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Abstract

Cooperative communication allows for single users in multi user wireless network to share
their antennas and achieve virtual antenna transmitters, which leads to transmit diversity.
Coded Cooperation introduced channel coding into cooperative diversity over traditional
pioneer cooperative diversity methods which were based on a user repeating its partner’s
transmitted signals in a multi-path fading channel environment in order to improve Bit Error

Rate (BER) performance..

In this dissertation the Coded Cooperation is simulated and the analytical bounds are
evaluated in order to understand basic cooperation principles. This is done using Rate
Compatible Punctured Convolutional Codes (RCPC). Based on the understanding of these
principles a new protocol called Cross Layer Hybrid Automatic Repeat reQuest (ARQ) 2

Cooperative Diversity is developed to allow for improvements in BER and throughput.

In Cross Layer Hybrid ARQ 2 Cooperation, Hybrid ARQ 2 (at the data-link layer) is
combined with cooperative diversity (at the physical layer), in a cross layer design manner, to
improve the BER and throughput based on feedback from the base station on the user’s initial
transmissions. This is done using RCPC codes which partitions a full rate code into sub code
words that are transmitted as incremental packets in an effort to only transmit as much parity
as is required by the base station for correct decoding of a user’s information bits. This allows
for cooperation to occur only when it is necessary unlike with the conventional Coded
Cooperation, where bandwidth is wasted cooperating when the base station has already

decoded a user’s information bits.

The performance of Cross Layer Hybrid ARQ 2 Cooperation is quantised by BER and
throughput. BER bounds of Cross Layer Hybrid ARQ 2 Cooperation are derived based on the
Pairwise Error Probability (PEP) of the uplink channels as well as the different inter-user and
base station Cyclic Redundancy Check (CRC) states. The BER is also simulated and
confirmed using the derived bound. The throughput of this new scheme is also simulated and
confirmed via analytical throughput bounds. This scheme maintains BER and throughput
gains over the conventional Coded Cooperation even under the worst inter-user channel

conditions.
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Chapter 1

1 Introduction

1.1 Next Generation Broadband Wireless Communications

Next generation wireless networks have very demanding requirements with regard to multi
rate multimedia at exceptionally high data rates. The wireless networks thus have to contain
advanced protocols and algorithms to meet the Quality of Service (QoS) demands required by
different media classes. Real-time voice applications, data, video and infernet are some of the
flavours of services that are required for the next generation network but they need to be
mixed and packaged together based on consumer demands. Fixed - Mobile convergence is a
huge driver for improvements on broadband wireless communications in order to deliver any
kind of service to an end user based on the QoS requirements, which have to be guaranteed. In
order to meet the QoS demands for the next generation network the BER and throughput of
wireless systems need to be improved from that of the current generation. This is one of the

biggest challenges.

Current third generation, the future fourth generation networks and beyond will not bear any
similarity to the first and second generation networks at all. Tailor - made techniques in digital
| communications, which would suit the specific needs of a wireless network environment, are
being investigated. Components such as modulation, coding and decoding are being combined
and implemented to suit the specific needs of the network. These new ideas drift away from
the traditional digital communication scenarios where there would be a separate source and

channel encoder.

In an effort to achieve the next generation network demands, there has to be major
improvements to deterrents on the wireless radio channel; which is electromagnetic in nature.
One of the main problems faced on the wireless channel is multi path fading. Take a voice call
as an example - mobile users experience variable signal attenuation due to multi path fading.
This variability, due to signal attenuation, causes a drop in the average data rate and also
degrades the instantaneous achievable data rate causing severe fluctuations in signal
magnitude. The provisioning of real-time services such as voice, video and audio are affected

by this severe variability of the instantaneous achievable data rate. Hence next generation



wireless networks and systems have to produce algorithms and protocols to reduce the

variability of the instantaneous channel throughput.

The wireless channel is modelled as a random process and supports the modulation of
electromagnetic (radio) waves, with a carrier frequency of a few MHz to many GHz to
transfer information between points in a given network. The output of the wireless channel

can be considered to be a function of the radio propagation effects in the environment,

Multiple delayed receptions of signals transmitted to a destination occur due to reflections,
scattering and diffraction of the transmitted signals of obstacles along the path which include
buildings, hills, cars etc. Line of sight between a wireless transmitter and the destination is not
always possible. Each path taken by each multiply delayed signal has a different attenuation,
time delay and phase shift.

Since the numerous delayed signals have relative phase shifts they constructively and
destructively interfere with each other. The superposition of these signals is received at the
destination and results in a phenomenon called multi path fading. Rayleigh fading is a subset
of Multi path fading. Rayleigh fading can be generalised to scenarios when the source and

destination have various transmission paths between them.

Current generation communication systems use single antennas. Since there is a high BER and
significant loss on throughput with the use of current single antenna systems today due to
multipath fading, future generations will require improvements with regard to capacity and

BER. This gives rise to multiple input-multiple output wireless communication systems.

1.2 Muitiple Input Multiple Output Systems

With the introduction of Multiple-Input Multiple-Output (MIMO) systems multiple antennas
can be deployed at the transmitter and the receiver. Since the channel statistics are very often
Rayleigh in nature the ability for the receiver to determine the transmitted signal is difficult
unless multiple less attenuated replicas of the same signal are transmitted and presented to the
receiver to use collectively for decoding. This method of transmission is referred to as

diversity.

Some of the pioneer work in the MIMO system area was looked at in [51] and [52] based on
information theoretic approaches and showed that MIMO channels can improve the channel

capacity upper limit far more significantly than in single antenna or Single Input Single



Output (SISO) systems. The upper limit on the capacity of a wireless channel is referred to as
the Shannon limit as developed in [54]. In [51] it is showed that the capacity of a MIMO
system is directly proportional to the minimum between the number of transmit antennas and

the number of receive antennas.

Techniques and algorithms that exploit spatial diversity by the use of MIMO systems have
evolved. In some situations the wireless channel is neither time variant nor frequency variant
and hence only spatial diversity will improve the system performance. These transmission
coding techniques were termed space-time codes. The first transmit diversity technique was
proposed in [55]. Then [51] introduced a layered space - time architecture. Later space - time
trellis coding was introduced in [56]. In [56] it is seen that space time trellis codes designed
for two transmit and four receive antennas perform very well in slow fading scenarios and
produced bandwidth efficiency of which is at least three times greater than that of current

systems.

In [53] the production of a simple transmit diversity technique for two transmit and 1 receive
antenna based on the one transmit and two receive Maximal Ratio Receiver Combiner
(MRRC) was developed. The scheme was then generalized to two transmit antennas and M

receive antennas.

1.3 Cooperative Diversity

Cooperative wireless communication involves work on wireless adhoc networks [24],[41]-
[43], wireless sensor networks, Wireless Local Area Networks (WLAN) and cooperation in
wireless cellular networks namely the current generation, Third Generation (3G), and below in

which wireless agents can improve their QoS by cooperating.

The QoS improvements can be measured using performance parameters such as block error
rates, bit error rates, throughput and outage probability. Note that cooperative communications
involves the cooperation between users in any wireless network; however a lot of the work
done in this regard is based on cellular networks, which is used as an example. In future for
the purposes of brevity bui without loss of generality the cellular network scenario will be
considered. The same methods can be applied to ad-hoc wireless networks and wireless sensor

networks alike.

Certain MIMO system applications have been used in wireless standards, one of these being a

transmit diversity method called Alamouti signalling as mentioned above in [53]. From the



decoder’s point of view (base station or access point etc. in a wireless network) transmit

diversity is beneficial in terms of increasing the performance of the system.

Size, cost and hardware limitations will cause a wireless agent not to be able to support
multiple transmit antennas thus rendering transmit diversity not feasible. Handsets, for
example, are limited in size in a wireless network. Nodes in a wireless sensor network are

limited by size as well as power.

Cooperative communication allows for single antenna mobiles to reap some of the benefits of
MIMO systems by creating a virtual MIMO system (users share their antennas and obtain

transmit diversity).

By transmitting separate copies of a signal (using a virtual MIMO system) which are
statistically independent from each other, diversity results and thus reduces the effects of
fading. Spatial diversity, in particular, as mentioned above allows for the transmission of the
same signal from different positions allowing several differently faded versions of the same

signal to be available at the receiver.

Figure 1.1, taken form [16], shows two wireless nodes communicating with the base station.
Since each user has only one antenna it cannot generate spatial diversity. A user may be able
to detect the partner’s transmitted signal and can then forward the partner’s parity as well as
its own data to the destination. The path between respective users and the base station are

statistically independent and hence spatial diversity is created.

Independent
fading paths

Figure 1.1 — Cooperative Communication



Some of the issues raised regarding cooperative communications are related to the loss of data
rate of each user (since each user now has to send data to its partner as well as its own data to
the destination) and changes to the transmit and receive powers of the wireless handsets.

In cooperative communications each wireless agent transmits and passes data to its
cooperating partner as shown in Figure 1.2, which is taken from [16]. Each user then transmits
data and also acts as a relay for its partner. This results in a trade-off in code rate and transmit

power.

Figure 1.2: User - Relay Relationship in Cooperative Communications

Since each cooperating wireless user now transmits data for its partner and itself, it would
seem that the transmit power of the mobile would have to be larger, however the baseline
transmit power of each user actually reduces. The rate of data transmission from each
cooperating user would also seem to be slower, however the spectral efficiency of each
wireless user increases and this increases the data rate (due to increase in channel code rates)

of each user in cooperation mode.

The pioneer theory into cooperative communication started from the relay channel done by
Cover and El Gamal, which was a three node network consisting of a source, destination and a

relay as shown in Figure 1.3, which is taken from [16].



X

Broadcast Multi-access

Figure 1.3: The Relay Channel

The system can be seen as a broadcast channel from the viewpoint of the source and a
multiple access channel from the receiver side. The relay channel as explained in [16] differs
somewhat from the cooperative diversity studies. Cooperative diversity involves the analysis
of the fading channel but Cover and El Gamal considered an Additive White Gaussian Noise
(AWGN) channel. In the relay channel the actual relay relays data along the main channel. In

cooperative communication the cooperating users are information sources as well as relays.

1.4 Detect and Forward Signalling

The Detect and forward protocol resembles the relay channel concept and allows for a user to

attempt to detect its partner’s transmitted bits and then retransmit the detected bits.

Sendonaris et al. implemented detect and forward in [1]-[3] and [5]. The implementation was

based on Code Division Multiple Access (CDMA) cooperation. Each user was given a unique

spreading code denoted by ¢, (r) where 7 € {1,2} and two user cooperation was considered.

The user’s data bits are given by b, (n) and n denotes the time interval for the respective

transmitted information bits from the source. The index i € {1,2}. Three bits are transmitted
over each signalling period and power allocation is controlled by the definition of power

control factors, of the signal amplitudes, ¢, , and j =(3—£). The signal of each user is

denoted by X (t) and X, (r) respectively and is given by:

X, () =a,b,()e (1), aub(2)e(r).  ab(2)e()+a b, (2)e () .



.

X, (t) =a,,b, (1)‘:2 (r)s a, ,b, (2)‘32 (t), A3t (2)‘71 (I)+a2‘4b2 (2)5’2 (f)

1.2)

Figure 1.4 below, taken from [3], shows the transmission of X (r) and X, (I) over three bit

periods.

s o b oam B3R 1 ) J;Li"‘_‘“‘_'_'_
User 1 Tx: ..I‘U"I.I‘L.ru—U'\.rﬂJ_U'L. w PR "-_1'1.r—|.n.'_,_|_n_',...1
B3 | b(4)
i e .
K1) 5(2) %) b3 L b4 2
User 2 Tx: P ey O [P e Pyt e e
| bi3) ; b(a)
‘ § . <5
Period: 1 2 I 3 4 i 3 i 6Time
Non-coopcrative ) Cooperative periods
Bl User 1's w"‘““m“‘ - 1.. 'L‘;;Ii'l‘t;ﬁ |
Bij User s bits  JT LW T User s code |

Figure 1.4: CDMA signalling protocol for detect and forward

During the first and second bit transmission intervals each user transmits its own bits to the
base station and these bits are inherited by the partner due to the omni directional nature of
electromagnetic waves. The partners then attempt to detect each other's second bit and during
the third bit transmission interval transmit, on the uplink to the base station, a linear
combination of their second bit and the partner’s second bit each multiplied by the respective

spreading code.

Note that the average power constraint is kept to by allocation of the factors a, . Power

control is obtained by varying the values of @, ; based on the interuser channel conditions i.e.

more power is allocated to cooperation during favourable interuser conditions and less power

is allocated during unfavourable cooperative conditions.

In [4] methods to improve power efficiency using power control is investigated for detect and
forward. Although this protocol allows for adaptability to channel conditions there is room for

error introduction when one considers the cooperating partner’s incorrect detection of its



partner’s second transmitted bit. This results in detrimental effects on decoding at the base

station.

In [1], [2], [3] and [5] information theory is used to derive bounds on outage probability,

coverage analysis and achievable rate regions.

In [7] and [9] a Hybrid detect and forward method is proposed which allows for cooperation
based on the fading channel instantaneous Signal to Noise Ratio (SNR). When the fading
channel has a high instantaneous signal to noise ratio, the users will perform detection and
forwarding of their partners’ data. During opposite conditions i.e. when the channel has a low
signal to noise ratio - non cooperation is adopted. This is advantageous over detect and
forward in that during poor fading channel conditions in the interuser channel - no power is

allocated to cooperation, which will introduce error into the system, which is done by varying

the factors g, . during detect and forward. Figure 1.5 below, taken from [24], illustrates the

detect and forward protocol.

Detect-and- Forward
detected bits

L

Map

Jill

Figure 1.5: Detect and forward

1.5 Amplify and Forward

In [7] and [9] Laneman et al developed the amplify and forward protocol in which each user

utilises the noisy version of the partners uplink transmission to the base station. The user then



amplifies the noisy received version of the partner’s transmission and forwards this to the base

station.

Even though the partner amplifies noise by cooperating, the base station still has a greater
chance of making a better decoding decision since it has two independently faded versions of

the same signal to consider.

Amplify and forward protocol assumes that the interuser fading coefficients are known at the
base station. Obtaining a method of estimating or passing this information to the base station
is not a frivial exercise. In [7] and [9] it is shown that in the high SNR regime a diversity order
of two can be obtained. Figure 1.6, taken from [24], gives a visuval representation of the

Amplify and forward protocol.

Amplify-and-Forward

Pt o

s

i

Figure 1.6: Amplify and forward

Other areas of research in Cooperative Diversity involve Space Time Cooperation in {8].
Space time transmission is considered in [26] and [27], under noisy interuser channel
conditions with the assumption that each cooperating node has multiple transmit antennas. In
[10] network coding gain is investigated using information theoretic concepts to derive the
outage probability. In [11] and [12] modulation and demodulation of cooperative systems are
considered. Cooperative routing is looked at in [13]. In [14] and [15] transmission strategies
for relaying are developed which comprise of a combination of both decode and forward and
amplify and forward protocols. Channel coding design and analysis is done in [28], [32] and
[33] together with cooperation to achieve full diversity gain for two user cooperation.

Cooperative region analysis and network geometry is investigated in [30] and [35]. Various



combining methods are investigated in [29], at the base station based on cooperative
information transferred from the relays to the destination. Source and channel coding is
combined in [31], [36] and [38] in an effort to improve spectral efficiency and reduce

distortion at the source caused by compression and channel errors.

1.6 Channel Coded Cooperation

In this cooperative signalling method [17]-[19] and [21]-[24] channel coding is combined with
cooperative diversity. This is a significant improvement from amplify and forward and detect
and forward where some form of repetition of the partner’s information is presented to the
base station. In Coded Cooperation a user attempts to decode the partner’s transmitted
information and if successful transmits additional parity for the partner based on a forward
error correction scheme. The users employ CRC error checking in order to aveid introducing
error into the system by transmitting erroneous parity for the partner. Coded Cooperation
ensures that the code rate, bandwidth and transmit power are exactly the same as that of a

comparable non cooperative system.

Coded Cooperation in this way addresses the concerns and risks of employing amplify and
forward or detect and forward as mentioned above in [1], [3], {5], [7] and [9] in that no
amplification of the partner’s noise is introduced into the system or no erroneous estimates of

the partner’s information is forwarded to the base station (as in detect and forward).

The use of amplify and forward also bears the limitation that the base station has to have
knowledge of the interuser channel fading coefficients as shown in [7] and {9}, which is
complex. The performance of amplify and forward and detect and forward and their
associated introduction of error into the system is very much dependant on the quality of the
interuser channel. During poor interuser channel conditions the system performance

deteriorates rapidly due to error introduction.

1.7 Research Motivation: Cross Layer Hybrid ARQ 2 Cooperative
Diversity

The conventional Coded Cooperation framework is not an efficient transmission scheme since
in some cases the base station has already decoded a particular set of information bits using a
user’s initially transmitted parity and not all parity bits are required. The user however is not
informed of this by the base station. This results in Coded Cooperation not being bandwidth

efficient. This dissertation proposes an efficient transmission scheme called Cross Layer

10



Hybrid ARQ 2 (HARQ 2) Cooperative Diversity. By combining HARQ 2 (at the data link
layer) with Cooperative Diversity (at the physical layer) feedback from the base station is
available for users. Users can then transmit incremental parity packets and await feedback
from the base station to decide whether further parity is required for a particular set of
information bits. This is done using an incremental redundancy coding scheme. CRC is also
employed for error detection. Improvements in BER and throughput are observed by the Cross

Layer Design over Coded Cooperation.

1.8 Dissertation QOutline

In Chapter 2 the Coded Cooperation protocel is investigated based on the work done in [24]
and [21]. The scheme s analysed and the simulation parameters and certain performance
issues are examined. The cooperative scheme is based on RCPC codes. The theoretical
analysis of Coded Cooperation using RCPC codes is also looked at since these principles lay
the foundation for further complicated theoretical analysis in Chapter 3 based on the new
proposed Cross Layer Hybrid ARQ 2 protocol. A bit more detail is given with regard to
Coded Cooperation theoretical analysis of the BER which is not so visible in [24] and [21]
from an implementation point of view. Comparisons are made between reciprocal and
independent interuser channel conditions for the BER. Simulations of BER are confirmed by

theoretical analysis.

In Chapter 3 Cross Layer Hybrid ARQ 2 Cooperative diversity is proposed. Here incremental
redundancy is implemented using a hybrid ARQ 2 scheme so that feedback from the base
station to the users occurs. RCPC codes are employed here for the ease of incremental
redundancy implementation. Users only cooperate when they need to during this scheme and
improvements in BER are seen over that of Coded Cooperation. Simulation resutts and
theoretical results are presented in this chapter for BER. The analytical bound for the BER is
derived using the PEP. Comparisons of BER are made between reciprocal and independent
interuser channel conditions for this scheme also to show the validity of assuming reciprocal

interuser channel conditions.

Chapter 4 proposes an in depth look at throughput analysis for the Cross Layer Hybrid ARQ 2
scheme. Theoretical analysis throughput comparisons are done between the new proposed
cross layer scheme and Coded Cooperation. Here concepts such as retransmission probability
and packet successful rate are developed based on manipulation of the BER results.
Simulations and theoretical analysis show that the throughput of Cross Layer Hybrid ARQ 2

Cooperative Diversity improved markedly over Coded Cooperation. This cross layer scheme
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adapts well to channel conditions and can collectively improve throughput and BER at the

same time.

In chapter 5 conclusions on this dissertation are made and future avenues of work in The
Cooperative Diversity rescarch area are discussed. The contributions made in this dissertation

and the summary of work done is also presented.
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Chapter 2

In Chapter 1 the concept of the pioneer Coded Cooperation was presented. In this Chapter
Coded Cooperation from [17]-{19] and [21]-[24]), in the paradigm of RCPC codes, is
investigated in detail. The analysis of Coded Cooperation with regard to BER is also looked at
in an effort to create awareness of the PEP and other performance related principles that will
be used extensively in Chapter 3, when further complicated performance analysis is presented.
Simulations are performed and compared to the BER analytical bounds.

2 Coded Cooperation

2.1 The Coded Cooperation Protocol

Two user cooperation is considered and each user has a X bit information source block
which contains CRC concatenation. Each user uses a suitable Forward Error Correction (FEC)
code to encode the K bit source block and obtain an overalt rate R code. The amount of

encoded bits (V) that each user possesses, from a X bit source block, can be calculated
using N = K/R It should be noted that since the amount of information bits is in the

hundreds of bits that a few bits allocated for error detection via CRC is negligible and does not
present any overhead. Note that for the simulations presented in Section 2.9, X is set to 128
bits and 16 CRC bits are concatenated into the 128 source block. This was done to conform to
the simulation parameters used in [17]-[19] and [21]-{24]. In this case a 12.5 % CRC overhead
is observed. This however is 2 simulation and in a live network scenario the maximum
transfer unit would be in the order of thousands of bytes. If the IEEE 802.16 (d and e)
standard is looked at one would see that the maximum transfer unit is 1500 bytes. Hence in
this case the 16 bit CRC overhead is negligible,

The N bit codes that are encoded by each user are used in cooperation but its transmission is
partitioned into two time periods or two frames being denoted by N, and N, respectively
- such that N, + N, =N . During first frame transmission each user transmits a weaker code of
rate R, (R, > R) to the base station which is inherited and attempted to be decoded by the

partner to obtain the source information. During first frame transmission the amount of

13



encoded bits transmitted by a user is given by N, = % . If a user can successfully decode
1

the partners first frame rate R, code then the user can cooperate and transmits an additional

N, encoded bits for the partner during the second frame. The user knows if it has decoded the

partner’s first frame correctly or not by computing the CRC syndrome for the partner’s first

frame. If the CRC syndrome is not equal to O then the user reverts to non cooperative mode

and transmits NV, parity bits for itself in the second transmission frame.

It should be noted that each user in Coded Cooperation attempts to transmit incremental
redundancy for its partner and if this is not possible, due to errors in first frame transmission,
the users revert to non cooperation mode. The use of CRC for error detection also allows for

error propagation to be avoided.

2.2 Coded Cooperation using RCPC Codes

Coded Cooperation is a generic framework. The coding schemes, in Coded Cooperation, that
can be used could be convolutional codes, block codes, product codes and even concatenated
codes.

Coded Cooperation, using RCPC codes, is investigated here based on [24]. A specific RCPC

code family is chosen here based on a family of codes given in [57]. The mother code chosen

for the overall rate R code is%. To obtain the rate R, (R1 < R) code a puncturing matrix

operation is performed on the mother code of rate R . The N, encoded bits transmitted during

the second transmission frame are the remaining parity bits that were not transmitted during
the first frame transmission. The following matrices are used in the Coded Cooperation

framework based on the family of codes chosen from [57] and are given by, puncturing

matrices, Py, and P, below:

1111 1111 1 111 1111

1 111 1111 1 111 1111
Py = Py, =

0O 0 00 0 0 00 1 11 11111

0O 0 00 0000 O 00 00 000

A “1” in the puncturing matrices, P, and P, , denotes a bit that is transmitted in the rate

R, code and a “0” denotes a bit that is not transmitted in the rate R, code but that will be
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transmitted in the second frame transmission with the remaining N, parity bits. The

subscripts of 50% and 25% denote the cooperation level which is defined to be the number of

parity bits that a user transmits for its partner out of the total amount of parity bits
je A= N%, , where A is the cooperation level, Note that each user always transmits a fotal

of N bits during a timeslot irrespective of whether cooperation takes place or not. Figure 2.1,

adapted from [24], below shows RCPC transmission during Coded Cooperation,

Punctured N, bits
Solrce l FRAME 1

e CRC ma— RCPC

F
|_ — No FRAME 2

Punctured N bits »
—p  Yes I
I_ &
VITERBI h 4
| ’ DECODER > RCPC
. CRC
Recelved = SYNDROME
Bits by
Partner

Figure 2.1: RCPC transmission using Coded Cooperation

During the second transmission frame the users act independently without knowing whether
their partners have decoded the first frame transmissions correctly or not. This leads to four

possible transmission scenarios.

The four transmission scenarios are named Casel, Case 2, Case 3 and Case 4 as shown in

Figure 2.2. During case 1, full cooperation occurs i.e. both users decode each other’s first
frame transmission and hence transmit N, incremental parity bits for their partners in the

second frame.
During case 2 both users revert to non cooperation mode since both do not decode each

other’s first frame transmission. This is the opposite of case 1 and is the same as that of direct

transmission.
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Case 3 is a partial cooperation case which is advantageous to user 1 since here user 1 cannot

decode user 2°s first frame, but user 2 can decode user 1°s first frame. Thus user 1 and user 2

transmit user 1’s parity bits and none of the users transmits parity for user 2. Since there are

two independent copies of user 1°s parity at the base station during the second frame

transmission the base station optimally combines the copies using Maximal Ratio Combining

(MRC).

Case 4 is the opposite of case 3, i.e. user 2 benefits from partial cooperation and neither user

transmits parity for user 1 in the second frame. The two independent copies of parity bits

transmitted for user 2 in the second frame is again optimally combined at the base station

using MRC. Figure 2.2, adapted from [24], shows the four possible first frame transmission

scenarios.

| Base
Station
User
2
- Case 1
User
1
] -
x Base |
Station |
User /
2 |
Case 3

[ User

[ ]
&

L] o

-

Base
Station |

4——*—-‘
|

Case 2

User
1
AI [_Base ‘

Station |

User /

Case 4

| i .

| —p User 1's parity

| ————— User 2's parity

[ X Incorrect inter-user
CRC decoding

Figure 2.2: The four cooperation transmission scenarios

2.3 The Channel Model

In a two user cellular transmission scenario cooperation can take place due to the multi-user

presence. The uplink channels of each user and the interuser channel are considered mutually
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independent of each other and experience flat Rayleigh fading. Spatial diversity is exploited
during flat fading, however, the system can be implemented in a block or frequency selective

scenario.

Orthogonal transmissions are undertaken by each user (using either Frequency Division
Multiple Access {FDMA), CDMA or Time Division Multiple Access {TDMA)) so that each
user and the base station can independently decode each other. Binary Phase Shift Keying
(BPSK) modulation is used and it is assumed that all receivers have Channel State
Information (CSI) and that coherent detection occurs. In this way only the magnitude of the

fading needs to be taken into account and not the phase.

The users in the coded cooperative system can be defined by i € {1,2}, being the transmitting
users, and j € {0,1,2}, being the receiving users and the base station, where j =0 denotes

the base station and j #i.

The channel modelling and analysis that follows is adopted from [24], however it is critical
that this information is summarised and laid out here, in this chapter, so that the reader is
introduced to the concepts of PEP , the Block Error Rate (BLER) for convolutional codes, the
first event error probability and the case probabilities for second frame transmissions. These
concepts are used as tools of foundation in the next two chapters for further complicated cross

layer cooperation analysis.

The transmitted signal from each user can be described as:
r.;(n)=a, (WE,, -b,(n)+z,(n) @

Here b,(n)e {—1,1} is the modulated encoded bit at time instant », which is BPSK in nature

and E , is the transmit bit energy. The term z, () models noise at the receiver j as samples

N.
of an independent white Gaussian noise process with a variance of % and a zero mean,
The fading coefficient magnitude is given by ¢, ; (n) The subscript in ¢, (n) denotes
fading between user ; and ; and a; j(n) are considered as samples of an independent

Rayleigh random variable. The mean square value of ¢, | (n) is denoted by:
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Qu‘ = Erx,-,j [(ij (n)} 2.2)

The expectation operator is given by Ear__}_ for the fading coefficiente, }-(n)‘ During slow

fading conditions the fading coefficients remain constant in value over each transmitted block

of N bits by each user. This implies that ¢, , (n) is the same for each instant of » over N i.e.
a;, (n) = @, , . In the inter-user channel the instantaneous received SNR between user / and

2
. _ (n)Eb,i . . — .
J can be modelled as ¥, ; (n) =—=—=——— and is exponentially distributed with a mean

N,

i
value given by the expectation of the instantaneous SNR averaged over the fading distribution

i.e.

r,

Ea,-_,- [}’x,j (”)]
=E af; (n) Eb‘r' :|

@,
N f

(2.3)

[}

Ebi
TN,
i

I', , is the average received SNR and is used as a measure for SNR during all simulations and

for performance analysis. Statisiically similar (symmetric) and dissimilar channels

(asymmetric) are considered on the uplinks i.e. cases where I', =I,, and where

[, # T, ,are considered.

In [24] using 2 TDMA framework with reciprocal inter-user channels are assumed. This
means that ¢, (n)=a,,(n). This assumption is reasonable in TDMA and CDMA, but is
not always true in FDMA since the correlation of the fading coefficients for different
frequency channels is not always identical. Note that there is some correlation between the
frequency channels and that they are not fully independent. In this dissertation TDMA is used

and the performance loss by having independent interuser channels as opposed to reciprocal

interuser channels is examined.

2.4 Peiformance Analysis of Coded Cooperation

In [21] the performance of Coded Cooperation is shown to be largely dependant on the PEP of

the convolutional channel code. As in {21] the PEP is defined to be incorrect selection of the
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error code vector e = [e(]),e(Z),....,e(N )] when the actual transmitted code vector was

c= [c (1),¢(2)smre(N )] . In {44] the PEP is shown to be set as a conditional probability
conditioned on  the  instantaneous received SNR  vector ¥,  where

¥ =[7(1),7(2),...7(N)] and y(7)denotes the instantaneous SNR at code bit number 7.

The conditional PEP is given by-[58]:

P(c—)e[y):Q{2Zy(n)J 2.4)

ner

where Q(x) represents the Gaussian Q-function. 77 is the set denoting the positions in which

c(n) and e(n) differ, i.e. c(n) # e(n). If the hamming distance between vector cand e is

computed (d ) then the cardinality of 7 is obtained. Without loss of generality the all zero

sequence is assumed to be input to the decoder during this performance analysis. The reason
for this is that for a convolutional code a tree diagram can be drawn and if a comparison is
made (in the hamming sense) between sequences of codes generated in a tree diagram up to a
point to the all zero sequence this would yield the same result as a comparison between
sequences of codes generated up to 2 point in the tree diagram and any other code sequence.
Thus for simplicity the all zero sequence is assumed to be transmitted. Note that the PEP

depends on d andnoton cand e.

2.5 No Cooperation Analysis

During non-cooperation (direct transmission) a user transmits all the parity bits, using the
mother code rate, to the base station on its uplink. This implies that d, =d and d, =0 . Note
that 4, and d, are the individual hamming distance for the first and second frames

transmitted through user 1 and user 2’s uplink channel respectively.
Since we only take into account the fading magnitude, the PEP is dependant on a scalar value

of the instantaneous received SNR y . Hence we have the conditional PEP given by:

Pd|y)= Q(\/E ) (2.5
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To obtain the unconditional PEP the conditional PEP is averaged over the instantaneous SNR

range i.e.

P(d)}= mIP(d 17)p, )y 2.6)

Using the alternate form of the Q function as outlined in [59], i.e.

1 % _x2
O(x)= p !e)q:{ >en’o }ié’ 2.7

Where x > 0. P(d) can be calculated as:

p(d)={;/f[°jexp(_ -S—i:—};—é}py(y)dy}dﬂ @8

In (2.8) the inner integral within square brackets has a form that fits the description of a

moment generating function, which is very similar to the Laplace transform, which has the

opposite sign in the exponent.

The moment generating function of a random variable x is given by:

o

M (s)= [e* plx)ax @9

Applying (2.9) to the random variable y the following solution is obtained for M (— s):

1
M,(-s5)= —F (2.10)

where 5 > 0

Hence substituting (2.10) into (2.8) it implies that,

%
P(d)=% .[M,[ —d ]de @.11)

sin’ @
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Using (2.10) in (2.11) it implies that:

.
1 1
Pld)== [————db (2.12a)
T, (I ar ]
t 3
sin® 8
The PEP can be upper bounded by using the maximum value of sin’@ which is 1. This
implies that:
Pld)s— 2.13b
(@)< I =) @2.13b)
<11 (2.14)
z[1+dl

The PEP is thus given by (2.13):

Pld)<— [ ! } 2.15)

1+dl’

2.6 The PEP for the Uplink Channels

During slow fading conditions ¢, (n) = @, ; 1.e. the fading vector reduces to a scalar during

the transmission of the entire parity block of N bits.

The same principle applies to the received instantaneous SNR at all receivers

ie.7,, (n)= ¥.0» Where i € {L2}.

During case 1 when full cooperation occurs each user’s second frame transmission involves
transmitting &, incremental parity bits for its partner. A user’s total N parity bits are spread

over both uplink channels.

The PEP for case 1 on the uplink of user 1 is given by:

(d | 7, 03?’20) (\/2d|?’| o +2d,7, 0 ) 2.16)

Note that d, +d, =d . Also d, denotes the distance between ¢, and e, for the first frame

transmission for user 1 and d, denotes the distance between ¢, and e, for user 2.

Again to obtain the unconditional PEP for case 1, (2.14) is averaged over the SNR range i.e.
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P(d) = IIP(d | 105720 )p(71,0 )p()’z,o )‘iyl,od?’z,u 2.17)
60

Using the alternative form of the Q function in (2.7) and applying techniques used in [60] the

unconditional PEP for user 1 during case 1 ¢an be derived to be:

P(d)=-7l;:/iﬁex ly”’JP(m)dm} {Iem[

Again using (2.9) and applying the moment generating function approach P(d ) is simplified

/
1 _dlrll} "dzrzo
=— — |- M — == |d# 2.19
T 5[ ( sin’ @ "9 gin’ @ 1)

Looking at (2.17) again an upper bound for P(d ) can be obtained by again noting that the

Ih £ JP(}’z o)d72 0 }d@ 2.18)

1o be:

maximum value of sin’ @ in the integrand is 1.

The upper bound on the PEP for case 1 is thus given by (2.18) which is derived below:

%
1
P{d)= - M, (~dr,)M, (-d.T, )6 2202)
0
7
:P(d)sl jI L . L (7} (2.17b)
s 1+d, | [1+d,10,
1| 1 ][ 1
Pld)<— : 21
(@) ;r[1+d1r,,J _1+d2ruJ @D

Equation (2.18) shows that a diversity order of two is obtained for user 1 and 2 in the high
SNR regime. During case 3 when partial cooperation occurs, which benefits user 1, both users
transmit incremental parity for user 1 during the second frame. This is where MRC is used to
optimally combine the second frame transmissions for user 1 at the base station. The

conditional PEP for user 1 is given by:

P(d | Vio:¥20 )= Q(\/Zdl?’l,o +2d, (71,0 +Vae )) (2.22)
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= Q(\/zd?’l,o +2d,y,, ) 223

Applying (2.15) to (2.20) the unconditional PEP for user 1 during case 3 is given by:

% d,L.
P(d) =lj' { J-M? [—f—ﬂJde 2.24)
z; sin’ 8 ' sin” @

1 1 |
£ — . 2.2
7r|:1+dfl,0:| |:l+d21"2,0:| @29

Equation (2.22) shows that user 1 receives a diversity order of two.

2.7 Determining the Transmission Case Probabilities

As explained in Section 2.2 four possible transmission scenarios are envisaged based on the
first frame transmission decoding at the respective user, The BLER of the first frame

transmissions can be used to compute the cooperative transmission case probability.

For a convolutional code the BLER is given by [46-(12)] or [24-(3.26)]:

Puoa (1) $1-(1- P (7)) <B-B.(7) 2.26)

P (}f) is the first event error probability, which is dependant on ¥, which is a vector

containing the instantaneous SNR values for channel. The number B denotes the number of
branches in the trellis for the transmitted code. The first error event probability is upper
bounded by-[61]:

P (y)< i a(d)P(dly) (2.27)

d=d 't
Here d 18 the free distance of the convolutional code and a(d) is the multiplicity of the error

events with hamming weightd .

As in [24] the four cases are assigned to a set called 8, where 8 € {1,2,3,4}. Since each case

is dependant on the channel, it has to be conditioned on the channel SNR. The conditional

case probability for case 1 is given by:

(""1]7129?’21) (1 ﬂmn()'lz)xl Moatz(}/ » 229
"(]'_PE,] (71,2)) ( - E,z(}’z,l ))B .
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In (2.25) the factor (I—P,,,m,z ( 2 )) denotes correct decoding by user 1 of user 2°s first

frame transmission. The opposite holds true for the factor (1 ~ ok (?’1,2 )) , i.e. this factor

denotes correct decoding by user 2 for user 1’s first frame transmission. The product of these

two terms hence provide for case 1 of full cooperation.

Using similar logic the other conditional case probabilities can be derived. In order to remove
the condition of the transmission case probability on the instantaneous received channel SNR,
the conditional case probability has to be averaged over the instantaneous SNR range. This

means that:

P(9)= I IP(Q | ¥12>¥ 22 )P()’l,z)P(J’z,l )i}ﬁ,zd?’z,i 229)

¥ ha

During reciprocal interuser channel conditions, y, , = 7,, , we have (2.26) reducing to a single

integral given by:

PO)= [PO17,2 ), i, @30)

Nz

Note that y,, = 7,, and they are scalars since slow fading is considered. During independent

interuser channel conditions y,, #y,, even though y,,,7,, are still scalars. The case

probability for case 1 during cooperative transmission under independent interuser channels is

given below:

P(9 = 1) = (1 - }_).*Jlock,l). (1 - beock,z) @31

In an effort to obtain tight theoretical bounds the techniques employed in [46] called limiting
the bound before averaging are used to evaluate (2.28) and (2.29) together with the correct
PEP. Take case | as an example, the unconditional case probability is given by:

P(@:l)z?[l—mi 1,dia(d)p(d|yL2)D [1—~min[l, 3 ala)pla [m)D Plrabr. g

0 = e d=d s,

o

2 I[l - minliladg a(d)p(d | Ya1 )]J P(}’l,z }13’1,2 2.33)

0
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Where;

pld1r.)= Q(1/2dy1,z ) 2.34)

During independent interuser channel conditions the BLER for a user / is given by:

2 =4 free

B
Poock s S1- II:l —min 1:1, d; a(d)p(d L.z )” P(}’;,; )d}f,-J (2.35)

Equation (2.32) can be used in (2.28) to obtain the probability of case 1 occwrring during
independent interuser channel conditions. In all of the BLER equations the PEP used is the
conditiona! PEP.

During case 2 i.e. non cooperative transmission, the conditional PEP used during computation
of (2.30) or (2.32) is given by (2.5).

Since the limit before average technique is performed on the bounds a minimization operation

is performed which means that (2.30) or (2.32) have to be computed via a numerical method.
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2.8 The End to End BER

The end to end BER is a combination of the unconditional bit error rate for each case averaged
over the four transmission scenarios. Since the case probability is a discrete variable the
evaluation of the end to end BER will involve a summation for the averaging of the four

fransmission cases,

The end to end BER is given by:

P, = 24: P, (0)P(6 =) (2.36)

i=1

Where P,(8) is given by:

o o) . 1 1 oty
F(0)< .”mm[E T d; c(d)p(d | 71057205 Q)jlp(}’l,o )p(72,0 )‘171,0‘5{72,0 2.37)
0o ¢ =4 gy,

P, (6') is the unconditional bit error rate for a specific instance of €. The variable c(d) is the

multiplicity of information bit error events with Hamming weight d .

The variable k, is the amount of input information bits in each branch of the trellis. Note that

the conditional BER is given by [24]:

1 ow©
7 2 cld)pld| 7,0) @.38)
d=d

¢ d=d,

P,(y.0)<

2.9 Simulation Parameters and Discussion

The BER performance of Coded Cooperation is examined using RCPC codes as outlined in

Section 2.2, The puncturing period of the code is P =8, the memory length is M =4 and

the mother code rate is R= % which is taken from [57]. The distance specira i.e.

a(d),c(d) and the separation of d into d, and d, is computed via enumeration. In order

to take into account error detection a 16 bit CRC code is used which has a generator

polynomial given by g_,. (x) =15935 in hexadecimal. Figures 2.3 to 2.7 show the simulated

and theoretical analysis results for Coded Cooperation. The amount of information bits in the

source packet is kept at 128 (K = 128).
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All graphs shown below plot channel SNR or average received SNR versus BER. Plotting
BER versus information bit SNR will yield the same results but with a 10log R db shift on

the abscissa.

Symmetrical uplink channel conditions are considered in Figure 2.3 below.

o e Cope=====Simulations
""" Trunc:ated BO

e |

_____ No Cooperation
""" ] ——=—— (db Interuser Channel s e
107 L---- —&— 10db Interuser Channel

o1 =—8— 20db Interuser Channel

| —%— Perfect Interuser Channel |-~ __::::::ii:'::::::::ii?fff:"ij_:i":?f:;i:j

Bit Error Probability

108 : i | i i i i i
0 2 4 6 8 10 12 14 16 18 20
Average Received SNR at Base Station (dB)

Figure 2.3: 50% cooperation with symmetric uplinks

This means that I',; =T, . The cooperation level here is kept at 50% and reciprocal

interuser channels are considered i.e. y,,=p,,. Coded Cooperation shows massive

improvements over non cooperation as the interuser channel quality improves. Even under
0dB interuser channel conditions Coded Cooperation maintains a 1.8-3dB improvement in

performance over non cooperation.

Note that the result of having a BER gain under 0dB interuser channel conditions for a 0dB
uplink channel SNR is counter intuitive, because this scenario seems like a case of complete
non cooperation. Note however that with cooperation an interuser channel is introduced.
User’s now try to exploit the omni directional nature of electromagnetic waves and attempt to
decode the parity that a partner is trying to transmit to the base station. Since the interuser

channel is modelled as Rayleigh, the statistical distribution of the fading coefficients will
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produce fading coefficients in some cases that do not fade the modulated BPSK much and this
will result in case 1 being observed (full cooperation) in the interuser channel or even case 3
and 4 (partial cooperation where one user decodes its partner but the partner does not decode
the other user). During these cases a BER gain will be observed, for a user over non
cooperation, because two independently faded signals are transmitted for one user to the base
station. The BER of a specific user thus improves due to better signal quality at the base
station, where the base station uses an MRC combining scheme to combine one users received
signal from two different fading paths. Also note that the uplink channels are ii.d and

therefore these aid in creating spatial diversity which provides BER improvement for a user.

Note, however, with the above mentioned points of having case 1,3 and 4 occuring — case 2
also occurs and is more probable. Hence the BER improvement in performance is small at an
uplink SNR of 0dB for a 0dB interuser channel (as high as 1.8 dB) and improves as the

interuser SNR improves.

At 10 dB interuser channel conditions Coded Cooperation shows a gain of between 9-10 dB

over non cooperation at a BER of 107 . As the interuser channel quality improves so does the
BER of Coded Cooperation. Coded Cooperation always has a superior performance over non

cooperation even under the worst interuser channel conditions.

A comparison between 50% and 25% cooperation is made in Figure 2.4 for 10dB and perfect
interuser channels. At perfect interuser channel conditions case 1 dominates and full
cooperation is observed with the performance 50% cooperation exceeding the performance of
25% cooperation due to the maximisation of 4, and d4,, during 50% cooperation, as shown in
the PEP in (2.18). During 10dB interuser channel conditions, at higher uplink SNR’s, 25%
cooperation has a better performance than that of the performance of 50% cooperation. The
gains by which the 25% cooperation performance exceeds the 50% cooperation performance,
at 10dB interuser channel conditions, is as high as 2 dB since the transmission of a stronger
code in the first frame is vital to the overall performance of a user during poor interuser

channel conditions.
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Figure 2.4: A comparison between 50% and 25% cooperation

Asymmetric uplink channels are considered in Figure 2.5. User 1°s uplink SNR is fixed at
20dB and user 2’s uplink SNR changes from 0dB-20dB. The interuser average received
channel SNR is set to 10dB. The results show that user 1 with a high uplink channel SNR has
dramatic performance improvements by cooperating. This significant performance
improvement over non cooperation is very high even when user 2’s uplink SNR is at 0dB for
user 1. User 2’s BER performance also improves by a margin of 11-12 dB over non

cooperation,
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Figure 2.5: Asymmetric uplink conditions

Figure 2.6 and Figure 2.7 show comparisons between reciprocal and independent interuser
channels for 50% and 25% cooperation respectively. During 50% cooperation the loss in
performance due to independent interuser channel conditions can go as high as 2.5dB
depending on the interuser channel quality. During 25% cooperation the performance loss

when independent interuser channels are used is less than 0.8 dB.
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2.10 Chapter Summary

An RCPC implementation in a Coded Cooperation framework was considered in this chapter

based on the work done in [24]. Two user cooperation is enabled by the partitioning of code
words into two frames of size N, and N,. A user will always receive N, bits from the
partner and will, based upon successful decoding of the partner’s first transmitted frame,

transmit NV, bits of parity for the partner. If the decoding of the N, bits from the partner is
unsuccessful the user will transmit NV, parity bits for itself. The base station will receive N,

and N, bits, for each user, via two independently faded paths.

The BER performance analysis is considered based on the four possible transmission
scenarios and PEP for each transmission scenario. Coded Cooperation maintains impressive
BER gains over non cooperation. Even under poor interuser channel conditions Coded

Cooperation maintains a BER performance gain of 1.8-3 that of a non cooperative mode.

The code rate, fransmit power and bandwidth of each user during Coded Cooperation is the
same as that of a user transmitting during a non cooperative transmission. The analytical
analysis concepts for the BER of Coded Cooperation, explained in this chapter, sets up a

foundation for more complicated Cross Layer Cooperation BER analysis in the next chapter.
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Chapter 3

In Chapter 2 Coded Cooperation was investigated in detail. Coded Cooperation is however not
one of the most efficient transmission schemes, since in some cases the base station has
already decoded a particular set of information bits based on a user’s initially transmitted
parity. The user is not informed of this, however, and Coded Cooperation allows for a user to
transmit parity for information bits that have already been decoded. This is bandwidth
inefficient. This chapter introduces a new framework called Cross Layer HARQ 2
Cooperative Diversity which combines Cooperative Diversity at the physical layer with
HARQ 2 at the data—link layer in an effort to improve BER over Coded Cooperation. The use
of HARQ 2 allows for the user to be informed from the base station on whether further parity
is required for a particular set of information bits or not. The BER of Cross Layer Hybrid
ARQ 2 Cooperative Diversity is examined via simulations and by the computation of
theoretical bounds based on the PEP and the individual transmission case probabilities. The
BER of Cross Layer Hybrid ARQ 2 Cooperation is compared to that of Coded Cooperation
showing BER improvements over Coded Cooperation. Cross Layer HARQ 2 Cooperation
results in efficient use of bandwidth for users during cooperation by selectively cooperating,

only when necessary, based on feedback from the Base Station.
3 Cross Layer Hybrid ARQ 2 Cooperative Diversity
3.1 Modelling the wireless ¢channel

Consider two wireless users transmitting data to a base station. The interuser channel and the

uplink channels for each user are mutually independent and follow a block fading model.

The multiple access scheme used is TDMA. TDMA allows for a cooperating user and the

destination (the base station) to decode each other’s parity.
Perfect CSl is assumed to be available at all receivers (cooperating users and the base station).
This is possible through the use of some pilot symbol channel estimation technique which will

not be pursued in this work.

Coherent detection is employed at all receivers also, so that the phase components of fading

coefficients can be ignored and only the magnitude of the fading coefficients are taken into
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account, BPSK modulation is employed and the received sample for a particular fadjhg block
“1” can be modelled as:

Yisu(n) =, (P)E, %, (n)+n,(n)
G.1)
In (3.1), i (i € {1,2}) denotes the transmitting user, for that transmission, j ( je {0, 1, 2})

the receiving user and the index / (l € {1, 2,3,4}) being the fading block index for the RCPC
codes used. Note also that i# j.The block fading model resembles that of [46].The

variable y, ,, is a received sample of user i's transmission at user j during fading block /.

E, ,is the energy of a transmitted bit, ¥, ,, is a BPSK modulated symbol i.e. x, ;, € {-1,1} at

interference cffects at the receiver j and is modelled as samples of a zero mean Gaussian

. _ N,
random variable with variance of % .

& 4, (n) are modelled as independent samples of a Rayleigh random variable for a particular
block /. Reciprocity of interuser channels are assumed ie. ¢, ,, (n) =a,, (n) based on {21]

- [24] and [17}-[19]. The mean square value of &, ,, () is given by:

Q, =E, [a, (n)] (G2)

Based on the perfect CSI assumption at the receiver the instantaneous signal to noise ratio at

receiver j being transmitted from user 7 is given by:

o (ME,
Vg () == N, = 33)
Yiji (n) is exponentially distributed with a mean value of:
al, (n)E E
FUJ = E"‘u,f [y"’f’*' (n)] = E"’J"’ [%&J B Q",N % G4
. / J

In(3.3)and (3.4) QUJ and l",.,j,, are constant over the range of 7.
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3.2 Cross Layer Hybrid ARQ 2 Cooperation Protocol

Two users i and j have information bits comprising of K bit blocks including ¢

concatenated CRC bits. Each K bit information block is encoded into N data bits by a

R= % = % rate mother convolutional code. The ratio of the augmented number of CRC

bits to the information block size i.e. %< is almost zero and hence adds negligible overhead.

Users / and j cooperate in a selective manner i.e. instead of using the interuser CRC

syndrome as an indication of whether to cooperate or not, the users look at the base station
CRC syndrome as well as the interuser CRC syndrome as an indication of whether to
cooperate. The base station CRC syndrome is the HARQ 2 feedback signal from the base
station, on whether extra incremental parity is required for a particular user’s transmitted

parity or not. The best case cooperation level 4, ; is defined to be the ratio of the maximum

number of cooperation bits user i/ transmits for user j, divided by mother code encoded

length ie. 4, , = £.J(AX) N where the notation i, j refers to user /’s cooperation with user

J.
Each user’s N encoded bits are partitioned into four packets i.e. B,),B,,,B,,,B,, of equal

4
size N,;,N,,,N,3,N,, such thatlenght(Ny=> lenght(N,). A, is discretized by two

i
r=l

values for best case cooperation of 0.25 and 0.5, which denote 25% and 50% best case
cooperation.

Based on the a priori value of A, ,, cooperation is combined with Hybrid ARQ 2 (feedback

[
from the base station) to allow for cooperative transmission only when the base station needs
additional incremental parity from the partner in order to decode a user’s parity correctly.
User i/ will transmit an initial amount of parity packets to the base station. The base station

will attempt to decode this parity. The partner, user j, will also receive this parity transmitted

by user i (by listening to user /’s transmission ) and will attempt to decode it, using TDMA
and RCPC decoding i.e. Viterbi decoding.
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If A, is set at 0.5 then user / or j's initial transmissions to the base station are B,, | and

il

B,;, ;»(which is also picked up by “listening partner / or j” who attempts to decode it} i.e.

N Ny
B, (I‘) = Bn’j,l +B,,,= ;Z’BHLI|5(I -+ Z |B;f_:',215(t ) (3.3)
= =N +1

Using a puncturing matrix specified in [58] only B,, , + B, , are transmitted out of the total
N available parity bits. The notation i/ j denotes either user 7 or jand &(.) denotes the unit

impulse function.

If 4;, is set at 0.25 then user i or j's initial transmissions to the base station are

B

2t By 2t B, (which is also picked up by “listening partner # or j* who attempts to

decode it} such thatonly B, + B, , + B, , are transmitted out of the total of N available

parity bits i.c.

Ny N, N,
B:fj (t) = Br'.-‘j,l + Bw;,z + Bfu,s = Z\Brfj,l‘5(t "l)+IZ |an;',2 5(3‘ _l)+; Z |Bifj,3}5(t _l)
=1 =, +1 =Ny +1

3.6)

Selective cooperation by a user i or j is based on the base station’s decoding of the initially

transmitted packets (using Viterbi decoding and computing the CRC parity check sum or the

syndrome calculation of the initially transmitted packets) of the cooperating user, the

cooperation level A, ; and the inter-user CRC syndrome calculations.

Note that the base station combines the initial parity packets together and then decodes them.

At least two parity packets have to be sent for there to be sufficient parity available at the base
station for decoding i.e. for a % mother code rate, R , the minimum punctured rate chosen-
based on the family of codes present in [58] is 0.5. It is for this reason that 50% is chosen for

one of the best case cooperation levels. If the base station can decode the transmitted data in

the initial transmissions of user i or j then the base station responds with an Acknowledge

(ACK) and user i/ j transmits parity for the next K bit information block.

If the base station cannot decode the combined parity packets a Negative Acknowledge
(NACK) signal is fed back to the transmitting user 7 and is also picked up by the cooperating

user /. User / and j then cooperate to transmit parity for user / incrementally (in response

to incremental feedback from the base station) until the total N parity bits of user / is
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completed i.e. user i/ jtransmits either B, ,+ B, , or B, , on their own uplink channels.

After the completion of N parity bits if a NACK is still received then the parity frame
(comprising of incremental packets) is considered erroneous and a new packet transmission is

started for a new NV bit parity frame.

Based on the interuser CRC states i.e. crcl and cre2 and the decoder CRC states i.e. dercl and
dere2, 16 possible transmission scenarios for initial transmissions could occur. These are
~ tabulated in Table 3.1 below where a “0” denotes a NACK and a “1” an ACK.

Table 3.1: Cross Layer Hybrid ARQ 2 Transmission Scenarios

Case derey dere; crey cres
1.1 0 0 0 0
1.2 0 0 0 1
1.3 0 0 1 0
1.4 0 0 1 1
2.1 0 1 0 0
2.2 0 1 0 1
23 0 1 1 0
2.4 0 1 1 1
3.1 1 0 0 0
3.2 1 0 0 1
33 1 0 1 0
34 1 0 1 1
4.1 1 1 0 0
4.2 1 1 0 1
4.3 1 1 1 0
4.4 1 1 1 1

Note that the total parity frame of each user consists of N parity bits for a K bit information
block. The N bit frame is partitioned into sub code words ie.B,,, ie{l,2}and

[ €{1,2,3,4}, which are obtained by applying a puncturing matrix to the entire N bit frame.
The puncturing matrices chosen are based on the % rate mother code and the family of

codes present in [57].
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Figure 3.1 below shows the partitioning of a NV bit parity frame into sub code words or parity
packets. This shows the total amount of parity packets a user will posses for a K bit

information block.

€ User 1's Total Parity
B1 B:2 B Bis
Ni4 Nig N/4 . N/a
Bits Bits Bits Bits
N bits

User 2's Total Parity

an ng Bz,s 52,4
N/4 N/4 Ni4 N/4
Bits Bits Bits Bits
€ N bits >

Figure 3.1: Parity Packet Partitioning of the total parity frame

Note that the notation for the transmission cases is written with a main case and its four sub
cases i.e. case 1 which corresponds to dere; and dere, (base station CRC flags) equal to 0 and
0 (i.e. dere;=NACK and derc,=NACK) respectively has four sub cases, based on the interuser
CRC decoding i.e. the values of cre; and crc,, which are case 1.1, case 1.2, case 1.3 and case
1.4. In this way 16 possible transmission cases can be derived from the base station CRC flags

given by derce, and dere,.
The subsequent cooperation and transmission of the remaining user and cooperating partner’s

parity packets is explained in each sub case. Figure 3.2 shows a system diagram of Cross

Layer Hybrid ARQ 2 Cooperation.
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Figure 3.2: Cross Layer HARQ 2 Cooperation: System Diagram

Initially user 1 transmits B, ,and B, , to the base station, shown by the red packets in Figure

3.2. The base station and the partner receive these two red packets and decode them using a

Viterbi decoder and then compute the CRC syndrome. The base station sends either an ACK

or a NACK to user 1, on the downlink, which is inherited by user 2. Based on the received

CRC signal from the base station and the interuser CRC the users decide to cooperate or not.

If for example user 1°s red packets were decoded correctly, the first time, by the base station

and user 1 is not cooperating then user 1 will transmit the two dark blue packets which is new

parity (B, ,and B, ,) for a new information packet for himself. On the other hand if the red

packets were decoded incorrectly then user 1 will incrementally transmit the green packets for
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himself which would be parity ( B, and B, ,if needed). Note that the subscript “7” is used in
the green packets for B ;and B, ,because user 1 could also be transmitting incremental

cooperation packets for user 2 (user 1 is cooperating) since i € { 1,2} in this context.

Similarly user 2 transmits B, and B, , (yellow packets) for itself initially. Based on the

feedback from the base station to user 2, which is inherited by user 1, and the interuser CRC

states user 2 will either cooperate with user 1 by transmitting the light blue packets for the

partner (B, ;and B, ,if needed) or user 2 could also not have to cooperate and could have its
own initial parity decoded correctly by the base station, in which case user 2 will transmit the
purple packets for himself (which is new parity for a new set of information bits) i.e. B, and

B, , . The subscript “7” is used in the light blue packets for B, ,and B, , because user 2 could

also be transmitting incremental parity packets for itself since i € {1,2} in this context (during

non cooperation). Note that in Figure 3.2 the transmissions of user 1 and 2 are symmetrical
about the dashed line.

3.21 Case1.1

During case 1.1 user 1 and 2 have incorrect interuser CRC. The base station signals NACK for

both user 1’s initial transmission of B, | + B, , and users 2’s initial transmission of B,, + B, ,
which are the half rate punctured subcode words from the 0.25 rate mother code. During 50%
best case cooperation user 1 will transmit B, ;and user 2 will transmit B,, i.e. each user
transmits parity for themselves incrementally. If after transmission of B ;and B, ; by user I
and user 2 respectively, the base station still signals NACK’s for the decoding of

B,+B,+B, and B,, +B,,+B,,- then user 1 will transmit an additional parity packet

B, , and user 2 will transmit an additional parity packet B, , .

Note that if an ACK is reached at any time for B,; or B, ,, the transmission of parity for that

set of information bits for user i is stopped and the next set of parity bits is transmitted for the

next set of information bits for each user.

During 25% best case cooperation user 1 will transmit B, , and user 2 will transmit B, , i.e.

each user transmits incremental parity for themselves, If after the transmission of
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B,+B,+8,+B, byuserland B,, +B,,+B,,+B,, by user 2, the base station still

signals a NACK for user 1’s parity and a NACK for user 2’s parity i.e. dcrei=0 and dere,=0
then the data packets transmitted by user 1 and 2 are considered erroneous and add to the

BER. The next set of parity, for new information packets, is transmitted by the users.

As an example if B, ,is given an ACK from the base station then user 2 does not have to
transmit B, ,and user 1 can continue to transmit B, , if B, was received incorrectly. This

could lead to some “disynchronisation” between sets of N bits for each user i.e. user 1 could

be transmitting the parity packet B, , for the previous set of information bits whilst user 2 will

be transmitting parity packets B, and B, , for the next of its information bits. HARQ 2 allows

for the transmission of incremental parity packets to a receiver and for feedback signals from
the receiver {ACK or NACK) on whether more incremental parity packets are required.
HARQ 2 c¢an be implemented in any multiple access scheme, TDMA, CDMA and FDMA.,
These multiple access schemes cannot solve the problem of packet synchronisation issues so

that cooperation opportunities are not missed in some cases.

One method of solving the above problem is to have user 1 and 2 transmit B, , (this happens

in the case when B,;lcads to correct decoding of user 2’s parity but B, ,is received

incorrectly for user 1°s parity) for user 1 and have MRC at the base station to combine user
ones received signal that is transmitted form both users. This would result in further BER
gains. Cross Layer Hybrid ARQ 2 Cooperative Diversity tries to improve throughput also and

therefore has difficulty in using the approach of both users transmitting B, , for user 1. Instead

the protocol allows for the case of “disynchronisation™ to occur (user 1 could be transmitting

the parity packet B, , for the previous set of information bits whilst user 2 will be transmitting

parity packets B, and B, , for the next of its information bits) with the following reasoning

below.

Cross Layer Hybrid ARQ 2 Cooperative Diversity is a cross layer design between the physical
and data-link layer. In order to also improve throughput, the protocol assumes that there are
higher layer (network layer) scheduling algorithms that will take QoS constraints into account
for specific types of traffic so that desynchronized cooperation packets will be buffered and
scheduled at the correct time in order to facilitate synchronized cooperation and still meet QoS

demands.
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3.2.2 Case1.2

During case 1.2 user 2°s interuser CRC flag is correct i.e. user 2 can decode user 1’s initial

transmission of B, + B, but user 1’s interuser CRC flag is incorrect i.e. user 1 cannot
decode user 2’s B,, + B, , initial transmission. The base station has also not been able to

decode B,,+ B, transmitted by user 1 and B, +B,, transmitted by user 2 and signals

NACK for dercl and dere2. During 50% best case cooperation both users transmit parity for

user 1 i.e. both users transmit B, ;. The base station employs MRC to combine the same
parity signals from the both users for user 1. If the base station is still not able to decode

B, +B,,+ B, then user 1 and 2 transmit B, , for user 1. Again the base station employs

MRC to combine both the B, , - same parity signals coming from both users.

Note that if an ACK is reached at any time during the transmission of B, or B,, (from both

users) then the transmission of parity, for that set of information bits for user 1, is stopped and

the next set of parity bits is transmitted for a new set of information bits.

During 25% best case cooperation user 1 and 2 will transmit B, ; for user 1. The base station

will use MRC to combine the same parity transmitted for user 1 by both users.

If after the transmission of Bl,dM *C by user 1 and 2, the base station still signals a NACK for

user 1’s parity i.e. derc=0 then the parity packets transmitted for user 1 is considered
erroneous and adds to the BER. The next set of parity for new information packets is

transmitted by the users.

3.23 Case1.3

During case 1.3 user 2’s interuser CRC flag is incotrect i.e. user 2 cannot decode user 1°s

initial transmission of B, + B, but user 1’s interuser CRC flag is correct i.c. user 1 can
decode user 2’s B, + B, , initial transmission. The base station has also not been able to

decode B, + B, foruser 1 and B, + B, , for user 2 and signals NACK for dere; and derc,.

During 50% best case cooperation both users transmit parity for user 2 i.e. both users transmit

B, ;. The base station employs MRC to combine the same parity signals from the both users
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for user 2. If the base station still is not able to decode B,; + B, , + BMMRC then user | and 2
transmit B,, for user 2. Again the base station employs MRC to combine the same parity

B, , signals coming from both users.

Note that if an ACK is reached at any time during the transmission of B,, or B,, the

transmission of parity for that set of information bits for user 2 is stopped and the next set of

parity bits are transmitted for a next set of information bits for each user. During 25% best

case cooperation user 1 and 2 will transmit B, , for user 2. The base station will use MRC to

combine the same parity transmitted for user 2 by both users.

After the transmission of BMMRC by user 1 and 2, the base station still signals a NACK for

user 2’s parity ie. dere,=0 then the parity packets transmitted for user 2 is considered
erroneous and adds to the BER. The next set of parity for new information packets is

transmitted by the users.

3.24 Case1l14

During case 1.4 user 1 and 2 have correct interuser CRC. The base station signals NACK for

both user 1’s initial transmission of B, + B, , and users 2’s initial transmission of B, + B, ,

which are the half rate punctured sub code words from the 0.25 rate mother code. During

50% best case cooperation user 1 will transmit B, , and user 2 will transmit B, , i.e. each user
transmits parity for its partner incrementally. If after transmission of B,;and B, by user 1
and 2 respectively, the base station still signals NACKSs for the decoding of B, + B,, + B, ,
and B, +B,, + B, ,- then user 1 will transmit an additional parity packet of B, , and user 2

will transmit an additional parity packet of B, , .

Note that if an ACK is reached at any time during the transmission of B,, or B, then the

transmission of parity for that set of information bits for user 7 is stopped and the next set of

parity bits is transmitted for the next set of information bits -~ for each user.

During 25% best case cooperation user 1 will transmit B, , and user 2 will transmit B, i.e.

each user transmits incremental parity for its partner. After transmission of B, , and B, , by

user 1 and 2 respectively the base station signals NACK for the decoding of
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B,+B,+B,+B,and B, +B,,+B,,+8B,, then the packet is considered an error

packet and a new packet transmission is started.

After the transmission of B, +B,, + B,""* + B, “*” and B,, +B,, +B,,""" + B, " by

user 1 and user 2, if the base station still signals a NACK for user 1’s parity and a NACK for
user 2°s parity i.e. dere,=0 and dcrc,=0 then the parity packets transmitted by user 1 and 2 are

considered erroneous and add to the BER for user 1 and 2. The next set of parity for the new

information packets is transmitted by the users. The subscript in the notation B,,“"”’ means

user 1 transmits the parity for user 2 during the third incremental parity packet transmission of

32_1 +Bz,2 +BZ,3userl +Bz,4u$e!‘] i
3.25 Case2

During this case dere;= 0 and dere;=1 i.e. the base station has only signalled a NACK for user
1’s parity transmission of By, + B, ,. Hence parity has to be transmitted for user 1 only in this
case. Based on whether or not user 2 has decoded user 1’s initial transmission of B, + B, ,

i.e. if crc, is equal to 1 or 0, user 2 will either transmit incremental parity for user 1 or not.

During case 2.1 and 2.3 user 2 will have crc,=(0 and will not be able to incrementally transmit

B, ;and B, , (if needed) for user 1 and user 1 will transmit B, and B, , (if needed) for itself

only,

In cases 2.2 and 2.4 user 2 has cre;=1 and thus user 2 can transmit B, ,and B, , (if needed) for
uset 1. The base station then uses MRC to combine the two spatially diversely received same
parity signals i.e. B;“"", B *", B ;" *and B /*"* (if needed) from user 1 and 2 for user
1. The “if needed” words in brackets mean that in the case where user 1 and 2 transmitted B, ,

for user 1 and MRC was performed at the base station and the base station counld still not

decode the transmitted parity for user 1, then user | and 2 would transmit B, , for user I

becaunse this parity is now needed by the base station. The base station again will perform

MRC for the received B, ,signal from user 1 and 2 for user 1’s parity.
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3.26 Case3

This case is the same as case 2 with the roles of user 1 and 2 swapped,

3.2.7 Cased

During the first frame transmissions by user I and 2, B, + B, and B, + B, , are transmitted

correctly and the base station signals an ACK for both of them i.e. dere)=1 and dere;=1. The
users do not need to transmit any more parity to the base station, for that set of information
bits, and hence continue transmitting parity for the next set of information bits. Table 3.2 on

the next page summarises all the possible transmissions by the users based on the scenario.
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Table 3.2: Summary of transmission signals for Cross Layer HARQ 2 Cooperation

User I’s User 2’s MRC
Case | derey | deres | erey | eres Transmission | Transmission Combining
Employed
1.1 0 0 0 0 B, and B, ;and
B, (if needed) | B, ,(if needed) No
12| 0 | 0 | 01 B, and B, and
B,,(ifneeded) | B,,(if needed) Yes
131 0 | 0 | 10 B,,and B, and
B,,(ifneeded) | B,,(ifneeded) |  1°°
4 0 ] 0 | 1|1 B, ,and B,, and
B,,(ifneeded) | B, (ifneeded) |  \°
21 ] 0 | 1 [0 o0 B,, and B, +B,,
B, (ifneeded) | for next frame No
22 0 1 0 1 B, and B, ; and
B,,(ifneeded) | B, (ifneeded) | '
2.3 0 1 1 0 B , and B, +8B,,
B,,(if needed) | for next frame No
24 0 [ 1 | 1] 1 B,, and B,, and
B, (ifneeded) | B,,(ifneeded) | Y5
31 1. | 0 [ 0] 0 B, +B, B, ,and
for next frame | B, , (if needed) No
32 1 ] 0 |0 | 1 B, + B, B, ,and
for next frame | B, , (if needed) No
33 1 | 0 [ 1]0 B,,and B,,and
B, (ifneeded) | B, (ifneeded) | '
34 1 | 0 1 1] 1 B, ,and B,,and
B,,(ifneeded) | B, ,(ifneeded) |  1°°
4.1 1 1 0 0 B,+B, B, +B,, No
for next frame | for next frame
42 1 1 0 1 B, +B, B, +B,, No
for next frame | for next frame
4.3 1 | 1 0 B,+8B, B, +B,, No
for next frame | for next frame
4.4 1 1 1 1 B,+B, B,,+B,, No
for next frame | for next frame
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3.3 No Cooperation Analysis

During no cooperation a user, using a R = % rate, transmits incremental packets up to the

full mother code to the base station, incrementally. The conditional PEP is dependant on the

instantaneous received SNR given by (3.3) and is given by:

4
P(d\ NpstiasPiasia) = Q(, PZ d],,-:-q.,} 3.7)
i=1

where y,,.7,,7and ¥, are mutvally independent of each other. To obtain the

unconditional PEP the conditional PEP is averaged over the range of gamma i.e.

P(d)=[P(d|7)p,(r)dy 3.8)

Since there are four fading blocks four fold integration is performed to compute a lower bound

for the unconditional PEP Shown below.

] 4

P(d)< [{[{o(d1nnprand TTe(n) dndr.dr dr., 3G9
LU ]

Pt i=1

Using the moment generating function and the alternate form of the Q function as shown in

(2.9) and (2.7) respectively, the unconditional PEP is simplified to be:

x,

2/
1 —dT —d,T -d,T —dT
P(d)=— iM LR [y VY R =R Y S bl 7. ) Ly S [
(d) Ty ™ ( sin® @ ] e ( sin* @ Mol sin®@ | P\ sin’@

_1 1 1 1 1
m|1+d L, || 1+d,T,, || 1+d,],, || 1+d,],,

3.4 Determining the PEP on The Uplink Channels

3.10)

During block fading conditions ¢, , (n) =a,

AL

(n) over the range of N . The fading block

vector, @, ;, (7}, thus reduces to a scalar.

i g
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Based on the interuser and base station CRC states, the conditional PEP can be determined.

The CRC states are explained in Table 3.1.

During case 1.1 no cooperation occurs and so each user transmits parity for itself. The PEP

for case 1.1 for each user is given by:

4
P(d | Yt Vs ) = Q(ﬂzz dl,s?’l,:J (3.11)
{m]

4
Note that d =Zd1’,. where d,, are the distances (Hamming distance) between ¢, and e,

f=l
where 1 € {1, 2,3, 4} or portions of the error event for each sub code word or incremental
packet. During case 1.4 we have full cooperation (since the interuser CRC states cre; = 1 and

crc; = 1 and the base station CRC states i.e. dere; and derc, are equal to 0) with each user

transmitting parity for the other and the conditional PEP for each user is given by:

2 4
p(d | #1105 7125723 »?’2,4)= o \j(22 dyri+ 22 d2,jy2,.!) (3-12)
. =3

i=1

During case 1.2 partial cooperation occurs i.e. we have MRC combining at the base station

since both users transmit incremental parity for user 1. The conditional PEP for user 1 is

given by:

4 4
P(d [ Y Y1257139Y140Y 2397 2.4 ) =0 ‘}[22 dyh,+ 2Z dz,;'?/z,JJ G-13)
=3

i=l

3.5 Determining the Transmission Case Probabilities

Cross layer hybrid ARQ 2 cooperation has 16 possible transmission scenarios which are

determined based on the BLER during transmission of the first 2 or 3 incremental packets

depending on the best case cooperation level 4, ;.

Using (2.23) the BLER for a convolutional code is bounded by:

P () S1-(1- B (7))’ <B-Pi (7) @.14)
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Where the first event error probability Py ( ;V) is given by:

P.(r)< 3 a(d)P(dy) | 319)

d=d,

The probability of case 1.1 can be calculated, under reciprocal interuser channel conditions,

using:

P

!

Where the factor p,;,, (71,2 J) denotes the interuser BLER under reciprocal interuser channel!

9=1—1|71,2,19?’1,2,2’?’1,19?1,29}’2,1’3"2,2) =

2Trams

L 2
Phiock,) (?’ L2 )] H Prrock 1 (?’1, J )E Phtock 2 (7 24 )

—

(3.16)

—

1l
—_

e

conditions. The factor p,,.;, (;Vl_ J.)denotes the BLER for an incremental packet on user 1°s

uplink channel and the factor p,;,;, (yu) denotes the BLER for an incremental packet on

user 2°s up'link channel. The “2Trans” subscript in (3.16) means two incremental packets are
transmitted first i.e. 50% best case cooperation is employed. During 25% best case
cooperation (3.16) is modified to:

P(9=1-1|71,2,1s3"1,2,2’7’1,2,3s3"1,1’J’l,zs?’l,p?’z,v?’z,zs?’2,3) =

ITrams

3 2 3 3
[H Phtock 1 (?’ 1.2 )i| 1_1[ Phiock 1 (?’ 1,/ )1:! Phiock 2 (?’u )
j- =

=1

317

Where the subscript “3Trans” means three initial incremental packets are transmitted i.e. 25%

best case cooperation is employed.

Equation (3.11)} and (3.15) are used in (3.14) together with the limit before averaging
techniques as outlined in (47] to obtain a tight bound for the case 1.1 conditional probability
given on the next page in (3.18).
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P(G =11] N21722:-711-112:721: 722 )2Trans =

I 1_[1_mm[l, » a(d)p(du.,z_.)DB Il [[zﬁe()(t)m

i=. d=ﬂ'ﬁ“

TR

To obtain the unconditional case probability the conditional case probability is averaged over

3.18)

the instantaneous SNR range i.e.

P(6)= [P(81v)p(v) 3.19)

Where v is the fading vector representing the channel state. Using (3.18) the case probability

for case 1.1 is derived to be:

o

p(o= I‘I)érmns = 3!333:{3’ (‘9 =LUrapnaznena g )
2

Hp(?’zk) Hd?’lz: delj def’zk

k=l = k=]

2

P(}’u_, ) 'ﬁp(}’w )

i=l =l

L]

(3.20)
This happens during 50% best case cooperation. Note that in (3.20) the unconditional case

probability is not averaged over 7,,,,%1,,.%511:721> but only over ¥,,,,%,,, since the

channel is assumed to be reciprocal.

During 25% best case cooperation, the case probability for case 1.1 can be calculated to be:

oF o O

IIP 0=1. I[?’121’7122s?’123’}’11s712a713=?’219y22’}/23)
00

1]

p(e"_‘l'l)smm =°]

3

HP(?’m,r)‘ﬁp(}’l,;) ﬁp(?’u) Hd?’lzf Hd}ﬁ; Hd?’zk

i=f 4= k=l i=1

(3.21)
Similarly the case probabilities for the other transmission cases can be calculated based on the

interuser and base station CRC states. Equation (3.18) is thus integrated over the entire

instantaneous SNR range in (3.20) to obtain p(€ =1.1),, .
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Case 1.4 for example has the following conditional case probability for 50% best case

cooperation;

P(9 =L4| ¥, Y00 M N2 Ve Vo )mm =

2 2 3 2
[H (1 ~ Poiock 1 (71,2,:' )):| H Phiock 1 (71,; )H Phiock 2 (J’z,k )
px z

i=l

(3.22)

In this case full cooperation occurs and each user transmits parity to its partner incrementally.

During independent interuser channel conditions the conditional case probability has to be
modified with regard to the interuser BLER factor for the transmission case probability. As an
example if case 1.4 had occurred under independent interuser channel conditions then (3.22)
has to be modified to:

P(9=1-4|Yl,z,n?’1,2,2s?’l,p?’a,z’?’z,v?’z,l) =

2Trans

110 s G ) 0= ) [T T s G5 [ T

i=] =1

(3.23)

2

Where the factor [ﬁ (1— Diiocicl (7:,2,1 )):’[H(l— Dhtock.| (}’2,1, J)):| represents the interuser

i=1 j=1

CRC states. Here 7, ,, isnotequaltoy,, .

3 2
Equation (3.22) has the factor [H(l = Poiock 1 (3’1,2; ))} for the interuser states, since ¥, ,; is

i=1
equal to 7, , ;- the interuser bit error probability for each incremental packet is equal, which

results in the square of a user’s product of bit error rates for its transmission. This is shown by

the square factor in this paragraph above.

3.6 The End to End Bit Error Probability

The BER for Cross layer Hybrid ARQ 2 Cooperative Diversity is given by the BER for each
transmission case weighted by the case probability and takes into account correct decoding
before the maximum amount of packets is transmitted. Appendix A contains detailed
derivations of the end to end BER bounds. In this chapter the end to end theoretical BER

bound equations are presented and explained. This is done by introducing the concepts of the
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individual transmission case probability and the individual BER for each transmission case

probability.

When cooperation level lies between 0-50% (i.e. 50% best case cooperation) the end to end

BER is given by:

2 4 4
pBERzzzzpb(9=lsr)jp(9=z3r)j 3.29)

=1 =l j=2

The factor p, (6’ =] ,r)j_ denotes the BER for a specific case on the uplink channel whilst the

factor p(0 =1, r)j denotes the case probability.

Since p, (9 =1, r)j is the BER at a specific instance of # it can be generalized as:

p(0=Lr), <Imm > L3 c(@)p(dly) }p(y)dr (325

k, d=d g

Since ¥ is the vector state of the channel, for a specific transmission scenario, (3.25) has to be
expanded based on the individual case. The PEP i.e. p(d | ;V) has to also be determined for

each case.
During case 1.4 the BER for 50% best case cooperation is given by:

] <o 2
R(0=14),, < "y 2. c(d)p(dlrn ,2,9)]1_[1?(?1,f)d1’., (3.26)
d=dg.,

i=1

I_I
MI—-

Ot 8
CN—-,S

Where:

p(dl 71,19?'1,1)= Q[ [22 dl,fyl,:‘)}

i=1

327
During 25% best case cooperation the end to end BER is given by:

2 4 4
PBER=zzzpb(9=!ar)jp(9=1,?‘)j (3.28)

=l =l f=3



The only difference between this equation and Equation (3.24) is that the 25% cooperation

level is taken into account in this equation by changing the lower limit of the subscript J i.e.

3 initial parity packets are transmitted.

3.7 Simulation Parameters and Discussion of Results

The performance analysis of Cross Layer HARQ 2 Cooperation is analysed here using the
BER performance metric. The mother code is still kept atR = 4 the memory length,

M =4 and the family of RCPC codes is again used from [57]. The amount of information bits

in the source packet is kept at K =128 information bits. The distance spectra a(d ) and
c(d )are computed via computer enumeration as well as the separation of the minimum

distance d into d,, or d,, where ve {1,2,3,4}.

Error detection is handled via 16 bit CRC (augmented into the K bit source packet) with the

generator polynomial equal to: g, (x) =15935 in hexadecimal notation. Figures 3.3 to 3.8

show comparisons between simulated and theoretical BER for Cross Laver HARQ 2

Cooperation.

Figure 3.3 shows the performance of BER under symmetrical uplink (I', , =T, ;) channels
for 50% best case cooperation, with reciprocal interuser channel conditions ie. 7,,, =7,,,

where [ € {1,2}. Cross layer HARQ 2 Cooperation shows massive improvements in

performance over non cooperation, for the block fading channel, as the interuser channel

quality improves. Even under 0dB interuser channel conditions Cross laver HARQ 2 shows a

0.6 dB improvement in performance over non cooperation at a BER of 107", As the interuser

channel quality improves the BER of Cross Layer HARQ 2 cooperation also improves.

At 10dB interuser channel conditions Cross Layer HARQ 2 Cooperation maintains a 2.1 dB

gain over non cooperation at a BER of10™ . Note that since this is a block fading channel the

SNR regime is smaller over the range of BER.
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Figure 3.3: 50% cooperation with symmetric uplinks

Figure 3.4 shows a comparison between 50% and 25% best case cooperation under 5dB and
perfect interuser channel conditions. During 5dB interuser channel conditions, indicated by a
dotted line in the legend, 25% best case cooperation is better than 50% best case cooperation
under higher SNR conditions, since more parity is needed by the base station during the initial
transmission by the user to decode the user’s parity correctly. Hence a stronger code in the

initial transmission by a user is of more importance to a user’s performance.

During perfect interuser channel conditions the case x.4 is observed, where x € {1, 2,3,4} 5

At lower uplink SNR the probability of x =1 i.e. case 1.4 occurring is the highest and as the
uplink SNR reaches a maximum of 8dB the probability of x =4 is the highest i.e. case 4.4
occurring. In the intermediate SNR note the transmission case scenarios will fluctuate between
case 1.4 to case 4.4 with case 2.4 and case 3.4 occurring more often as partial cooperation.
Note that during case 1.4 full cooperation is observed and during case 4.4 since correct
transmissions are received at the base station no cooperation is required and the users transmit

their next set of parity for their next set of information bits.
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Figure 3.4: A comparison between 50% and 25% cooperation
Figure 3.5 and 3.6 shows a comparison between reciprocal and independent interuser channel

conditions for both 50% and 25% best case cooperation. The loss in BER performance

between Coded Cooperation and Cross Layer HARQ 2 cooperation is always within 1 dB.
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Figure 3.6: Independent vs. Reciprocal interuser channels for 50% Best Case cooperation
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Figure 3.7 shows Cross Layer HARQ2 Cooperation during asymmetric uplink channels. User
1's uplink channel is fixed at 8dB and user 2’s uplink varies form 0-8dB. User 2°’s BER
improves dramatically by cooperating with user 1 even under poor interuser channel
conditions. The performance of user 1 reduces slightly by cooperating under poor uplink
conditions but this is negligible and improves as the uplink quality improves. Note that the
interuser channel quality is set to 5dB so this also contributes to the slight degradation of BER

for user 1.

Bit Error Probability

0 1 2 3 4 5 6 7 8
Average Received SNR at Base Station (dB)

Figure 3.7: Asymmetric uplink conditions

In Figure 3.8 comparisons are made between Cross Layer HARQ 2 Cooperation and Coded
Cooperation at 0dB and 5dB interuser channel conditions. Cross Layer Hybrid ARQ 2
Cooperation always performs better than Coded Cooperation even under poor interuser
channel conditions with a performance gain of as high as 2.1 dB at 0dB interuser channel
conditions. Note that during higher interuser channel conditions 25% cooperation outperforms
50% cooperation during high uplink conditions for both Coded Cooperation and Cross Layer
HARQ 2 cooperation.
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Figure 3.8: Comparison between Cross Layer HARQ 2 Cooperation and Coded Cooperation
3.8 Chapter Summary

RCPC codes were used to partition a NV bit convolutional code into individual parity packets

or sub code words as shown in Figure 3.1. Four incremental parity packets can be created via

puncturing i.e. B, .B,,,B,;,B or B, .B,,.B,,B,, for user 1 and 2 respectively. Based
on the cooperation level 4, ; a partner j will receive at least B,,, B, , from user i during

50% best case cooperation or B, ,, B, ,, B, ; during 25% best case cooperation.

Based on the interuser CRC states i.e. cre; and crc; and the base station CRC states i.e. derg
and dcrc, the partners will either cooperate, by incrementally transmitting parity, or will not
cooperate - because there is no need to (i.e. base station has sent back ACK signals for both
users’ incremental parity transmissions). Since the base station CRC states and the interuser
CRC states yield values for 4 bits, 16 possible transmission states are possible and thus 16

possible transmission scenarios occur for each user.
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Analytical analysis of BER for Cross Layer Hybrid ARQ 2 Cooperation is performed using
the unconditional PEP, in each transmission scenario, and summing the individuai BERs for
cach case weighted by the case probabilities. The analytical BER bounds confirm the
simulated results for Cross Layer Hybrid ARQ 2 Cooperation.

Simulations show improvements in Cross Layer Hybrid ARQ 2 Cooperation over Coded
Cooperation for BER during all interuser channel conditions. The BER performance for Cross
Layer Hybrid ARQ 2 Cooperation also shows gains in performance over non cooperation even
at an interuser channel condition of 0 dB. As the interuser channel condition improves the
performance gain of Cross Layer Hybrid ARQ 2 Cooperation improves dramatically over non

cooperation.

The performance loss in BER due to the use of independent interuser channel conditions is

also shown to be within 1 dB of that of reciprocal interuser channel conditions.
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Chapter 4

Chapter 3 introduced Cross Layer Hybrid ARQ 2 Cooperative Diversity and presented
simulation and analytical bound results with regard to BER improvements over Coded
Cooperation. In this Chapter the throughput of Cross Layer HARQ 2 Cooperation is examined
via simulations and by computation of theoretical throughput bounds, using principles of
packet error probability and average amount of transmitted sub code words per source
information packet, as mentioned in [47). These mentioned analytical throughput principles in
[47] are used as a foundation and understanding in order to be able to compute higher level
throughput bounds that occurs in Cross Layer HARQ 2 Cooperation. The throughput of
Coded Cooperation is also computed and compared to that of Cross Layer HARQ 2
Cooperation, showing the throughput efficiency of Cross Layer Hybrid ARQ 2 Cooperation

over Coded Cooperation.

4 Throughput Evaluation of Cross Layer HARQ 2
Cooperative Diversity

4.1 Throughput Improvements in Cross Layer HARQ 2 Cooperation

Cross layer Hybrid ARQ 2 combines cooperative diversity at the physical layer and truncated
ARQ at the data link layer.

The Cross Layer Hybrid ARQ 2 protocol involves a cooperating user attempting to decode its
partners first two transmitted parity packets, which is evaluated based on the computation of a
CRC parity check sum. By using CRC the room for introducing further performance error’s
into the system (via estimation of the partners transmitted signal) is minimized to zero. This is
in contrast to fixed cooperation protocols such as amplify and forward and detect and forward
where the cooperating partner is chosen irrespective of the interuser decoding scenario (these
are termed fixed cooperation protocols). These two fixed cooperation protocols operate based
on exploitation of the omni directional electromagnetic waves emitted from the source, which
involves signal processing on an analog signal. Detect and forward would detect the analog

transmission for the source based on thresholding of the received signal,

Choosing a suitable threshold is a difficult matter since it depends on the instances of the

fading coefficients. If too high a threshoid is chosen then the performance is reduced. When a
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low threshold is chosen then an extra amount of error is introduced into the system which

would also reduce the system performance.

Coded Cooperation [17]-[19], [21]-[24], helped to solve this problem by introducing error
detection codes (Cyclic Redundancy Check - CRC) into the system, so that cooperating users
append CRC bits in their information packet, which is then encoded (using RCPC codes) and
transmitted. The receiving partner used a Viterbi decoder to decode the RCPC code and then a
CRC syndrome calculation was done to check if the source data packet is received correctly or
not. In this way cooperation only takes place upon successful CRC syndrome calculations i.e.

CRC parity check sum has to equal to zero.

Coded Cooperation, however, allows for continual transmission. The user’s continued
transmission is oblivious to the fact that the destination (base station) could have received the
initial parity transmissions correctly and so continued transmissions until all parity is
completed. Although Coded Cooperation results in good BER performance the protocol does
not allow for efficient utilization of bandwidth i.e. in some cases there is no need to cooperate

anymore.

By combining Automatic Repeat re-Quest (ARQ) at the data-link layer and cooperative
diversity on the physical layer, in a cross layer approach, control can be achieved on the
amount of parity to transmit by a cooperating or non cooperating user. This results in

improvements in throughput,

Instead of having just the partners decoding the interuser CRC, the destination also decodes
the user’s parity, in groups of packets, until sufficient parity is available to successfully
decode the wvser’s information (with the help of cooperation parity packets and MRC being

performed at the base station).

4.2 Throughput Analysis

The throughput can be defined to be the successful data rate, which is given by:

=

B
7=

= 4.1
B+e¢ @n

il

Where B denotes the information packet length and excludes the “¢ > CRC bits concatenated

with the information packet. Note that p, is defined to be the packet successful probability.
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The following notation has to be taken into account during the derivation of the throughput

bounds:

1. p,,denotes the packet error probability for direct incremental transmission i.e. no

¢cooperation.

2. pg‘,l is the packet error probability for incremental retransmission for user 1.

(2)

3. ppr isthe packet error probability for incremental retransmission for user 2.

4. p., denotes the symbol error probability for direct incremental transmission

invelving no cooperation.
5. pg},.f) denotes the symbol error probability for incrementai retransmission by user 1.
6. pg) denotes the symbol error probability for incremental retransmission by user 2.

7. L is the average amount of transmitted sub code words per source information

packet.

During direct transmission i.e. no cooperation the packet successful probability p, is given
by:
2
2. =1-p, (P") 42)

L ,during direct transmission, is given by:

L=p, [1+ ppR(‘}] (4.3)
B
Note that p,=1-(1-p,)° and simiaty p,Y=1-(1-p")  and

B
ppR(z) =] ~(1— psR(z)) which vields the relationship between packet error probability and

symbol error probability. Since BPSK is used the symbol error rate is equal to the bit error

rate. During 50% best case cooperation L is given by:

60+ (2,) +(1= 2, )+ 2 (1= £+ 2022+ (P2) (p2) ]
=1+ (o) | +(1- PO (1= 22)+ (1- p2)- P2 + P (1- 22

+opp (1- 20 (1- A7)

@4
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Using the approach taken in [47] the calculation of L involves computing the union of all
possible transmission scenarios during Cross Layer Hybrid ARQ 2 Cooperative Diversity.
This involves no cooperation, partial cooperation and full cooperation. Note that during 50%
best case cooperation the source node will always first transmit two packets of parity to the

base station which will be inherited or listened to by the cooperating partner node, hence the

Py term.

During 25% cooperation best case cooperation L is calculated to be:
—_ . 3
L=1+(p,a) [1+ 2% P2+ P2 (1- P2)+ P2 (1- pR)+ (1- 22)(1-£2)] @9

During 25% best case cooperation the source node will always first tradsmit three packets of
parity to the base station which will be inherited or listened to by the cooperating partner

node, hence the ppa.3 term.

Note that the packet error probability for retransmission by user 1 and 2 is given by

P,(og =1 _(I_PS::) ) and p =1- ( (2 ))B respectively.

The packet successful probability for 50% best case cooperation is calculated using a similar

approach to [47] but now extending this to the Cross Layer HARQ 2 cooperation protocol i.e.

2 =[1-(de) (P) ]p(m cooperation)+[1—(ppd) (P9) (#2) }p(cwperation)

{4.6)
The same approach can be applied for 25% best case cooperation but now taking into account
that three initial parity packets are transmitted by each node to the base station before

cooperation begins i.e.

p, = I:l - (ppd ) (pg,})2 )] .p(no cooperation ) + [1 - (ppd ) (pS‘,}e )(pﬁ,?) )] .p(cooperation )

“.7

63



Refer to Appendix B for further insight into the derivation of p, and L . The calculation of

p(cooperation) involves correct interuser CRC syndrome calculations. This involves

evaluation of the block error probability in the interuser channel.

Assuming reciprocal interuser channels p(cooperation) , during 50% best case cooperation,

is calculated to be:

2
p(cooperation) = |:1_[(1 = Phiock,) (71,2,;' )):| 4.8)

i=1

During 25% best case cooperation p(cooperation) is given by:

3
p (cooperation) = [H(l ~ Phriocr (7 12 ))] 4.9)

i=1

Using the block error probability bound for a convolutional code i.e.
Pooct (7)) Priosc (7 ) S 1 —(1 -F; (y))B , where P; () is the first event error probability and
is bounded by:

P (y)s i a(d)P(d|y) (4.10)

d=d,

p(cooperation ) can be calculated to be:

B
2
p(cooperation ) = H[l - min {1, e () p(d (72, )D (4.11)

i=1 5 free

during 50% best case cooperation using the first event error probability. Similarly

p(cooperation) during 25% best case cooperation is given by:

B
3
p(cooperation) = H[l - min [l, E a(d)p(d | yl,Z,f)]J {4.12)

i= d=dﬁee

The inverse calculation is performed for p(no cooperation). Thus incorrect interuser CRC

syndrome calculations are obtained by the users. This involves evaluation of the block error

probability in the interuser channel. Assuming reciprocal interuser channels

p(no cooperation) , during 50% best case cooperation, is calculated to be:
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2
p(no cooperation) = [H Prvocer (N2 )] (4.13)
i=1

During 25% best case cooperation p(no cooperation) is given by:

3
p(no cooperation ) = |:H Prioces (712 )] @19

=1

Following the same approach as that of the calculation of p(cooperation) but this time for

incorrect interuser CRC results p(no cooperation) is calculated during 50% best case

cooperation as:

i =dﬁw

plno cooperation) = ﬁ - [l mm{ dZa(d)p(d | 7124 )J] 4.15)

Similarly during 25% best case cooperation p (no cooperation) is derived to be:

p(no cooperation)= f[ 1- [1 mm( i a(d)P(dle,)J] (4.16)

i=1 d=dﬁ“

Using the end to end BER results derived in Chapter 3 i.e. (3.24) and (3.28), pﬂg and pg) -

during 50% best case cooperation is given by:

2 4 4
Par =222 2 (0=1r) p(6=1r), @1

f=1 r=1 j=2

Since BPSK modulation is used the symbol error rate is equal to the bit error rate.

Using pﬁ )and p{ ) we can compute p() and p( ) as shown in (4.18) and (4.19) below:

8
P =1-(1- ) (4.18)
B
2" =1-(1-p,?) @.19)
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The bit error rate for 25% best case cooperation is given by:

4

2 4
PBER=§ZZPb(9=I,r)jp(6'=l,r)f (4.20)

1 rot j=3

Using (4.20) pgz) and pg) are calculated for 25% best case cooperation, since they are equal

10 (4.20) and thus pﬂg and pfq} are calculated using (4.18) and (4.19) respectively.

4.3 Simulation Parameters and Discussion

Figure 4.1 shows a throughput comparison between Coded Cooperation and Cross Layer
HARQ 2 Cooperation using only analytical bounds for 50% best case cooperation. The dotted
lines represent Coded Cooperation and the solid lines represent Cross Layer Cooperation as

shown in the legend.

At all interuser channel conditions Cross Layer HARQ 2 Cooperation always maintains a
throughput improvement over Coded Cooperation. Note that at high SNR the throughput
performance of Coded Cooperation degrades. As an example in Figure 4.1 the throughput of
Coded Cooperation at 5dB drops below the throughput of Cross Layer Cooperation at 0db at
high uplink SNRs. This is due to the fact that at high uplink SNRs the amount of parity
packets transmitted during Cross Layer Cooperation reduces due to good uplink conditions
whilst Coded Cooperation continues transmitting all the parity available and thus experiences
a major reduction in throughput. The same throughput degradation is seen for Coded
Cooperation with a perfect interuser channel i.e. the throughput of Coded Cooperation under
perfect interuser channel conditions drops below the throughput of Cross Layer Cooperation

at 5dB interuser channel conditions.
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Figure 4.1: Throughput comparison between Cross Layer HARQ 2 Cooperation and Coded
Cooperation for 50% best case cooperation

Similar comments can be made for Figure 4.2 from that of Figure 4.1, the only difference
being that here 25% best case cooperation is being evaluated. The throughput range however
reduces intuitively due to the fact that three incremental parity packets are transmitted upfront
by each user as opposed to two due to the variation in cooperation level from 50% best case to
25% best case. Cross Layer HARQ 2 Cooperation again maintains a throughput performance
gain over Coded Cooperation at all interuser channel conditions. Coded Cooperation again
shows throughput degradation at higher interuser channel conditions due to the transmission

of all available parity during good uplink conditions (this is bandwidth inefficient).
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Figure 4.2: Throughput comparison between Cross Layer HARQ 2 Cooperation and Coded
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Figure 4.3: Theoretical throughput bound vs. throughput simulation for 50% best case
cooperation
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Figure 4.4: Theoretical throughput bound vs. throughput simulation for 25% best case

cooperation

Figures 4.3 and 4.4 show the performance comparison between the simulated and analytical
bounds Cross Layer HARQ 2 Cooperation for both 50% and 25% best case cooperation. The
analytical results confirm the simulations at all interuser channel conditions to within 0.5dB’s
of performance variation. The dotted lines show the simulations of the throughput and the

solid lines represent the analytical bounds - as shown in the legends.

4.4 Chapter Summary

Due to the bandwidth saving nature of Cross Layer HARQ 2 Cooperation, throughput bounds
are developed in order to analyse the performance of the protocol and to compare it to Coded
Cooperation. Higher throughput performance is observed for Cross Layer HARQ 2

Cooperation over Coded Cooperation under both 50% and 25% best case cooperation levels.

The packet successful probability and the average amount of retransmitted sub code words are
used to compute the throughput bound. Cross Layer HARQ 2 Cooperation always maintains a
competitive throughput performance gain over Coded Cooperation due to the incremental
nature of the protocol over Coded Cooperation, which in some cases transmits parity when it

is not needed.
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Cross Layer HARQ 2 Cooperation is thus bandwidth efficient whilst also using CRC to adapt
to channel conditions. In this way BER and throughput are improved during Cross Layer
HARQ 2 Cooperation over Coded Cooperation since Coded Cooperation will always result in
a user transmitting all its available parity without checking or realizing that sufficient parity
has been transmitted to the base station - for the decoding of a particular information bit block.
This results in the throughput of Coded Cooperation at higher interuser SNR channe!
conditions to drop below the throughput of Cross Layer Hybrid ARQ 2 Cooperation with

lower interuser SNR channel conditions during higher uplink SNR conditions.

The simulations of Cross Layer Hybrid ARQ 2 cooperation match the analytical bounds
closely for both 25% and 50% best case cooperation.
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Chapter 5

5 Conclusions and Future Work
5.1 Dissertation Achievements

Pioneer work in the area of cooperative diversity as explained in Chapter 1 involved users
repeating the transmitted parity of their partners to the base station in an effort to create spatial
diversity via repetition. There were two signalling methods of repetition, which were Detect
and forward and Amplify and forward. Amplify and forward allowed for a user to first
amplify the partner’s transmitted parity and then forward it to the base station. Detect and
forward on the other hand involved a user first estimating every transmitted parity symbol of

its partner and then transmitting the estimated signals to the base station.

Amplify and forward however assumed that interuser fading coefficient knowledge is
available at the base station. Obtaining a method of passing or estimating this information to
the base station is not a trivial exercise. Note also that at poor interuser channel conditions the
user amplifies the partner’s noise as well which will degrade the BER performance at the

receiver.

The introduction of error into the system is also provided for by the detect and forward
signalling method. Again at low interuser channel conditions the probability of the user
detecting the partner’s transmitted parity (via threshold estimation) correctly is low and thus

the user transmits an incorrect estimate of the partner’s signal to the base station.

Coded Cooperation took care of the error introduction into the system, by the cooperating
users, even before decoding is performed at the base station. This was catered for by using
channel coding and error detection codes such as CRC. The user only cooperated with a
partner if the CRC syndrome calculation of the partner’s initial parity transmission (to the
base station which is inherited by the user) was successful. This allowed for Coded
Cooperation to have a competitive edge over Detect and forward, Amplify and forward and
also non cooperation transmission. Even under poor interuser channel conditions Coded
Cooperation performed at least as well as non cooperation. Coded Cooperation showed
massive improvements in BER, as the interuser channel quality improved, over non

cooperation,
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In Chapter 2 the Coded Cooperation scheme was examined in a slow fading channel. The
protocol was simulated based on the work done in [24], which involved an RCPC
implementation of Coded Cooperation. The Coded Cooperation system was then used as a
baseline system with the introduction of a new protocol to follow. The theoretical analysis
done on Coded Cooperation was split into various parts in order to obtain an end to end BER
bound. The bit and block error rates had to be determined first, which was used to derive the
interuser case transmission probability. The conditional PEP had to be determined for the
uplink channels based on the cooperative case transmission probability. The end to end BER
was then calculated using a weighting between the case probabilities and the BER for a
specific case probability. The simulations and BER bounds confirmed each other. The
theoretical analysis done for the BER in Coded Cooperation helped outline and lay the
foundation for much more complex Cross Layer BER theoretical analysis proposed in Chapter
3.

The BER performance curves under asymmetric uplink conditions show that even the user
with the good uplink condition (i.e. user 1 uplink SNR=20dB) exhibits BER performance
gains by cooperating with a user with a poor uplink SNR for both 50% and 25% cooperation.

This is not a very intuitive result.

The interuser assumption of reciprocal channels, in Coded Cooperation, was qualified by
comparisons between reciprocal and independent interuser channel conditions. At worst case a
2.5 dB loss in performance is experienced at 50% cooperation by the use of an independent as

opposed to a reciprocal interuser channel.

In Chapter 3 a new protocol is developed, called Cross Layer Hybrid ARQ 2 Cooperative
Diversity, in an effort to improve the BER as well as the throughput of the system jointly.
Coded Cooperation, although it exhibits impressive BER performance over non cooperation
and pioneer cooperative diversity methods, does not posses the most efficient use of
bandwidth during cooperation. During Coded Cooperation users continue cooperating and
transmitting parity for their partners when it might not be required, because the base station
could have already decoded the uset’s parity correctly.

By introducing HARQ 2 into the system and combining this with Cooperative diversity the
users only have to transmit parity for their partners when it is required. The base station
provides feedback on whether a specific user’s information has been decoded correctly or not

through the use of ACK or NACK signals. In this way a user does not have to transmit a fuil
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parity frame of N bits if not required for a set of K information bits. This results in

improvements in throughput as well as BER over Coded Cooperation.

Simulations are performed for the BER of Cross Layer Hybrid ARQ 2 Cooperation and these
are confirmed via computation of analytical bounds. These analytical bounds are a bit more
complicated since the cooperative case probabilities are dependant not only on the interuser
CRC states but also the base station CRC states. Hence the BLER has to be computed for the
interuser channel as well as the uplink channels. The BER has to then be determined using the
PEP for each transmission case for the uplink channel and weighted based on each

transmission case probability and the amount of parity packets transmitted.

Both analytical and simulated results show that Cross Layer Cooperation always maintains a
BER performance advantage over Coded Cooperation even under the worst interuser channet
conditions. Cross Layer Cooperation also shows impressive gains over non cooperation even
under poor interuser channel conditions. During asymmetric uplink conditions the BER
performance of user 1 reduces slightly by cooperating with user 2 (user 1 uplink SNR = 8dB)
however this is negligible and the performance increases again as the uplink channel quality
improves. Note that the interuser channel quality of 5dB also contributes to the BER reduction
of user 1 at low uplink SNRs.

The assumption of using reciprocal instead of independeht interuser channels is qualified by
comparing the BER performance loss between reciprocal and independent interuser channel
conditions, for the end to end BER during Cross Layer Cooperation. The BER performance
loss is less than 1 dB for both 50% and 25% best case cooperation. '

Chapter 4 looks at throughput analysis of Cross Layer Hybrid ARQ 2 Cooperation under
various interuser channel conditions. Analytical throughput bounds are derived based on the
packet successful probability and the average amount of transmitted sub code words per
source information packet. Since Cross Layer Cooperation is incremental in nature the
throughput is improved dramatically over Coded Cooperation since efficient use of bandwidth
is performed. This is done by users selectively only transmitting incremental parity for their
partners if it is required. This is not the case with Coded Cooperation and results in the
throughput of Coded Cooperation, at higher interuser SNR channel conditions, dropping
below the throughput of Cross Layer Hybrid ARQ 2 Cooperation, with lower interuser SNR
channel conditions, during higher uplink SNR conditions. During the throughput analysis
presented in Chapter 4 the throughput of Coded Cooperation, at 5 dB and perfect interuser
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channels, drops below the throughput of Cross Layer Hybrid ARQ 2 Cooperation, at 0 dB and
5 dB interuser channel conditions, for uplink SNRs starting from as low as 4 dB’s.

The analytical throughput bounds are confirmed via simulations for Cross Layer HARQ 2

Cooperation.

Chapters 3 and 4 demonstrate the performance of a new Cross Layer Cooperation protocol
that improves BER and throughput, two important QoS metrics that will be extensively
demanded with the ever so dynamic Next Generation Broadband Wireless Network
requirements. Cross Layer Cooperation will allow for the support of real-time applications
that have very stringent QoS demands with regard to throughput and BER. Cross Layer
Cooperation allows for improved signal quality of a user at the base station with a throughput
improvement and a BER improvement all at the same transmit power, rate and bandwidth as
that of non cooperation but at the same time also maintaining a performance (BER and

throughput) edge over Coded Cooperation.

5.2 Future Work

In [39] the concept of multiple source cooperation is born. Extending the amount of users,
using Cross Layer HARQ 2 Cooperation, would be an interesting future study, This can be
extended in a multiple source context with the use of Low Density Parity Check (LDPC)
codes. In the multi user regime cluster size, inter and intra cluster routing become very
important and also very complicated. To manage the amount of users in a cluster and to create
a cluster boundary is difficult because when the amount of users increase, the throughput
reduces. Also inter cluster routing introduces delays in transmission. These issues define

research areas individually in their own right.

Another rich area currently in the cooperative diversity area is partner choice during multiple
source cooperation. Choosing the correct parmer can be done using channel estimation
techniques as well as using other metrics. Extending Cross Layer Hybrid ARQ 2 Cooperation
to a multiple source cooperation setup, with well defined node clusters and proper intra and
inter cluster routing - catering for high code rates and high diversity orders will result in

outstanding performance results.
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5.3 Current Literature Contributions to the Research Area

Conference Papers:

1. S.R. Beharie, H. Xu and F. Takawira, “Cross Layer Hybrid ARQ 2 Cooperative
Diversity in Next Generation Wireless Networks,” SATNAC 2008, South Africa,

2. S.R. Beharie, H. Xu and F. Takawira, "Cross Layer HARQ 2 Coopcration with
Throughput Improvement” Submitted to IEEE Wireless Commumications and

Networking Conference (WCNC ), Hungry, April 2009.
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Appendix A

Derivation of the End to End BER Bounds for Cross Layer Hybrid ARQ 2
Cooperative Diversity

Derivation of the 50% Best Case Cooperation End to End BER Bound
During 50% best case cross layer cooperation the end to end BER is given by (3.24):

2
I=

i p, (0= !,r)j p(@=Lr)

4
Pger =
1 r=1 j=2

-
Note that to derive the end to end BER bound for user 1 one needs to calculate the case
probability (p(9 = f,r)’_ ,1e{l,2},re{l,4},j €{2,4}) for each case where dere; is equal
to 0 i.e. a NACK is received for parity transmitted for user 1 (This would be the same as

calculating the BER of user 2). This includes cases 1.1 to 2.4, which is highlighted in blue in

Table 3.1, drawn below again for convenience.

Case dereg dcres crey crep
0 0 0 0
0 0 0 1
0 0 1 0
0 0 1 1
0 1 0 0
0 1 0 1
0 1 1 0
0 1 1 1
3.1 1 0 0 0
42 1 0 0 1
33 1 0 1 0
3.4 1 0 1 1
4.1 1 1 0 0
42 1 1 0 1
4.3 1 1 1 0
4.4 1 1 1 1

One also needs to calculate the BER during the individual case probability i.e. p, (6' = ;t',r)j -
le{l,2},re{l,4},j€{2,4} and the PEP for each instance 0[’p(9=2,r)j. Based on
(3.24), the individual case probabilities ( p, (8 =1, ”),- ) are computed and the individual BER

ie. p (9 = f,r) for each case, for a specific set of incremental packets is computed. The
b J
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PEP for the individual BER - based on j is also computed. These equations are listed below

and are substituted into (3.24) to obtain the end to end BER for 50% best case cooperation.

Case 1.1

P(g =1.1]| Npoh22: V27200720 ) =

2Trams
2 2 o, 2
|:1_1[ Priock (7 1,2, )j] 1_][ Prioce 1 (?’ Lj )H Phriock 2 (?’2,& )
= = =
(A1)
using Py () <1 —(1 - P (y))B
(A.2)

P(9 =1lr21:n22:10-12:721:72,2 )ZTmns =

{ﬁ {1 ) [l e {l’di a(d)p(d 7., )DB ]] ]i[ [l ] (1 ) mm(l’ d=;§ﬁ% e, )DBJ
Q(’”(““""{"djﬁ%a(d)p(d 72 )DB]

(A.3)
B(e=11), < ??min[%,kl 3 c(d)p(d1n, yu,t?)] T12(..)dr,
[ ¢ d=dpe [
(A. 4)
3
" P(d | Y1712 ) = Q(WPZ dy; 7,
i=1
(A 5)
P(9 =11 71507000700 Y120 Vi3 Yaps Y220 Y as )3m =
2 z 3 3
|:H Dhiock 1 (?’ 12, )] H Ditock 1 (7 L/ )l;l Dtock 2 (72,;:)
i=t =1 =1
(A. 6)
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p (6’ =L a0 Y10 Y2735 7200 V2 20 3’2.3)

3Trans

[:] [1 (1 mm[l %eﬂ(d)p(dlr.z;)JﬂTlj{*{l-mm{l Ok (‘f'm)DBJ
ot ]

(A7)
R(O=11),, sﬁmﬁnB 3 c(d)p(d1yl,,,y,z,y,,s,e)}.ﬁp(y,,,)dr....
oo d=d i=l
(A 8
3
p(d| }/1,1,}/1,2,}’1,3) =0 \’22 &0,
=1
(A. 9)
P(9 =L1¥00 702 Y0 712 M35 Vs V200 Y220 V230V o )mm =
2 2y 4
,:H Pitock 1 (?’1,2,: )] H Prioek 1 (71,; )H Priock 2 (72,k )
i=1 -1 £=1
(A. 10)

P(" =1LUY 215712227100 Y122 V130 ?’1,4:?’2,19?’2,293/2.3’?’2,4)

ATrans =

e o] e o]
- (-l o]

(A. 11)
T 111
ﬂ(9=1 1 awans = jjj-[mm[g k_ ; C(d (d|yl,lv7’1.2’71,3»71,4.9):"Hp(yl,x)dyl,r
(A. 12)
1
P(d| ?’1,1’?’1,»?’1,3371,4)=Q 1’22 d\
i=1
(A.13)
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Case 1.2

p(9=1-2[3"1,2,1:}/122»?’211:?’2125}/11’7/12»?’2,13?2,1) =

2T rans

|:121 Phiock 1 (?’1 2 ) H(l Phiock.1 (?’2 1) ))} lj Phtock 1 (?’uc )1:[ Piock 2 (}’2,: )

=

(A. 14)

P(f’ =12112 112,22 2,1,1: 721,271, 71,2° 72,172, )Hm

J L CE ORI s S CEREen)
ORI A g |

(A. 15)
F4 (9 12 CT]- |:% kL zw: d)p(d|}(1,15yl,ZSQ)}'f[p(yl,f}iyl,i
090 & =d gy i=1
' (A.16)
d|711 ?’12 Q( 2Zd1;71:J
i=1
(A.17)
' p(9=1-2!?’1,2,1’?.’122>?’211:?’212=:"119712»%,3:?’2,1’?’2,29?’2,3)3W5=
2 3 3
I:H Phiock,) (71 2;)“(1 Phiock 1 (721; ))]'prfwk,l (?’u; )l_! Priock 2 (72,;)
i=1 =1 =
' ' : {A.18)

P(e =1.2] Vizrshi22: Vo000V 0201012 V135 V20 ¥ 22072 )3;rmm =

[ﬁ[l_[l_m(l,d_;ﬁaa(d)p(dn,z,,))f]_lj(l‘m.u,(l,d=;ma(d>p(d.,2,1“;))]’*]
B =t b i)

(A.19)
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F, (6 =1 '2)3m: < uj.mj].m' {:% ki i C(d) P(d | Yo Nz2e N3 Yo 9)] : ﬁ P (J"u )P(72,3)d71,:d?’2,3
0000 I=d e =1
(A.20)
3
P (d [ Y25 Y135V 2s ] = Q{\/[ZZ d .+ 2d, 371, ]J
i=1
(A. 21)
p(9 =121, 7202 M Ve Fise Yo Va0 Voo V230 V24 )mm =
2 4 5
|:H Priock ) (71 2 ) l—[ (1 =~ Phtock 1 (?’2,1,,« ))i| 1—[ Potocr 1 (?’uc )n Priock 2 (?’2,:)
i=1 Jj=1 k=1 i=]
(A.22)

P(9 = 1-2|?’1,2,1’?’1,2,23?’2,1,1s3"2,1,2571,1=?’1,zs7"1,3571,4’72,1»?’22=?’23a7’24)4rm,,s =

e ] e ]
i b o e

(A.23)
F, (9 = 1'2)4m = G]TT]T]'M[% }1“' Z c(d)p(d i ?’11» V2 V3 V4V 230240 9)] li[li[p(yl,j)p (72.;')d?'1,sd7
000000 d=d s =1 j=3
(A. 24)
1 4
P(d ] 3’1,19?’1,2971,3s7:‘49y2,3s72,4)= o {22 dl,;‘?’l,i + 22“’2,172,;‘]
. =1 =3
(A. 25)
Case 1.3
P(9 =13 %120 N1220Vanss Varas Vins Yias Yans Vau )mm =
2 2 2 2
H(l ~ Prtock 1 (?’1,2,:' ))n Phtock 1 (?’2,1,; )] H Phtock 1 (Yl,k )H Poioct 2 (?’z,r)
i=1 J=1 k=1 =1
(A. 26)
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file:///Y/Jc

P(“-’ =13ina 022 2107212 071,207 2,1s?’2,1) -

2Trans

LR k)
=g v g i)

(A.27)
&(9=1.3)2msﬁnﬁn[§ 3 cldplatronno )} [12 (. ¥n.
0o d=d,, i=1
(A. 28)
2
p(d | 7115712 ) = Q{ﬂ 22 dl,i}/l,i}
i=1
(A. 29)
P( =1 3U’]zlaf/l22»?’211»3/212’7115712>7:3:?’z:s7’2253’23)31%"15 =
2 .
|:H (1 = Phioct 1 (3"1,2,;‘ ))n Priock 1 (7’2,1,;‘ ):(H Dhiock ) (?’1,k )H Ditocr 2 (?’z,r )
=1 g k=1 i
(A. 30)

P(9 =131 V12057122 V2000 Y202 Y100 V125 V135 V210 Y228 ?’2,3)3;%”3 =

(el oo ) |
il et J{ e 3]

(A.3D)
Note that no BER is observed here, for user 1, since user 1 transmits parity for user 2 in this

incremental parity slotie. p, (9 =1, 3)3mm =0.

p(l9 =131¥,50 Y225 Va1a:¥an2s Vs Vi2s Viss Vigs Yaps Va2 ¥azs Vaa LM =

2 2 4 4
[H (1 ~ Phtock ) (?’1,2,;‘ ))H Potoct 1 (JV 204 ):I I:I[ Priock 1 (?’ Lk )1:11 Phriock 2 (9’2,; )
J= = =

i=1

(A. 32)
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file:///Y/Jc
file:///YlJi

P(9 =131 71207227200 ¥ 202 00 71,2=71,3sy1,4sJ’z,p?’z,z:?’z,ss?’z,d.,nw =

bt e ]

(A.33)

I~

Note that no BER is observed here, for user 1, since user 1 transmits parity for user 2 in this
incremental parity sloti.e. p,(€=1,3) i Tvms = O

Case 14

P(e=1-4|71,5,1:71,2,2’71,1971,2’72,1=72,1)zm =

[ﬁ (1 = Phiock 1 (7 12,4 ))]2 le Phivek 1 (7 1. )lilpuo&,z (?’z,k)

=1
(A.39)

P(o =1417121-12,2-1,1:71,2:721:72) )2Thm.s =

]
e ot b ]

(A.35)
R(0=14), < ﬁnnn[%kldg e(d) p(d) ?’m?’we)]‘ljp(?’:.f)d?’.,f
) o (A. 36)
p(dInpna)= Q{ (22: dl,iyuﬂ
l_ (A.37)
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p(l? =1.4| Vip12:N22:N10:V12: N3V 215 ¥ 2207 23 )37‘mm =

2 2 5 3
|:H (1 ~ Phiock 1 (7”1,2,;‘ ))] 1—1 Prisci (?’u )lk—! Piock 2 (}/Z,k )
i -

=1

(A. 38)

p (9 =141 Y1212 V1222 N0 N2 V135 V200V 225 }’2,3)

3Trans =

(A. 39
% D i o 2
P(6=14), . SJ min %%E c(a')p(dlm,nm,n,gﬁ)}'l_[ p(r,)p(723)dr.d72,
(R _ o dmd g, i=l
(A. 40)
| 2
P(d| 71,1s71_,z=72,3)= Qo J{zz a1, +2d2,372,3)
i=1
(A. 41)
P(‘9 L4 ¥101:N2.2: V115125 V135 Vras V2o Yzz’?’zas}’u)w,m
2
|:H(1 = Priock ) (71,2,: ))] ]_—_[pbiook 1 (?’1 ; )H Prioer 2 (?’u)
i=1 Jj=l
(A. 42)

p(6 = L4 P N2 M 7’1,2’3"1,3)?’1,4’?’2,v?’2,2’7"2,3>72,4)

(-] |
Aol P bl o]

(A.43)

4Trans =
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Pb (9 = 1'4)4

DL—,E
&

oo o e 2 4
.” [%’ki Z c(d)p(d|?’1,1’?’:.2’72,3’?’2.4’9)]-HHp(yl:f)p(ylf)dy'-"dh-i
000

¢ d=d 1, i=l =3

(A. 44)
P(d| ?’1,1:71,2»?’2,35?’2,4) {J[zz di 7, +2Zdz;?’z;]]
i=1
(A. 45)
Case2.1
P(9 21|3/121’7”121»?"11’?’129?’21’721)23-,‘,,15
2
[H Prtocr ) (71,2,: )] H Phigek) (71,; )H [1 ~ Phiock 2 (?’2,}: )]
i=1 j= -
(A. 46)
P(9 =21171,21-711,2,2:111:71,2-72.1: 721 )ZT,W =
s\T2
2 ot
|:H[1 [1 mm[ Z a(d)p[d]ym)]] ]] .
i=1 _dju
2 BN B
H[l—(l—min[l dﬁw a(d)p (dlyIJ)D ].H(l—min(l 0 ﬁee a(d)p (duzk)n
(A.47)
}1(9=2 1 e T] in{% }I"' i C’(d)P(d|Yl,lsyl,zse)]'ﬁp(?’l,.)d?'l.r
L d=d =1
(A. 48)
2
P(d l Y1,1=Y1,2)= Q{ 22 dl,i?’l,f}
v i1
(A. 49)
P(9 =21[720N22: N1 N2 7137215V 220 7 23 )3MS =
2 L 3
,:H Piock .1 (?’1,2,1 ):| ]___[ Phiock ) (?’1,3 )H[l ~ Phiock 2 (?’2,;; )]
=l =l k=1
(A. 50)
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P(9 = 2.1} ?’1,2,1:?’1,2,2s?’l,l’?’l,py],as}/2,19?2.29?/2,3)

3Trems =

[ﬁ{l -~ [1 —min [1, d% a(d)p(d| ym,!)ﬂg Hz ‘
O O O G AT |

(A. 51)
R(9=21),, < [[fmin Bkiz C(d)P(di?ﬁ,p?ﬁ,pﬂ,sﬂ)}l_[p(rl.,-)dm,,
oo o d=d 4, i1
(A.52)
3
P(dl Y20 %13 ) = Q[1/2Z dl,r?’[,f]
i=1
(A. 53)
p (9 =2.11 Noarhaz Y-V 3: 71472000V 222 7235724 ),,Tm =
2 2y 4
|:1—[ Priock 1 (?’l,z,f )] H Potock 1 (7’ 1 )H [1 = Phtock 2 (}’ 2k ):l
i=1 =l k=1
(A. 54)
P(9 =21 215 Y122: Y110 Y122 V130 Y142 202 V025 ¥ 2357 24 )4Tmm =
N
2 o
[H[l [1 mm[ > al(d)p(dly, zi)ﬂ H A
=1 d=d g,
4 4 B
1;1 1—(1—min {1 d_dﬁ'eea(d) (d[}vlj)JJ 1;!(1 i (1 " a(a)p(a r“)D
(A. 55)
9 2. 1) J.J' _[min]:_;“ ;1' i C‘(d)p(d i 7’1,1:7’1,2;yt.:ny|,4,‘9):|'np(7"1,f)d?’1,f
660d d=dg, i}
(A. 56)
3
p(d | 71057125 Y130 V1 ) =0 1’22 a7\,
=1
(A.57)
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Case 2.2

(9=2-2|?’12197122’?’211>7212=711 ?’12:?’2,1:?’2,1)21},‘,,,5 =

|:l_[ Phiock 1 (3/1 2 ) H (1 Piock ) (?’z 1) ))} -lkj Phiock) (71,1: )]:[ [1 ~ Phiock 2 (?/2..* ):I

(A. 58)

P(‘9 =22112107N2,2° 21107 21,2: 100 71,2: 72,0 F 2,1) -

ATrans

|:1£][{1 (1 mm[l =°r; (d)p(d|n,zy,)DB]-]j(l_m,n[l,#;fﬁeea(d)p(d!rg_l‘})ﬂB]
o ) b )

(A. 59)
E(0=22),,, Soﬁ : [é ki i a‘)p(dlyl_l,ym,é)}ﬁp(n,—}im
: &40 d i=l
(A. 60)
2
p(dl J’1,19?’1,2)= Q{]/zzdl,f}ll,iJ
i=]
(A. 61)
P(9= 2.2|}’172‘1,}/122,}’211,?’212,}’1p}’]29?1,35}’2,152’3,2,?’2,3)3?}% =
2 3 3
!:H Priock (?’1 21)1_[(1 Phiock 1 (3/21,: ))i|1;[ Potock ) (71,k )l;[ [l_pb.'ack,z (?’2,1 ):I
1= = =
(A. 62)

P(9 =221V 0022 2007202 V1 120 V130V 200 Y 2207 23 )3T,am =

o) bt

(A. 63)
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00 4f of o e 3
F (9 = 2'2)3:;-:;»: < ,‘- ijin[% El— Z C(d)p(d | N iz yl.s’yz,a’e):"]_—[p(yl,i )p (yz,s)d?’l,;d?’z,s
0000

d=dg,, i=1
(A. 64)
4
p(d I Y7125 739723 ) = Q(\[[ZZ dl,:'?’l,x + 2dz,372,3]J
i1
(A. 65)
p(&‘ 220712051205 Y20 V2020 V1o Y120 V135 Ve Voo V220 72 s y24)4;.-m5 =
2 4
}:prack t (?’1 24 ) 1__[ (1 Phtock 1 (72 LJ ))]'Hpbfock,l (}/l,k )]__”:1 = Potoct 2 (72,1 )]
i=1 k=1 i1
(A. 66)

P(9 =221 N300 722 Y2002 V212 V1 V120 V132 Y145 Y202 V225V 235 Y 2 )Hmm =

(-l ) o)
=g o) ol 0]

(A. 67

wwwwww w 4 4
%(9 = 2‘2)4“&; = Ijjjjjmln!i%f;_ Z C(a')p(d l }(},197’1,2!?1.39;VI,4,}(2,35?2,4’9):|‘l—[H.p(yl‘i)p(y?.,j)dyl,id}lz,j
aop000 ¢ 4=

=t j=3

(A. 68)
4 4
p(d | V115V1207 135714572327 24 )= Q[J(ZZ a7 +2Zd2,172,; ]}
=] J=3
(A. 69)
p(9 =23 720722 Y2000 V2020 Y Pz V2o Y )zﬁm =
2 2 2 2
|:H (1 = Prioci (?’1,2,; ))H Ditock 1 (?’ 2.0,/ )} H Driock (7 L )H [1 = Priock 2 (?’ 21 )]
+=1 j= k=1 i=1
(A.70)
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P(9 =231712071,2,22 7207212 1 P2 Y2 1Y 2,1)

2Trans B

S |
b A ]

(A.T1)
R(0=23),.., ﬁ [% ki 2 e(d)p(d] y.,p?1;»9)}-1%1110(%.,-)«11’,,.-
o i=]
(A.72)
2
p(d | ?’1,1:71,2)= Q( 22 dl,x‘?’],i]
i=1
(A. 73)
P(9 =23 V20220 V200 Y202 Yo V20 3o Yo V220 Vs )Hmm
2 2 3 3
[H (1 ~ Phiock 1 (?’1,2,1- ))H Phiock ) (?’z,l,j )i| -H Piock 3 (71,k )1:1[ [1 = Puiock 2 (?’2,: )]
i=1 =l ; =
(A.74)
P(9 =231 Y20V 1220 Y200 Y2520V P20 71.3:72,.1’}/2,293/2,3)3%“,,3 =
2 B, " B
[l:l[(lwmm[l i3 > afa)p (d 7 ZI)H 1}1[1[1 ~ min (1,d=§ﬁeea(d)p(d r yllu,.)D H
3 By B
H[l[lmm (1 s a(d)p (d 1 7] k)D } ]_;I[l mm[] i a(d)p (d | TzI)D
(A.75)
0000 w K]
Pb(9=2‘3):¢.—mm s _[ ,[ |:% ki Z C(d (d|?’l.n7|.2571,339)}1—[40(?'1.;)0{7!;
nao d i=l
{A.76)
3
p(d | Vi #1250 Vs ) = QL ’ 22 dl,:'yl,: J
i=1
(A.77)
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p(9 23 Y2022 Y200 Va2 Vi V2o Vizs Vias Vans Yoo ?’2397’24)

4 Tram

[ﬁ (I ~ Phiock (?’1,2,:‘ ))H Phrioct 3 (72,1‘1 )} H Priock 1 (}/1,& )li[ [1 ~ Phtsck 2 (?’z,f ):I

i=1 =1 Fel

(A.78)
P(S =231 Y20 V1220 Va0 Y2122 V2 V3o V14 Va0 V22 V235V s )4Tmm =
2 - B, . B
[];[ (1 — min (Ldﬁi:ﬁ.ee a(d)p‘(d | ?’172’{)]) 1:![1 - [1 - min (],d=}ﬁee a(d‘) p(d | Y21.; )JJ J]
4 BY B
1;!:[1 —{1 — min [l,d=§ﬁee a(a‘)P(d (B2 )J] } 1!:11(1 min [l 4T, (d) p(d I yz’!)]]
(A.79)
p(6=23), . £Tﬁmin[%,£— i c(d) p(d1 7,7 z,yu,;f,ﬂba)} f[ (r.)dr,
0000 ¢ d=d gy, i=I
- (A. 80)
4
p(d FOANTRENP ) = Q[1 ’ ZZ dljyl,i}
=1
(A. 81)
Case 2.4
p(9 =1.4[¥,0: %02 N1 V12 V2 }’21)2],%3 =
2
|:1_-[(I - pbiod',l (yl,?..i ))] ]___[ pbx'ock 1 (}/] i )H (1 pb,’gck 2 (}/2 k ))
i1
(A. 82)
P(" =241720: M2 N1 N2: 721072 )ZTmns =
B 2
Z o0
[1:1[ [1 — min (1, d=‘?ﬁee a(d)p (d | 11,2, )D ]
2 ) B
E 1—{1—min[l ge ﬁee (d) (d”l‘;)J] I};{[(l mm{l _ ﬁee (d) (dlka)J]
(A. 83)
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R(6=24),.. 5??“"&“%»% )3 e(d) p{d| m..,mﬁ)]-ﬁp(rl,.-)d%,,-
06 ¢ d=dp, i=1
(A. 84)
2
p(d | 7110 ?’1,2)2 Q{1‘22 dl,i},],j}
=1
(A. 85)
P(0=241%120 150 V10 T2 Vi3 Yons ¥ans¥as Yy =
2 23 3
|: (1 — Prioci 1 (?’1,2_.:' ))] H Priock,) (?’1,;‘ )]___[ (1 ~ Phiock 2 (?’2,!: ))
i=1 =1 k=1
(A. 86)
P(9 =24 }/1,2,19y},z,zay],]9}/1,2’}/133}/2,15}/2‘29}/2,3)31-,@“ =
B2
2 oo
1:]:1[ {I - min(l’dquﬁw a(a‘)p(d | N2 )]] j|
3 By B
lj_][[l - [1 - mm(l :GZ;& a(d)p(d 7 ; )]] ]H{l - mm[l d—;):;ee a(d)p(a' | Y2k )J)
(A.87)

3

In‘lin |:% ,;1- i C(d) p (d F T P PN P8 9)] : l__[ p (71,; )p (?’2.3) dy,, 45
0 e d=d g,

= |

(A. 88)
3
p(d | yl,p }/1,2: :y],g,s ?’2,3 ) = Q(J[zz d],x'y],i + 2d2,3;y2,3J]
i=t
(A. 89)
p(9 =24| Y212V 72: V13 N4 7205V 20: 7250V 2.4 )ﬂms =
2 2y 4
[ (1 = Poioci 1 (}’1,2,: ))} H J Ly (?’1,; )n (1 = Putock 2 (?’2.;( ))
i=l ) %=1
' (A. 90)
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P("”' =24 7’1,2,1971,2,29?’1,1:?’1,2a71,3’yl,4v?’z,l>?’2_2s7z,3s?’2,4)

= vt

4T rams -

(A. 91)

mmmmmm 1 & 4
ﬁ(9=2'4)4m < IIIIJ min[%’? z c(d)p(dI71,1’71,2»?’1,3:71,4,72,39?’2,4’9):\’1—[P(71,f)d71,f
0000090

¢ d=dg, I=1

(A. 92)

4 4
p(d | 100712 Y135 V185 F 23 2.4 )= Q[\[[zz dyy + 22“’2,;?’2,;}] a.93)
i=1 J=3
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The 25% Best Case Cooperation End to End BER Bound

In order to sustain brevity but not lose generality this BER bound will noi be derived but will
be explained rather. Equation (3.28) given below is the end to end BER bound for 25% best

case cross layer cooperation.

2 4 4

Daix =ZZZpb (9=l,r)j p(6’=!,r)}.

12 el =3

Note that the only difference between (3.28) above and (3.24) is the change in limits (due to
25% best case cooperation) of j ie. je{3,4}and hence when computing p, (6 =1,r),
(1€{1,2},r (1,4}, €{3,4}) the PEP for each p, (6 =l,r), and p(0 =l,r)j is taken

into account. This occurs due to the user initially transmitting 3 incremental packets during

25% best case cooperation. After having computed p, (6 = l,r)j_ , p(6 =l,r)1 and the PEP

for each p, (6 =1 ,r)j , they need to be substituted into (3.28) above to obtain the end to end

BER for 25% best case cooperation.
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Appendix B

Derivation of throughput bounds for Cross Layer Hybrid ARQ 2
Cooperative Diversity

Derivation of Non Ceooperative Direct Transmission Throughput Bound

Figure B.1 shows the possible transmission scenarios during direct transmission without
cooperation,

Scenario 1
B1 ’2
— ACK:
OR
Scenario 2
B1,1 B1,2
“— NACK —
OR
Scenario 3
B1,1 B1,2 B1,3
- ACK
OR
Scenario 4
B1 ‘1 B1 ’2
NACK.
OR
Scenario 5
81,1 81,3
ACK
OR
Scenario 6
B1 ’3 B1 ‘4
NACK:

Figure B.1: Transmission Scenarios during Non Cooperative Direct Transmission
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The transmission scenarios are vital for the computation of L . The definition of throughput is
given by (4.1} i.e.

B p,
n_B-i-c L

The computation of L involves the computation of all transmission scenarios whilst the
computation of p,_, the packet successful probability, is trivial. During non cooperation Lis

computed to be the union of all the possible transmission scenarios shown in Figure B.1.

The scenario probabilities are listed below:

Scenario 1: (l—ppdz)

Scenario 2: p pdz

Scenario 3: dez (1 - pPR['))
Scenario4: p sz r pRﬁ)

Scenario 5: ppdzppRm (l - ppR{l))

2
Scenario 6: p‘M,2 (pPR{l))
L is calculated to be the union of the above probabilities i.e.

L= (l - dez ) + ppd'zppR(I)

= ppd2 [1 +ppR{l)]

40,2} + P+ 2o (1= 2, )+ 2ot (1= 1,7

(B.1)
Using the packet successful probability of Equation (4.2) for direct transmission i.e.

p,=1- dez (PPR(I) )2

Equation (4.2) and (B.1) can be substituted into (4.1), listed below for convenience, in order to

calculate the throughput of direct transmission.

B p,
q_B+c A

Note that B is equal to 128 and cis equal to 16. Using a similar approach and drawing the

possible transmission scenarios during 50% and 25% best case cooperation L can be
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calculated during cooperation also. After L and p, are determined the throughput can be

calculated by substituting L and D, into (4.1).

I, during 50% cooperation, is derived to be:

L= (1 - dez )"' dezppk([) + ppd'Z (Pp;e{l) )2 + ppdz + ppd2 (1 - pr(l) )"' dezppx(l) (1 - ppR{l))

(ppa) POPE (P ) (PD) (PD) +(Pre) (1-P2)-(1- D)+ () (1- £2) P2

() P(1-22)+(p) PR-22(1- 23)-(1-22)

[0+ (P) +(1= )+ £, (1- £,e" )+ 2202 +(2) (P2) _
=1+(pu) | +H{1-20)(1- Q) +(1- 22).£2 +p0(1-25)

+rpi (1- P ) (1-22)

(B.2)
During 50% best case cooperation p, is calculated to be:

p, = [1 - (ppd )2 (pg‘% )2 ].p (no cooperation )+ [I - (ppd )2 (pgﬁ )2 (pﬁ,? ]2 ].p (cooperation)
as in (4.6).

L, during 25% cooperation, is derived 1o be:

E=(1=(2) J+ (o) 2%+ (2a) +(2a) (1= P2) (20 22D (2 (1- 52) 2
+(Pp) Po-(1-P) () (1-P2) (1~ 12)
=1+(p,) [ 1+ P P2 + PR (1- %)+ PR (1- D)+ (1= p2)(1- )

(B.3)

During 25% best case cooperation p, is calculated to be:

b, = [l - ( j )3 ( pg})? ):| .p{(no cooperation} + |:1 - ( P )3 (pg% )( pﬁg )] .p{cooperation)

as in Equation (4.7).
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