, which leads to small
distances between codewords (Note that the period of the puncturing pattern in 4-user
case is made twice longer to separate the four relay sub-codes). Look closer to the
pairwise error probability in (4.11), small distance parameters d,,d,,,d,, will widen
the low-SNR-effect region of the resulting FER expressions, that means although full
diversity can still be gained, it is only at higher SNR region.

Fig. 4-9 shows the performance.degradation in case of data exchange failure.
Rate-1/6 base code is used. The.rate of data-exchange failure is set to 0.1 and we use
method 1 for the relay reactionyFrom the figure it is Clear that simulation result of
both 2-user (diamonds) and 4-usery(down triangles) cases matches its union bounds
(dash line and dash line with dots),.which is calculated using the formulas in Section
4.2.1. Comparing the simulation result ‘with perfect cooperation case (line with
diamonds for 2-user; line with down triangles for 4-user), we can see the performance
degradation due to the diversity loss, but even with high failure rate, CP-coded
cooperation still has approximately 4dB and 7dB margin for 2-user and 4-user case,
respectively, comparing to the conventional coded cooperation. (at overall FER of

107°)
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(union bound)
¢ CP-coded (2-user) (inter-user FER=0.1, method 1)
—&— CP-coded (2-user) (perfect inter-user)

CP-coded (4-user) (inter-user FER = 0.1, method 1)
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: V' CP-coded (4-user) (inter-user FER=0.1, method 1)
10-2§ ’ —— CP-coded (4-user) (perfect inter-user)
i 10°) 3
L F E
10 ,:
107} L J
10'6 | | | | | ‘\\'\ | | |
0 2 4 6 8 10 12 14 16 18 20
SNR'(dB)

Fig. 4-9. Frame error rate (FER)"with=imperfect inter-user channels. Equal uplink
SNR, generator [15 17 13 15 13.17], inter-user FER=0.1, method 1

Fig. 4-10 simulates in the same condition as Fig. 4-9, except that we use method
2 for the relay reaction. The dash line and the dash line with dots demonstrate the
union bounds for 2-user and 4-user cooperation under method 2, respectively. The
simulation results (diamonds and down triangles) are in consistent with the analyzed
bounds. Comparing Fig. 4-10 with Fig. 4-9, it can be found that there is about 0.7dB
loss in 2-user cooperation when method 2 is used; it is 0.8dB in 4-user case. The loss
is due to the fact that some sub-codewords are discarded when error occurs in data
exchange. As mentioned in the end of Section 4.1.2, this is the tradeoff for lower

system complexity.
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Fig. 4-10. Frame error rate (FER) with-imperfect inter-user channels. Equal uplink
SNR, generator [15 17 13 15 13.17], inter-user FER=0.1, method 2

4.4 Summary

In this Chapter we demonstrate the protocols and performances of Code Partition
(CP) coded cooperation. It achieves diversity gain by partitioning a long base code
into several short sub-codes and sending them by different users (independent
channels). It has similar performance compared to the ST-coded cooperation in
Chapter 3 (equal spectral efficiency, equal diversity gain for a given number of users),
but has lower system complexity since no space-time code is used. Besides, it has

lower requirements for the inter-user channels; full cooperation can still be achieved
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for other user when some of the users failed to exchange information. An alternative
way for the relays to react to data exchange failure is presented to further simplify the

system with reasonable loss of coding gain.
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Chapter 5

Conclusions and Future Works

In this thesis, we develop two modified protocols of coded cooperation that
enable the users, each equipped with a single antenna, to fully exploit the spatial
diversity in the channel without losing spectral efficiency. Channel coding is assumed
available for protecting the transmitted- data. These protocols separate the codeword
into two parts. Each user broadcast the first part (broadcast sub-codeword) to all other
users, including the destinatign. After.acquiringsthe data of other users by decoding
the received broadcast sub-codeword, they use-it.to generate the second part (relay
sub-codeword). The second codeword is transmitted with the help of all users using a
space-time code or by partitioning it into several parts for each user. These
sub-codewords are thus received at the destination through independent channels. For
2-user cooperation, we analyze the performance of the proposed protocols by
evaluating the pairwise error probabilities and the BERs as well as FERS.

In Chapter 2, we review the concept of conventional cooperation and coded
cooperation. There is spectral efficiency loss for conventional cooperative protocols
due to the half-duplex hardware limitation, and we demonstrate how coded
cooperation solves these problems by separating the transmit codeword for different

purposes. In addition, the potential benefits inherent in coded cooperation is pointed
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out: all users know each other’s data after the broadcast phase, which implies a virtual
MISO system with the number of transmit antennas equal to the number of users.

In Chapter 3, we propose the first protocol that utilizes the potential benefits of
coded cooperation, which is called space-time (ST) coded cooperation. It uses
space-time code at the relay phase to enhance the reliability of relay sub-codewords,
thereby enhancing the reliability of the transmitted data. Various space-time codes are
chosen according to the number of users. For example, Alamouti code can be used in
a 2-user scheme and 4x4 orthogonal space-time block code can be used in a 4-user
scheme. It is shown in Section 3.2 that the diversity gain in relay sub-codeword
reflects on the overall performance. Since the lengths of sub-codes remain unchanged
regardless of the number of users in_cooperation, the spectral efficiency is preserved
while higher diversity order can.be achieved-with more users. However, the ST-coded
cooperation has harsh requirements for inter-user-channels because it requires all
users to exchange data successfully -to apply space-time code. Analyses and
simulations reveal the performance.degradation dueto this factor. The degradation is
rather large in the 4-user case, thus we propose an adaptive algorithm to compensate
for it.

The second protocol, which is called code partitioning (CP) coded cooperation,
Is proposed in Chapter 4. It partitions the relay sub-codeword into several parts based
on the number of users and makes each of them transmitted by a different user. Thus
every part of the base codeword will be transmitted through an independent channel.
We prove it by analysis that CP-coded cooperation achieves same the diversity order
as the ST-coded one. In case of data exchange failure, it is also more robust. We have
shown in Section 4.1.2 that its diversity order is maintained even when some of the
links between users are broken. A modified method for data exchange failure is

proposed to further simplify the system complexity with a reasonable tradeoff in
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coding gain. By this method, users do not need to know if other users receive their
messages well, so feedback information is not needed.

The main contributions of this thesis are that two protocols based on coded
cooperation are proposed to effectively exploit the benefits of cooperative
transmissions. We introduce the concept of applying space-time code and code
partitioning to the relay sub-codeword. The two protocols achieve higher system
reliability but use equal channel resources as the direct transmission scheme. Both of
them are highly flexible for different numbers of users. The larger the number of users
that join cooperation, the higher the diversity gain that can be achieved. The code
structure is also flexible to choose; it may be implemented using block or
convolutional codes, or various methoeds iof jpartitioning the codewords (puncturing,
product codes, parallel and serial concatenation, etc:). Considering the case of data
exchange failure in real wireless: communications; we have proposed an adaptive
algorithm to enhance the “robustness-of “ST-coded' cooperation. For CP-coded
cooperation, we demonstrate its‘robustness against.data exchange failure. Moreover,
we exploit the advantages of CP-coded cooperation by using “blind cooperation” to
make the scheme extremely simple.

Some issues that are not considered in this thesis may have considerable effect to
the coded cooperative system and are worth future research. The first one is the
spectral efficiency loss caused by feedback messages between users. In some of the
proposed protocols, a user needs to notify others in case of data exchange failure, thus
additional channel resource must be allocated. Although the resource needed is small
compared to conventional cooperation, it still causes some loss in spectral efficiency.
The second one is the synchronization problem, which is critical in systems using
space-time codes. The third one is the choice of cooperative partners. Although there

are already many research efforts toward this topic, detailed algorithms may need
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further investigation according to the specific protocols used. The final one is power
allocation, which is not possible in ST-coded cooperation but may be helpful in

CP-coded cooperation.
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