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Abstract

In this thesis, we propose using iterative multi-user detectors for co-channel in
terference (CCI) suppression in wireless cellular systems. We demonstrate that a 
receiver with a single receive antenna is capable of detecting and cancelling a single 
in-band interferer that uses the same coding and modulation scheme as the desired 
signal. We investigate the benefits of using such an interference canceller in the 
mobile unit, receiver in the downlink scenario of single-hop as well as two-hop net
works. Results show significant improvements from iterative interference cancellation 
in terms of the average system throughput and outage probability. Benefits also in
clude enabling the use of 3-sectored cells, where all sectors share the same frequency 
band, and the use of non-orthogonal channels for relaying.
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h[s,â  Impulse response from transmitter s to antenna a.
hriii') Combined impulse response of transmit (pulse-shaping) and receive 

(matched) filters.
DFT of impulse response between transmitter s and antenna a.

K b Boltzman’s constant.
L  Channel delay spread in symbols.
Lc Convolutional code constraint length.
Lp (d) Average large-scale path loss at T-R separation equal to d.
Ls  Log-normal shadowing.
M  Number of points in signal constellation.
na Number of bits per message symbol.
nc Number of bits per code symbol.
rid Number of bits per interleaved code symbol.
N  Number of transmitted symbols per message word.
No Single-sided noise power spectral density.

x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Na Number of symbols per message word.
Na Number of receive antennas.
Nbss Number of interfering co-channel BSSs.
-Nc e l l  Number of interfering co-channel cells.
Nc Number of symbols per code word.
Np  MU receiver noise figure in dB.
Np Number of signal paths between transmitter and receiver.
Nr Number of available relays per cell.
■Nsec Number of BSSs per cell.
Ns Number of transmitters in the equivalent MIMO system.
Np Thermal noise in dB.
Pe Average probability of packet error.
Pe)i Average probability of packet error on the first hop.
Pe 2 Average probability of packet error on the second hop.
P E R ^ S PER when i RSs are interfering with the BSS-MU transmission on the 

first-hop.
PERj-^gg PER when i RSs are interfering with the RS-MU transmission on the 

second-hop.
Pi Total interference power at receiver in dB.
p{s,a) Frequency-domain filter coefficient between transmitter s and antenna 

a.
Pn  AWGN power at receiver in dB.
Po Combined power of all interferers, other than primary interferers, at

the receiver in dB.
-Po u t  Probability of outage.
Pp i Power of ith path in dB.
Pp Primary interferer or interferers total power in dB.
Pr Received signal power in dBm.
Pr s Transmitter s received signal power in dBm.
Ps Desired signal power at receiver in dB.
Pt Transmit signal power in dBm.
q^  Filter coefficient of transmitter s for bias term.
R  Cell radius (size).
r 1 Symbol s received at antenna a.

nth received symbol at antenna a.
Rfg) DFT of received symbols at antenna a at frequency k.

Expected value of R ^  ■
SM [•] Symbol mapping.
T  Symbol period.
Tc Coherence time.

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tn Time slot n.
Tk System temperature in kelvin.
y(s) Transmitter s transmitted block.

(s) Vn nth symbol of transmitter s transmitted block.
Expected value of Vn\

v P DFT of V(n \
(a)Wn nth AWGN sample at antenna a.

w i a) DFT of u4a).
w Transmission bandwidth.
z (s) Transmitter s detector output.

(«)Zn nth symbol of transmitter s detector output.
CXS Transmitter s signal attenuation factor.
A s Desired signal power to transmitter s signal power ratio in dB.
VCDF System throughput CDF.
VCELL Cell instantaneous throughput in bpchu.
Pmv Mobile unit instantaneous throughput in bpchu.
VOVT Arbitrary chosen outage throughput in bpchu.
VSYS System instantaneous throughput in bpchu.
VSYS Average system throughput in bpchu.
?MU MU nominal throughput in bpchu.
<?SYS System nominal throughput in bpchu.
7 («) Symbol metric produced by the MCU for transmitter s.
^(s) Bit metrics produced by symbol-to-bit metrics converter for transmitter

e

x (s)
o .

De-inter leaved bit metrics for transmitter s.
x (s) Symbol metrics produced by bit-to-symbol metrics converter for trans

mitter s.
APPs of the code symbols produced by MAP decoder, input to feedback 
line, for transmitter s.
Interleaved symbol metrics produced by feedback bit-to-symbol metrics 
converter for transmitter s.

r Na x N a matrix.
8m Kronecker delta function.
X Carrier wavelength.
p Path loss exponent.

al i U i v / 1
2

^v,n,s Variance of transmitter s nth transmitted symbol.
&S Standard deviation of log-normal shadowing.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a2 s Time-average variance of all transmitted symbols by transmitter s
a 2 s Time-average variance of Zn  ̂ conditioned on d
rPti Propagation delay of the ith ISI path.
T^a.) p r0 pagation delay of the ith ISI path between transmitter s and antenna 

a.
Tp i Average propagation delay of the ith ISI path.
9 Horizontal BSS transmit angle.
$3dB 3 dB beamwidth of transmit antenna in degrees.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Acronyms

APP a posteriori probability.
AWGN Additive White Gaussian Noise.
bpchu bits per channel use.
BS Base Station.
BSS Base Station Sector.
CCI Co-Channel Interference.
CDF Cumulative Distribution Function.
CDMA Code Division Multiple Access.
CP Cyclic Prefix.
dB Decibel.
dBi Decibel Isotropic.
dBm Power Level in Decibels Relative to lmW.
DFT Discrete Fourier Transform.
FDE Frequency Domain Equalization.
FFT Fast Fourier Transform.
IBI Inter-Block Interference.
IC Interference Canceler.
IDFT Inverse Discrete Fourier Transform.
ISI Inter-Symbol Interference.
MAI Multiple Access Interference.
MAP Maximum a posteriori Probability.
MCU Metric Calculation Unit.
MIMO Multiple-Input Multiple-Output.
MMSE Minimum Mean Square Error.
MU Mobile Unit.
OFDM Orthogonal Frequency Division Multiplexing.
PER Packet Error Rate.
PIC1 Perfect Interference Cancellation of Primary Interferer.
PIC3 Perfect Interference Cancellation of Top Three Primary Interferers.
QPSK Quadrature Phase Shift Keying.
RS Relay Station.
SISO Soft-Input Soft-Output.
SINR Signal to Interferer-plus-Noise Ratio.
SIR Signal-to-Interference Ratio.
SNR Signal-to-Noise Ratio.
TDMA Time Division Multiple Access.
w-IC W ith IC.

xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



w/o-IC Without IC. 
w/o-MAI W ithout MAI.

xv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1

Introduction

Early wireless communication systems had a limited number of users, and hence 

the main objective of these systems was to support a large coverage area. This was 

achieved by using a single highly-mounted high-power transmitter antenna which 

provided very good coverage. However, these high-power transmitters made reusing 

the frequency band in nearby areas difficult, because doing so would result in very 

severe interference. With the increasing demand for mobile services, wireless networks 

had to support higher user capacity, which led to a spectral congestion problem.

The cellular concept, a system-level idea, was a major breakthrough in addressing 

this problem, where this single high power transmitter (large cell), was replaced with 

many low power transmitters (small cells). Each cell covers only a small portion of the 

service area, and is allocated a portion of the total number of available channels in the 

system, with neighbouring cells allocated different channel groups. The group of cells 

over which the total set of channels is distributed form a cluster, where no two cells in 

a cluster share the same channel group. The number of cells that comprise a cluster 

is known as the cluster size. If the service area contains more than one cluster, then 

more than one cell in the area will use the same channel group, resulting in frequency 

reuse, where the frequency reuse factor is defined as the reciprocal of the cluster size. 

These cells are called co-channel cells, and the interference between signals from these 

cells is called co-channel interference (CCI) [1,2].

1
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Figure 1.1: Example of frequency reuse concept, with a cluster size of seven cells. Cells 
with the same letter use the same channel group. Clusters are outlined in 
bold.

1.1 Co-channel Interference

Figure 1.1 illustrates the frequency reuse concept for a cluster size of seven, 

where cells labelled with the same letter use the same channel group. The cells in 

the figure have a hexagonal shape, with base stations located in the centre of each 

cell. This is commonly used in the design of wireless systems, although in practise 

the actual coverage of each cell, known as the cell footprint, is determined by field 

measurements.

CCI is one of the major limiting factors of cellular communication system perfor

mance, because unlike thermal noise it cannot be overcome through higher transmit 

power, which will increase CCI for neighbouring co-channel cells. When the cell size 

and the total number of available channels are fixed, increasing the cluster size pro

vides more separation between co-channel cells and hence less CCI. However, this also 

means fewer available channels per cell. So we see a tradeoff between user capacity

2
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(requires a small cluster size) and link quality (requires a large cluster size). For that 

reason, different techniques have been developed to increase the capacity of cellular 

systems while maintaining its link quality.

These techniques include channel planning, power control, trunking, cell splitting, 

and antenna sectoring. All of these techniques tend to avoid or decrease CCI through 

careful planning and arranging of system level radio resources. Recently, there has 

been interest in using multi-user detection techniques for CCI cancellation instead of 

avoidance. In the following we briefly describe the different methods that are used 

to mitigate the effects of CCI, either by avoidance or cancellation.

1.1.1 Channel Planning

Channel planning includes carefully distributing the available set of channels 

among the different cells in the cluster to minimize CCI as much as possible. This 

is done after the design phase, which determines the optimum frequency reuse ratio 

or cluster size and the appropriate separation between adjacent co-channel cells. 

Assigning the channels to the different cells in the cluster involves a great deal of 

trial and error and field measurements due to the real-world difficulties of radio

propagation and the imperfect coverage region of each cell.

1.1.2 Power Control

This method is usually applied in the uplink between the mobile unit and the base 

station, where the transmit power level of every mobile is under constant control by 

the serving base station. This is done to ensure that each user transmits the smallest 

power necessary to maintain acceptable quality link, hence reducing interference to 

other co-channel users. Power control is especially important for CDMA spread

3
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spectrum systems where all users share the same radio channel.

1.1.3 Trunking

This method exploits the fact that users do not use the system all the time, to 

accommodate a large number of users using a relatively small number of channels 

per cell. When a user requests service, it is allocated a channel on a per-call basis, 

and upon the termination of the call the channel is returned to the pool of available 

channels. If no channels are available, then the user’s request will be blocked. The 

blocking probability can be calculated according to the principles of trunking theory 

which was developed by Erlang in the late 19th century [2].

1.1.4 Cell Splitting

If a cell becomes too congested with users, it can be subdivided into smaller 

cells, each with its own base station. A corresponding reduction in the transmit 

antenna height and power is needed to maintain reasonable CCI levels. Doing this 

increases the number of times channels are reused in a given service area. Drawbacks 

of this method include real-estate costs to install new base stations and more frequent 

handoffs across the smaller cells. Also, usually not all cells are split at the same time, 

making channel assignment and planning more complicated.

1.1.5 Sectoring

By using directional instead of omnidirectional antennas it is possible to divide 

each cell into sectors. Typically each sector uses a different subset of the channels 

allocated to the cell. Sectoring allows for a reduction in CCI while keeping the cell size 

and transmit power fixed. This is illustrated in Figure 1.2 for a cluster size of seven,

4
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Figure 1.2: Illustration of antenna sectoring for a cluster size of seven, with three sectors 
per cell. Only two out of six co-channel cells interfere with the centre cell.

with three sectors per cell. If we consider the centre cell, labelled A, we see that there 

are only two first tier interferers which have sectors with antenna patterns radiating 

into the centre cell. This causes a significant reduction in CCI, thereby enabling the 

use of a smaller cluster size. Also, further CCI reduction can be achieved by down 

tilting the antennas such that the radiation pattern in the vertical plane has a notch 

at the nearest co-channel distance.

1.1.6 Iterative Interference Cancellation

The receiver structures built for multi-user detection are a promising technique 

for CCI mitigation. In the uplink of multiuser systems, several users transmit simul

taneously over the same channel, so all the user’s signals interfere with each other. 

Once a user’s signal has been reliably detected, it can be subtracted from the re

ceived signal, there by removing its contribution to the overall interference. Because 

reliably detecting a user’s signal in the presence of interference is difficult, iterative 

processing is typically employed [3-10].

5
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Figure 1.3: General structure of an iterative multi-user detector.

The structure of an iterative multi-user detector is shown in Figure 1.3. It consists 

of a bank of multi-user signal detectors followed by soft-input-soft-output (SISO) 

decoders whose outputs are fed back to an interference regeneration unit which builds 

a replica of the transmitted signals from each user, which can be subtracted from the 

received signal. Using channel coding and performing SISO decoding inside each 

detection iteration increases the reliability of the soft feedback, thereby reducing 

the error propagation phenomena between successive iterations [4,5]. As shown in 

the figure, multiple receive antennas can be incorporated in the multi-user detector. 

Additional antennas increase the number of users that can be successfully detected

[6,7].

In a downlink scenario, the interference comes, not from other users, but from 

other base stations using the same channel group. Although the receiver (a single 

user) can receive the signals intended for the other users, it is not interested in them, 

so they are viewed as interferers. A multi-user detector can be employed by the user

6
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to detect all the signals, and cancel all but the desired one, so the multi-user detector 

is used as a co-channel interference canceller (IC).

In [8] space-time interference cancellers were introduced for CDMA systems using 

a bank of Rake receivers [11] that linearly combine signals from all antennas and 

all paths, followed by detection and interference subtraction where the receiver is 

assumed to have perfect channel estimates. To cope with unknown channels, adaptive 

space-time combiners were used in [10] instead of Rake receivers to avoid explicit 

need for channel estimation, where the adaptive combiners benefit from the iterative 

behaviour of the receiver.

Away from CDMA, in [12] Abe and Matsumoto proposed an iterative MIMO 

multi-user detector and time domain equalizer for use with frequency-selective chan

nels to mitigate inter-symbol interference (ISI). Although very effective, this approach 

suffers from high computational complexity for channels with long delay spread, 

which will typically be the case for future high-speed applications.

To overcome this problem, in [9] Jie Lin introduced a MIMO multi-user detector 

that uses frequency domain equalization (FDE) [13,14], and so requires much lower 

implementation complexity while being at least as effective at eliminating CCI as 

well as ISI.

1.2 W ireless Relay Networks

Wireless relay networks are currently receiving a great deal of interest in both 

academia and industry for the provisioning of ubiquitous high data rate coverage 

[15-17]. Unlike single-hop wireless systems, where the source and destination nodes 

communicate directly, in a relay network the source data may reach the destination 

over multiple hops. This is mainly important to extend coverage to hard-to-reach

7
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areas such as within buildings, or in valleys, tunnels or heavily shadowed locations 

where even the most advanced signal processing techniques do not work well [18].

Relaying techniques can be classified, according to the type of processing at the 

relay, into analog or digital relaying. In the former the relay amplifies and forwards 

the received analog signal together with noise without any decoding, while in the 

latter the relay decodes the received signal, re-encodes it and transmits it to the des

tination. Relaying can also be classified into peer-to-peer relaying, where relaying is 

performed by mobile user’s equipment, and fixed relaying, where fixed relays installed 

by the service provider are responsible for relaying. In general, fixed relaying is more 

feasible and applicable for deployment as it depends upon service provider equipment 

not user equipment [19].

In a relaying network, an extra channel is needed for the relaying traffic. Different 

proposals have been made for the provision of this extra relaying channels, including 

using unlicensed bands, using channels exclusively reserved for relaying purposes, 

or searching for vacant channels and relaying only if one is available [20]. In [19], 

a fixed relaying-channel partition scheme was introduced where existing channels 

from neighbour cells in the network were reused for relaying purposes. However, 

this scheme only works for cluster size greater than one, while for a cluster size of 

one, channels from the same cell had to be used, which had a negative effect on the 

system performance due to excessive CCI. This demonstrates the need for efficient 

CCI cancellation techniques in relay networks to achieve higher user capacity through 

using smaller cluster sizes.

8
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1.3 Thesis M otivation and Contributions

Due to the increasing demand for mobile services, future wireless systems need 

to support higher user capacities than before. This requires resorting to resource 

efficient techniques such as smaller cluster sizes and using sectorized cells where all 

sectors use the same channel group. Moreover, in multihop wireless networks, an 

extra channel is needed for the relaying traffic. While using exclusively reserved 

channels for relaying is a waste of resources, reusing channels from neighbour cells 

deteriorate the link quality for other users especially for small cluster sizes as well as 

sectorized cells. Therefore, accommodating the relaying traffic on the same channel 

as the main transmission would be a very appealing choice. However all of these 

desired characteristics for future wireless systems involve a tremendous amount of co

channel interference, especially in the downlink scenario, where future mobile services 

go beyond traditional telephony to large data transfers such as wireless internet, 

multimedia, file transfer and downloading. This clearly demonstrates the need for 

efficient co-channel interference cancellation techniques to be employed at the mobile 

units in the downlink scenario of wireless systems.

Jie Lin introduced an iterative multi-user turbo detector/equalizer for MIMO 

channels in the frequency domain [9]. The implemented structure is effective in 

eliminating CCI as well as ISI. Frequency domain processing has the advantage of 

relatively low complexity growth with the increase of the channel delay spread com

pared to time domain processing. This is a significant advantage as the delay spread 

of future wireless system is expected to be very high, especially with the envisioned 

high data rates. This multi-user detector was proposed for use at the base station side 

in an uplink scenario, and it was able to detect twice as many users as the number

9
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of receive antennas at the receiver. However, the multi-user detector was only tested 

for synchronous users who have the same average power.

In this thesis we attempt to use Jie Lin’s multi-user detector/equalizer as an 

iterative interference canceller for CCI suppression at the mobile unit (MU) side in 

the downlink scenario to make the previously mentioned resource efficient techniques 

more feasible. We study the benefits that can be achieved through detecting and 

cancelling CCI in both single-hop and two-hop networks. In both cases we look at 

single-cell as well as multiple-cells applications. However, the investigation is done 

for asynchronous interferers whose average power is not the same as each other. The 

study is done for a MU having a single receive antenna and hence it can detect and 

cancel the major interferer in the system.

Results show several benefits for using iterative CCI suppression in terms of 

average system throughput in bits per channel use (bpchu) as well as the outage 

probability of the system for single and multiple-cell applications, single and two-hop 

networks, and for different cluster sizes. Results are also shown for the perfect inter

ference cancellation of the major interferer to measure the efficiency of the iterative 

canceller, and for the perfect cancellation of three major interferers to give an idea on 

the range of possible performance improvement if the MU were to have two receive 

antennas instead of only one.

1.4 Thesis Organization

This thesis is organized as follows. In Chapter 2 we describe the interference 

canceller (IC) structure including the transmitter, the modified channel model, and 

the receiver. Simulation results for the IC with different interferer power levels are 

also shown in this chapter. Chapter 3 discusses the system level simulation model

10
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including the wireless channel model, the cellular layouts investigated, the different 

relaying protocols studied, the throughput and outage calculation methods, the sim

ulation parameters, and an outline of the simulation algorithm. In Chapter 4 we 

present the simulation results outlining the benefits of the IC first in single-hop net

works then in two-hop networks. Finally, conclusions and possibilities for future work 

are presented in Chapter 5.

11
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Chapter 2

Interference Canceller Structure

In this chapter the complete structure of the interference canceller (IC) proposed 

by Lin [9] is presented. The IC is comprised of a bank of multi-user detectors and 

soft-input-soft-output (SISO) decoders where each decoder’s output is used as feed

back information for improving its corresponding detector’s estimates in an iterative 

manner.

The logical structure of a downlink scenario is shown in Figure 2.1. The desired 

transmitter along with Ns — 1 interferers are each using one transmit antenna while 

the MU uses NA receive antennas to detect the multiple signals. So the result is a 

MIMO system with Ns transmit antennas and NA receive antennas.

At each transmit entity the data are encoded using an error correcting code, 

then interleaved, and finally mapped onto complex symbols to be transmitted over 

the MIMO channel, where they are affected by multiple access interference (MAI) 

from other transmitters as well as inter-symbol interference (ISI) due to the chan

nel delay spread. The MIMO channel output is then passed through a MIMO de

tector/equalizer to detect the multiple signals. Finally MAP decoding is used to 

estimate the transmitted messages.

The aim of this chapter is to provide a brief overview of the interference canceller, 

to discuss the modifications that were done to the channel model in [9], and finally

12
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Figure 2.1: Block diagram of the MIMO system.

to show some results of the link level simulations for the modified channel model and 

discuss their implications.

2.1 Transm itter

A block diagram of a single transmit chain is shown in Figure 2.2. It is composed 

of four parts: The message source, the convolutional encoder, the interleaver, and 

the signal mapper. A message word a is composed of Na symbols and denoted by 

a — [a0, ai, • • • , aNa- 1 ] where an € {0 , 1 , • • • , 2 "°-1} is the nth message symbol and 

na is the number of bits per message symbol. The different message symbol values 

are all equally likely, and all message symbols are independent of each other.

Message
Source

Convolutional
encoder

Interleaver

Figure 2.2: Block diagram of a single transmitter chain.
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2.1.1 Convolutional encoder

Each message word is then convolutionally encoded to produce a code word 

c =  [co, ci, • • • , cjvc—1] where each code symbol cn G {0,1, • • • , 2”c_1} is composed of 

nc bits. The code word length Nc is equal to Na +  (Lc — 1) where Lc is the constraint 

length of the code.

2.1.2 Bit interleaving

The code symbols are interleaved using a bit interleaver, where the code symbols 

c are converted into a bit stream, interleaved, and then converted back to symbols 

giving d =  [do,di, • • • , djvd_i] where N d is the number of code symbols after inter

leaving with the nth symbol given by dn G {0,1, • • • , 2"d-1}, where nd depends on 

the modulation scheme being used.

Random interleaving is employed where a pseudo-randomly selected permutation, 

assumed to be known at both the transmitter and receiver, is used to reorder the 

code bits. These mappings are different from one code word to another and most 

importantly they are different among all N s transmitters.

2.1.3 Symbol Mapping

The interleaved symbols, d , are then mapped to points in an M -ary signal con

stellation, where M  — 2nd is the number of points in the constellation. The signal 

mapper output is v — [no, tq, • • • , ujv-i], where N  = Nd is the number of transmitted 

symbols per message word. Signal mapping is done according to

vn = SM [dn\ . (2.1)

14
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Figure 2.3: Signal constellation for QPSK with Gray mapping.

where SM [•] is the mapping between the digital symbol and the signal constellation 

points, based on the modulation scheme used. In this research the QPSK (M  =  4) 

constellation shown in Figure 2.3 has been used for the link level simulations. The 

average transmitted energy per symbol is

Before transmitting the modulated symbols, each data block is appended with 

a cyclic prefix (CP) of length L symbols, where L is the maximum channel impulse 

response length (in symbols). The CP is formed by transmitting the last L sym

bols of the data block, before transmitting the data block, so =  u/v-n for all 

n  £ {1,2, • • • , L}. At the receiver the CP is removed and is not subjected to any 

processing. The importance of appending a CP is that it prevents inter-block inter

ference (IBI) due to multipath propagation from previous blocks. It also transforms 

the linear convolution of the transmitted symbols with the channel impulse response 

into a circular convolution which can be computed efficiently in the discrete fourrier 

transform (DFT) domain [21].

M —l

(2 .2)
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2.2 Channel M odel

2 .2 . 1  ISI channel

Considering a single link between any transmitter s and any receive antenna a, a 

discrete-time ISI channel can be used to describe the combination of the transm itter’s 

pulse shaping filter and modulator, the analog multipath fading channel, the receiver’s 

demodulator, matched filter (matched to the transmitted pulse shape), and a symbol- 

rate sampler. The channel output at time n  can be expressed according to this 

discrete-time channel as
L

rn = X I  hlVn~l +  Wn’ (2‘3)
1=0

where L  is the channel delay spread, vn_i is the transmitted symbol at time n  — I, 

wn is additive white Gaussian noise (AWGN), and hi is the discrete-time channel 

impulse response given by

N p - l

hi = ^  hPtihTR {IT — rPti) (2.4)
i= 0

where Np is the number of paths in between the transmitter and the receiver, T  is 

the symbol period, rp>i is the arrival time of the ith path relative to the first path, 

/iTr  (•) is the combined transmit-receive filter impulse response, and hp^ is the fading 

multiplicative factor of the ith path.

A subtle difference between the channel model investigated in this research and 

the model in [9] is that the path arrival time rPti is not considered to be only integer 

multiples of the symbol period T. Rather, in this research rPii is uniformly distributed 

in the range \rPti — f ,  TP)i +  where r Pii is an integer multiple of the symbol period.

The latter scenario alleviates the restriction of requiring the different paths to arrive

at exact integer multiples of the symbol period, which is not realistic especially in
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MIMO systems with Ns and Na >  1. This modification to the channel model used 

in [9] reflects the asynchronousity among the different interfering signals.

The fading factors {hp i} are all independent and each has a complex Gaussian 

distribution, with a mean of zero and a normalized variance of

4.< =  E  [ M * ]  (2-5)

which is calculated for each path i according to

1 0 *W 10

<< -  * r   (2-6)
\QPp,i/w

3 =1

where Ppj  is the power of the ith path in dB, as specified by the power delay profile of 

the channel model used. Finally, the AWGN has a single-sided noise power spectral 

density of N 0, so

E  [u>n] = 0  and E  [w*_mwn] = N08m, (2.7)

{ 1  if m  = 0

is the Kronecker delta function.

0  if m  ^  0

2.2.2 MIMO channel

In a MIMO system, all transmitted signals share the same time and frequency 

slot, so each transmitter creates multiple access interference (MAI) for all the other 

transmitters in addition to the (ISI) caused by the transm itter’s own traffic. Each 

link between any given transmit antenna and any given receive antenna suffers from 

Rayleigh frequency selective fading, where the fading between different transmitters 

and receivers is uncorrelated.

While the iterative receiver in [9] was intended for the use at the BS side, where 

the Ns transmitters were all assumed to be MUs with equal average received signal
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power, in this research the iterative receiver will be used as an IC on the MU side 

in the downlink scenario with Ns — 1 interferers and one desired signal. The average 

received signal power from these interferers differ within themselves as well as from 

the desired transmitter. To model the difference in average received signal power 

among the different transmitters, let s — 1  always be the transm itter of the desired 

signal, then the signal-to-interference ratio (SIR) parameter As given by

As =  Pr,i — Pr,s, Vs £ {1,2 , • • • , N s} (2 -8 )

is the ratio of the received power Pr i from the desired transmitter (s =  1 ) to the 

received power Pr s from transmitter s, in dB. Therefore, the interferer power increases 

with the decrease of As. In the linear domain, the SIR parameter translates to an 

attenuation factor a s given by

a s = \A o~to (2.9)

which is equal to 1  for s =  1 .

Figure 2.4 shows a block diagram of the MIMO channel with Ns transmit anten

nas and N a receive antennas. For s £ {1, 2, • • • , N s}, transmitter s transmits the sym

bols v ^  = (s) (s ) (s)
VO >V1 V "  1 , along with its cyclic prefix. For a £ {1,2, • • • , Na },

the n sample from receiving antenna a at time n is

N s L

^  Y s  a s h l S’a ) v n - l  +  W n ] ■ (2T0)
s = l  /= 0

2.3 D etector

The function of the detector is to generate an estimate Us) Gf the transmitted 

symbol sequence Us) for all s G {1, 2, • • • , Ns} . This is done through linear filtering 

of the signals from each antenna then combining the output of the filters. Because
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Figure 2.4: Block diagram of a MIMO channel.

of the cyclic prefix, the data symbols j  can be assumed to be periodic, i.e. 

Vm = v ^ +N for m  G {—L  +  1, —L + 1, • • • , —2, —1}, and hence linear convolution 

with the channel impulse response is equivalent to circular convolution. This enables 

filtering to be done efficiently in the frequency domain.

The block diagram for the detector responsible for detecting traffic from trans

mitter s is shown in Figure 2.5. After discarding the cyclic prefix, an iV-point DFT is 

applied to the N  received samples from each antenna. So for antenna a, the frequency 

domain received samples will be given by

N s

r W = Y ^ a sHk ’a)vkS) + w t \  V k e  {0,1,2,- •• , 7V-  1}. (2.11)
s= 1

where is the kth frequency component of the DFT of the channel impulse

response between the sth transmitter and the ath receiver antenna, is the kth 

frequency component of the DFT of the symbols j ,  and is the kth frequency 

components of the DFT of the noise samples j  at receiver antenna a.

Frequency domain filtering is done by multiplying each frequency component 

by the filter coefficient P^s'a\  The filtered frequency components are then added, and 

applied to the IDFT operation. The output of the IDFT operation together with an

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T ransm itte r (s) detector

► D FT

► D FT

n(i)
K k " ' K k'-------- f------- J

from feedback

Figure 2.5: Block diagram of the detector.

anti-biasing term form the detector estimate for v£ ), which is given by

N - 1 N a

=4 E E  piv) K 1 - -Ri”1) + w (2 .12)
k= 0 a = l

where is the expected value of , which is obtained from the iterative detection 

feedback loop discussed in Section 2.5, and

, N - 1 NA

(2.13)
fc=0 a = l

The filter coefficients j  j  are determined according to the minimum mean 

square error (MMSE) criterion, by solving N  sets of linear equations, one set for each 

DFT point. Each set consists of the N a equations given by

t-l

l-H 
1____ r ( l  , NA ) 

’ 1 k

1
i—1CO

1

# 0 * 4 ) *

p ( 2 ) l )  p(2>2) 
1 k 1 k

r (2 , NA ) 
’ 1 k

p ( s > 2)
r k

=

j j (s ,2)*

p(^A > 2)
1 k 1 k

r ( NA , NA ) 
' 1 k

p (s , Na )
r k

j j -{s ,Na )*

(2.14)
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for all k £ {0,1, • • • , N  — 1}, where * denotes complex conjugate, and

(2.15)
S = 1

The time averaged variance of all N  symbols (<7 ^s) is given by

K s = ^ J 2 a ln,s  (2-16)
n = 0

where

M - 1

=  Y ,  |SM[(f]|2 Pr{<i(-> =  d } ~  | « « | 2 (2.17)
d= 0

is the variance of the nth transmitted symbol from transmitter s. Pr is the

arbitrary a priori probability distribution of , which is assumed to be potentially 

different for all n  and s. The significance of this assumption will be explained in 

the iterative detection section, is the expected value of the nth symbol from 

transmitter s, which is obtained from the iterative detection feedback loop as well.

Theoretically it is better to use instead of a ‘̂ s in the calculation of the

filter coefficients. However, doing so would greatly increase the filtering complexity 

as the filter coefficients will be different for each symbol n. Moreover, in [9] it is 

shown that this sub optimality is not a great concern. The reader is referred to 

the previous source for the detailed derivation of the filter coefficients based on the 

MMSE criterion.

2.4 D ecoder

A MAP decoder is used at the receiver to decode the convolutionally encoded 

message words. The MAP decoder calculates the a posteriori probabilities (APPs) 

of the message symbols, Pr | a ^  =  a |^ s) j ,  and eventually uses a decision device to
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make hard decisions on these APPs. To accomplish this a metric calculation unit 

(MCU) is needed to prepare the branch metrics needed for MAP decoding. Also a 

de-interleaver is used after the MCU to restore the proper order of bits corresponding 

to the changes made by the interleaver at the transmitter.

2.4.1 Metric Calculation Unit (MCU)

The MAP decoder evaluates the likelihood function /  =  d j of the detec

tor output, zis\  conditioned on the transmitted symbols, d n \  as the metrics. The 

symbol metric, 7 ^  (d), calculated by the MCU for a symbol d can be written as

7i”  (d) =  /  =  i ) , (2.18)

for each d G {0,1, • • • , M  — 1} and n G {0,1, • • • , N  — 1}. Therefore, for each detec

tor output sample, a set of M  metrics are calculated by the MCU.

2.4.2 Metric De-interleaver

The function of the de-interleaver is to restore the proper order of symbols that 

was changed by the interleaver at the transmitter side. This also provides the benefit 

of breaking any error bursts produced by the detector. Since bit interleaving was 

used at the transmitter, the symbol metrics, {7 ^ } ,  produced by the MCU have 

to be first converted into bit metrics, { 7 ^  j> which will be applied to the bit de

interleaver producing a stream of bit metrics in the proper order, that is

converted back again to the symbol metrics, {x^}> which are applied to the MAP 

decoder. This is illustrated in Figure 2.6.
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Figure 2.6: Structure of a bit de-interleaver.

2.4.3 MAP decoder

In this research a maximum a posteriori probability (MAP) decoder is used to 

decode the convolutional code used at the transmitter. MAP decoding is based on 

minimizing the probability of a message symbol error, by calculating the a posteriori 

probabilities (APPs) of the message symbols and then making hard decisions on 

these APPs. The APP that message symbol o ff  is equal to message symbol a G 

{0,1, • • • , 2n“ — 1} is Pr {a&° =  j  which can be calculated efficiently using the 

BCJR algorithm [22].

After calculating the A PP’s for a \t\ the most probable transmitted symbol at 

time n  is selected according to a $  =  arg m axPr j ,  where is the

decoder estimate of ais\

2.5 Iterative D etection

The previous sections explained a single iteration of interference cancellation and 

decoding. Much better results can be achieved if the decoder output is fed back to 

the detectors where it is used to better cancel the interference in an iterative manner. 

Figure 2.7 shows a block diagram of the receiver with feedback from the decoder 

bank. In this section the feedback loop, composed of a feedback interleaver, a soft 

symbol generator, and an equivalent MIMO channel, is discussed.
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Figure 2.7: Block diagram of the detector with feedback.

2.5.1 Feedback interleaver

At the end of each iteration the decoder, in addition to calculating APPs of 

the message symbols ^Pr j a ^  =  |  j , calculates the APPs of the code symbols

ipn'* (c) =  Pr jcn^ =  c |z ^ | ,  for all c 6  {0,1, • • • , 2rac-1} and n  G {0,1, • • • , N c — 1}. 

This output of the MAP decoder is the input to the feedback interleaver which, similar 

to the de-interleaver, converts the code symbol metrics, into bit metrics,

interleaves the bit metrics using the same interleaver mapping as the corresponding 

transmitter s, and finally converts the interleaved bit metrics into symbol metrics, 

|</>^ j ,  which are passed to the soft symbol generator.
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2.5.2 Soft symbol generator

The soft symbol generator calculates the average, =  E  \vn j | , of all possi

ble transmitted symbols by transmitter s at time n  according to
Af-1 M —1

n(s) (2.19)
d=0 d= 0

where SM [•] is the symbol mapping discussed in Section 2.1.3, and <$$ (d) is the 

a priori probability of symbol d obtained from the MAP decoder after feedback 

interleaving. The output of the soft symbol generator, }, is then passed to the 

equivalent MIMO channel after applying it to a DFT producing frequency domain 

soft symbols, | ,  for transmitter s.

2.5.3 Equivalent MIMO channel

The equivalent MIMO channel combines the frequency domain soft symbols from 

all Ns soft symbol generators to generate a replica of the interference for each receive 

antenna. Therefore, the output of the equivalent MIMO channel is the NA feedback 

signals R ^ \  for all a E  {1, 2, • • • , NA} and k E  {0,1, • • • , N  — 1}, where is given

by

R (C] =  J 2 Hk ’a)E
N s

(s,a) ■

s = 1

and since the AWGN have zero mean [E

N s
;(“)

(a) + E W,(a) (2 .20)

(^E W {ka) =  0^, therefore

R f (2.21)
5 = 1

where H jf'^  is the DFT of the discrete-time channel impulse response between the 

sth transmitter and the ath receiver antenna, which is estimated by the MU receiver. 

These NA signals are then fed back to each of the Ns detectors as illustrated in Figure 

2.5.
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2.6 Link-level Simulation R esults

This section presents computer simulation packet error rate (PER) performance 

results for the MIMO detector with the modified channel model used in this research. 

These results represent the link-level simulation results that will be used later in 

the system level simulations. The purpose of these link-level results is to show the 

effectiveness of the MIMO detector in cancelling MAI for different interferer powers 

(i.e. different values of the A parameter).

The curves show the PER of the messages received by a MU, having Na receive 

antennas, from the desired transmitter in the presence of N s — 1 interferers forming 

a (Na , Na) MIMO system as mentioned before. PER performance results are shown 

for this MIMO system with and without using the IC, denoted (w-IC) and (w/o-IC) 

respectively. Results are also shown for the case with no MAI which corresponds to 

a (Na , Ns = 1) MIMO system and is denoted (w/o-MAI).

All link-level simulations are based on the following link parameters. Because the 

radix-2 FFT operation requires the number of symbols in a block to be a power of 

two, we chose a block size of N  = 1024 symbols for all simulations. The convolutional 

encoder used by all transmitters has rate 1/2, with generator polynomial of (5 ,7)8, 

and a constraint length of three (Lc = 3). Therefore, the message block size is Na = 

1022 message symbols and each message symbol consists of one bit (na =  1)- Pseudo

random bit interleaving is used, with an interleaver size of 2048 bits. The results 

shown were taken after five iterations of the receiver. The total number of message 

words simulated for every SNR points is 20000. All simulations were done using the 

QPSK constellation shown in Figure 2.3. The discrete-time baseband ISI channel 

follows the SUI-5 channel model [23] which has a power delay profile as shown in
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Figure 2.8: Delay spread profile for SUI-5 channel.

Figure 2.8. The SUI-5 channel has three taps with unequal variances (specifically, 

0.706, 0.223 and 0.0706), and a delay spread covering 11 symbols. The receiver 

sampling rate is equal to the symbol rate. Finally, simulations were performed for 

two MIMO systems. The first is (Ns =  2 , N a = 1) for a MU with a single antenna, and 

a single interferer, where the w/o-MAI system is (Ns = 1, N a =  1)- And the second 

is (Ns =  4, N a = 2) for a MU with two receive antennas, and three interferers, where 

the w/o-MAI system is (Ns = 1, NA = 2).

2.6.1 Simulation Results for (Ns = 2, NA = 1)

In this case simulations were done for =  0 dB for the desired transmitter, and 

A 2 G [—20,20] dB for the interferer. For each value of A 2  a PER table was created for 

several SNR points for both (w-IC) and (w/o-IC) cases. Recall that larger A 2 values 

indicate weaker interferer power, while smaller A 2  values indicate stronger interferer 

power. Also, it is good here to emphasize that in this case all the improvement for the 

(w-IC) system over the (w/o-IC) system is achieved merely through signal processing 

at the receiver with a single receive antenna.

Figures 2.9 and 2.10 show PER performance results for selected values of A 2  for
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(w-IC) and (w/o-IC) respectively. The effect of the IC can be seen by the removal 

of the error floors seen in Figure 2.10 for the (w/o-IC) case. These error floors occur 

at higher PERs with the increase of the interferer power or equivalently the decrease 

of A2. Moreover, these error floors are better removed for strong interferers than 

weaker ones as they can be better detected and cancelled. This is illustrated more in 

Figures 2.11, 2.12 and 2.13 for A 2  =  0 dB (interferer with equal power to MU), A 2 

=  20 dB (weak interferer), and A 2  =  -20 dB (strong interferer) respectively.

When A 2 =  0 dB, the interferer has reasonable power and hence the IC is able to 

detect and cancel its signal. Note that the IC performance approaches the (w/o-MAI) 

case with the increase of SNR due to better detection and hence cancellation of the 

interferer signal while without the IC an error floor is reached at a very high PER 

close to 1. For a very weak interferer (A2 =  20 dB), the IC is unable to detect the 

interferer and hence (w-IC) and (w/o-IC) have a similar performance. However, the 

(w-IC) case is expected to approach (w/o-MAI) at higher SNRs, where the interferer 

can be detected and cancelled, while the (w/o-IC) case will suffer from an error floor 

which occurs at a lower PER due to the low interferer power. Finally, for a very 

strong interferer (A 2  =  -20 dB) the IC can very efficiently detect and cancel the 

interferer signal performing as good as the (w/o-MAI) case while the (w/o-IC) case 

is totally in error.
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Figure 2.9: MIMO detector (w-IC) PER performance for (N s =  2 , N a  =  1), Ai = 0 
dB, A2  € [—20,20] dB, SUI-5 channel model and QPSK.
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Figure 2.10: MIMO detector (w/o-IC) PER performance for (N s =  2, N a  =  1), Ai = 
0 dB, A 2  € [—20,20] dB, SUI-5 channel model and QPSK.
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Figure 2.11: MIMO detector (w-IC) PER performance for (N s  —  2 , N a  =  1 ), Ai =  0 
dB, A2  =  0 dB, SUI-5 channel model and QPSK.
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Figure 2.12: MIMO detector (w-IC) PER performance for (N s =  2 , N a  =  1), Ai = 0 
dB, A2  = 20 dB, SUI-5 channel model and QPSK.
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Figure 2.13: MIMO detector (w-IC) PER performance for (Ns =  2 , Na = 1), Ai = 0 
dB, A2  = -20 dB, SUI-5 channel model and QPSK.
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2.6.2 Simulation Results for (Ns = 4, N a = 2)

In this case, due to the existence of three interferers, running simulations for all 

(A2, A3, A4) combinations with each one of them ranging from [—20,20] dB would 

require a prohibitive amount of simulations. For that reason only a few combinations 

of (A2, A3, A4), where A 4 is always equal to zero, were selected and shown here 

to illustrate the MIMO detector performance for this case. Due to the difficulty of 

producing link-level tables for this case, no system-level simulations were done for 

the (Ns = 4, N a — 2) case. However, a performance bound for this case, PIC3, where 

three major interferers are perfectly cancelled is presented to give an idea of the 

improvement range that could be realized if two receive antennas were available at 

the MU.

Figures 2.14 to 2.20 show the PER performance of the selected (A4, A2, A3, A4) 

combinations. Clear advantages can be seen for the IC in improving the performance 

in most cases as shown in the figures. Again, the performance of the (w-IC) sys

tem approaches the no interference (w/o-MAI) case as the interferers signal power 

increase, while the (w/o-IC) system performs poorly. This is illustrated through the 

first three (A2, A3, A4) combinations.

The first combination is for the case when all interferers have equal power to the 

MU, where the IC performance is good and improves with the increase of SNR while 

the (w/o-IC) case error floors at a very high PER. The second combination is for the 

case of three strong interferers, where the IC performance approaches the (w/o-MAI) 

case while the performance without the IC is even worse than the first case. And 

finally the third combination corresponds to the case of three weak interferers where 

the IC is less able to detect and cancel the interfering signals and hence deviates away 

from the (w/o-MAI) case while the error floor of the (w/o-IC) case is now at a lower
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PER due to less interference. However, the IC removes the error floor at higher SNR 

while that is not the case for (w/o-IC).

Figures 2.17 to 2.20 represent combinations between these extreme cases, where 

not all interferers have the same strength. For example in Figure 2.17 all interferers 

are weaker than the MU but with different levels while the opposite is shown in 

Figure 2.18, where all interferers are stronger than the MU but also with different 

levels. Comparing these two figures we see that the IC favours the second case more 

where the interference is almost perfectly removed. Figures 2.19 and 2.20 show a 

mixture of strong and weak interferers, where in the first figure there are two weak 

and one strong interferer, while in the second there are two strong and one weak 

interferer. Again we see a better performance for the (w-IC) system in the second 

case, establishing the fact that the IC benefits from strong interference that can be 

efficiently detected and cancelled.
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Figure 2.14: MIMO detector PER performance for ( N s =  4, N a  =  2), Ai — 0 dB, A 2  

= 0 dB, A3  =  0 dB, A4  =  0 dB, SUI-5 channel model, and QPSK.
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Figure 2.15: MIMO detector PER performance for ( N s =  4, N a  =  2), Ai = 0 dB, A 2  

= -10 dB, A3  =  -10 dB, A4  = -10 dB, SUI-5 channel model, and QPSK.
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Figure 2.16: MIMO detector PER performance for ( N s  —  4, N a  = 2), Ai = 0 dB, A 2  

= 10 dB, A3  = 10 dB, A4  =  10 dB, SUI-5 channel model, and QPSK.
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Figure 2.17: MIMO detector PER performance for ( N s =  4, N a  =  2), Ai =  0 dB, A2  

= 5 dB, A3  = 10 dB, A4  = 15 dB, SUI-5 channel model, and QPSK.
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Figure 2.18: MIMO detector PER performance for (Na = 4,N a = 2), Ai = 0 dB, A2 

= -5 dB, A3 = -10 dB, A4  =  -15 dB, SUI-5 channel model, and QPSK.
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Figure 2.19: MIMO detector PER performance for (Ns = 4, Na = 2), Ai =  0 dB, A2  

= -5 dB, A3  =  5 dB, A4  = 10 dB, SUI-5 channel model, and QPSK.
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Figure 2.20: MIMO detector PER performance for ( N s =  4, N a  =  2), Ai = 0 dB, A2  

= 5 dB, A3  = -5 dB, A4  = -10 dB, SUI-5 channel model, and QPSK.
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Chapter 3

Simulation Model

This chapter outlines the system model used in this research. First, aspects 

concerning the wireless channel propagation model, calculation of the signal-to- 

interference-and-noise ratio (SINR), and the antenna patterns used, are discussed. 

After that the cellular layout used in this research as well as the relaying protocols 

employed in multihop networks are described. Finally the environment parameters 

and assumptions used in the computer simulations as well as the simulation algorithm 

are presented.

3.1 The W ireless Channel Propagation M odel

The wireless channel is the physical transmission medium over which the infor

mation is transmitted. It is characterized by several physical limitations that distort, 

attenuate, and add noise to the transmitted signal. These physical limitations are 

reflected in the propagation model used which is usually derived using a combination 

of analytical and empirical methods.

Propagation models can be classified into large-scale and small-scale models. 

Large-scale models predict the mean signal strength for an arbitrary transmitter- 

receiver (T-R) separation distance. Small-scale models on the other hand characterize 

the rapid fluctuations of the received signal strength over very short travel distances

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



or short time durations [2,24].

3.1.1 Large-Scale Propagation Model

According to both theoretical and measurement-based propagation models the

average received signal power decreases logarithmically with distance. The average 

large-scale path loss for an arbitrary T-R separation is expressed as a function of 

distance using a path loss exponent as follows

increases with distance, do is the close-in reference distance which is determined from 

measurements close to the transmitter, and d is the T-R separation. The bars in

where A is the wavelength of the carrier.

The measured path loss at two different locations having the same T-R separation 

may be vastly different from the average value predicted by (3.1). In particular, 

measurements have shown that at any value of d, the path loss Lp (d) at a particular 

location is random and distributed log normally (normal in dB) about the mean 

distance-dependent value calculated from (3.1). That is,

L P (d) =  LP (d0) +  lOplog (3.1)

where p is the path loss exponent that indicates the rate at which the path loss

the equation indicates the ensemble average of all possible path loss values for a 

given value of d. The path loss at the close-in reference distance LP (d0) is calculated 

according to the free space path loss formula given by

(3.2)

LP {d) =  Lp (d) +  Ls — Lp (do) +  lOplog +  L s  (3.3)
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where Ls is a zero-mean Gaussian distributed random variable (in dB) with standard 

deviation ug (also in dB). This log-normal random variable represents what is known 

as log-normal shadowing, which occurs over a large number of measurement locations 

which have the same T-R separation but have different levels of clutter on their 

propagation paths.

3.1.2 Small-Scale Propagation Model

Small-scale fading reflects the rapid fluctuations of the amplitude, phases, or 

multipath delays of a radio signal over a short period of time or travel distance. This 

fluctuation occurs due to the vectorial addition at the receiver antenna of multipath 

components of the signal arriving from different directions and with different prop

agation delays. This fluctuation occurs even if the receiver is stationary due to the 

movement of surrounding objects in the radio channel.

Fading is characterized by two important parameters, which are the coherence 

bandwidth, B c, and the coherence time, Tc. B c is the range of frequencies over which 

all spectral components have approximately equal gain and linear phase (i.e., flat), 

while Tc is the time duration over which the channel impulse response is essentially 

invariant. Fading is said to be flat if the signal bandwidth is less than the coherence 

bandwidth, otherwise it is said to be frequency selective. Similarly, fading is con

sidered to be slow if the coherence time is greater than the symbol period and it is 

considered to be fast otherwise.

In mobile radio channels, the Rayleigh distribution is commonly used to describe 

the statistical time-varying nature of the received envelope of a flat fading signal, 

or the envelope of an individual multipath component. When there is a dominant 

stationary (non-fading) signal component, such as a line-of-sight propagation path,
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the fading distribution is Ricean. As the dominant signal becomes weaker, the Ricean 

distribution degenerates to a Rayleigh distribution [11].

3.2 SIN R  Calculation

To determine the performance of a randomly located MU from the link-level

simulation results presented in Section 2.6, the signal-to-interference-and-noise-ratio

(SINR) needs to be calculated. The SINR for a MU is the ratio between the received 

signal power (Pr) and the summation of both the total interference power (Pj) and 

the noise power ( P n ) -  The MU received signal power in the downlink direction is 

calculated from the link budget equation given by [2 ]

Pr =  Pt + Gt (9) + G r - L P (d) -  L s (3.4)

where
Pr =  received signal power at the MU receiver 

Pt = transmitted signal power

Gt ($) = transmitting antenna gain, for transmit angle 6

Gr = receiving antenna gain

Lp = path loss as given by (3.1)

Ls  =  log normal shadowing in dB 

The received power from the desired transmitter constitutes the desired signal 

power (Ps), while the received power from interfering units is added to the total 

interference power (Pi). The link budget equation takes into account the effects of 

antenna gains, distance dependent path loss, and shadowing. The effect of fading 

can be included in the link budget as well or may equivalently be averaged out in the
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link-level simulations which is the approach adopted in this research. The antenna 

patterns used in this research is investigated in the next section.

Having defined how Ps and Pj are calculated the SINR can be calculated accord

ing to

SINR =  p  Pf  P <3-5)Pr +  Pv

where

Ps — MU received desired signal power

Pi =  total interference power from all other users

P jv =  total channel noise power 

The total channel noise power is comprised of both thermal noise, NT, and the

noise figure, NF, as given by (3.6). The noise figure relates the signal-to-noise-ratio

(SNR) at the input of the receiver to the SNR at its output thus measuring the SNR

degradation caused by the receiver [25], and

PN = N t  + Nf . (3.6)

The thermal noise in dBm is given by

in l [ K b x T K x W \
N t  =  I 0 ‘Og(  IX  10-3 )  (3'7)

where K b — 1.38 x 10~ 2 3  Joules/Kelvin is Boltzmann’s constant, TK is the system

temperature in Kelvin, and W  is the transmission bandwidth in Hz. The noise figure

is taken to be NF = 5dB in this work.

3.3 Antenna Pattern

The antenna pattern describes the transmitter antenna gain, Gt (9), as seen by a 

receiver in a certain direction. In this research an omnidirectional antenna pattern is
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Figure 3.1: (a) Omnidirectional antenna pattern, (b) Directional antenna pattern.

used for single sector cells while a directional antenna pattern is used for three-sector 

cells. Omnidirectional antennas have equal antenna gain ( G o a )  in all directions while 

directional antennas focus the transmitted power in a certain direction (mainlobe) 

which will have the biggest gain ( G Da )  as shown in Figure 3.1. For a fair comparison 

between single and three-sectored cells we require that on the average the BS transmit 

antenna gain experienced by a MU be the same for both cases. Subsection 3.3.1 

describes the azimuth antenna pattern of the directional antenna while Subsection

3.3.2 describes how G o a  is derived from a certain G d a  value so that on the average 

the BS transmit antenna gain as seen by a MU is the same.
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3.3.1 Directional Antenna Pattern

The BS antenna pattern for each base station sector (BSS) on the forward link

in a sectored cell in this research is given by

Gt (9) = Gda -  min 12
2

■max (3.8)

where

Gda =  mainlobe antenna gain in dB

9 =  horizontal transmit angle at BS, — 180° < 9 <  180°

$3 dB =  3 dB beamwidth

A mav — maximum attenuation in dB 

The second term in (3.8) represents the antenna gain attenuation experienced 

by a user away from the boresight of the antenna by a horizontal transmit angle 9. 

Figure 3.2 shows a plot of the antenna patten for Gda =  14 dB, =  70°, and

3.3.2 Omnidirectional Gain Calculation

In this section the omnidirectional antenna gain ( G o a )  o f  the BS in single sector 

cells which is equal in all directions is derived given a certain directional antenna

in a sectored cell gets the same BS transmit antenna gain as another mobile unit in 

a single sector cell.

Considering a single BSS of a three-sector cell, mobile units will have BS transmit 

angles (9) in the range [—60°, 60°]. Therefore, they will have a certain range of BS 

transmit antenna gains (Gt) found by evaluating (3.8) for the previously mentioned

A max = 2 0 dB.•max

boresight antenna gain ( G d a )  value. This is done so that on average a mobile unit
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Figure 3.2: BS antenna pattern for each sector, for Gda = 14 dB, 0 3 dB = 70°, and 
Amax = 20 dB.

range of 6. In this range the 12 term is always less than Amax as can be seen

from Figure 3.2. To calculate G q a  the following steps have to be taken:

1. Find the linear domain equivalent of the directional antenna pattern as

Q t ^0^ — ]_QGi(0)/lO _  ^Q[GDA-12(0/03dB)2]/lO ^2
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2 . Find the average value of Gt (9) as

60

/
- 6 0

r  60
Goa =  E \Gt (9) f  Gt (9) d9

L J - 6 0  
60

=  f  l 0 GDA/lO1 0 -1.2(^3dB)2̂
120

0
60

=  ^ 1 0 G d a / 1 0 /  exp { - 1 . 2  (9/93dBf  In 1 0 } d9, let u = V l.2 1 n l 0  (9/93AB)
o

* /i Oln ir;_v/l.21n 1 0 ^ 2 -

=  /  e -”2 7 ^ T o d“

=  i lo 0 l, A / . o ^ _ ^ _ erf ( ^ 2 h U 0^ )

(3.10)

where erf (•) is the error function.

3. Convert Goa to dB as

Gqa = 1 0 1 og1 0 Goa =  Gda +  1 0 1 og10
7T 03dB  . I /.  — 60erf ( Vl.2 In 10-

1.2 In 10 120 V 03dB,
(3.11)

For a 3 dB beamwidth of 0 3 <ib =  70°, this becomes Goa =  Gda — 2.257 in dB.

3.4 Cellular Layouts

The research in this thesis is based on a hexagonal cellular layout containing seven 

interfering cells ( N q e l l  =  7) which may be single ( N s e c  =  1 ) or three ( j V s e c  =  3) 

sectored and considering cluster sizes (Cs) of 1 and 4 as shown in Figure 3.3 for 

Gs =  1, and Figure 3.4 for Cs = 4. We emphasize that for Nsec =  3 all three BSSs 

are using the same channel or frequency band contrary to traditional sectoring where 

the different BSSs in one cell use different channels. The central BSS in cell # 1  is 

always the serving BSS while other BSSs act as interferers. So a total of 21 BSSs 

are modelled for N sec =  3 and 7 BSSs for Nsec =  1- For Gs =  4, the cell sizes
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Figure 3.3: Hex cell layout, Cs =  1, centre cell is in hashed dark grey and interfering
cells are in light grey.

remains the same and hence the cells are put further apart from each other. This 

decreases the CCI from adjacent cells, however CCI from adjacent BSSs in the same 

cell remain the same. The cell radius is measured as half the distance between the 

centres of any two adjacent cells.

3.5 Relaying Protocols

In this section a hybrid time and frequency domain multiple access (TDMA and 

FDMA) system is used to describe the relaying protocols, outlining the sources of 

interference in both the first and second hop. Two different scenarios are considered. 

In the first scenario, the RSs use different channels than the BSSs. This scenario 

is denoted as orthogonal relay channel (ORC). In the second scenario, the RSs and
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Figure 3.4: Hex cell layout, Cs =  4, centre cell is in hashed dark grey and interfering
cells are in light grey.

BSSs simultaneously use the same channel, denoted as non-orthogonal relay channel 

(nORC). Thus the ORC case requires an additional channel for relaying, whereas 

the nORC case does not. A fully loaded system where the BSSs always have traffic 

to transmit for every time slot is considered. However, for the ORC case the relay 

channel is used only by as many relays as there are MUs in need of relaying. Although 

the relaying protocol is the same, the number and sources of interference differ from 

the ORC case to the nORC case. After describing each case, the method used to 

calculate the probability of error as well as the system throughput calculation for 

both cases is shown.
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Table 3.1: Relaying protocol description, for relaying on ORCs.

Hop #
Desired

signal
Channel

Sources of 

interference

First BSSfe -  MUfc,/ primary ( A b s s  -  1) BSSs

Second RSfc,i —> MUfc,* relay ( 0  ( A b s s  — 1 )) RSs

3.5.1 Relaying using ORCs

Figure 3.5 shows an illustration of the relaying protocol when relays use ORCs 

for the relaying traffic. In a given time slot, Tn, BSS/. transmits to mobile unit 

MUfci, on the primary channel. At the same time all available RSs in BSSfc are 

also receiving the transmission. This constitutes the first hop transmission where 

MU/y will be receiving interference from all surrounding BSSs that share the same 

primary channel. In the next time slot, Tn+i, while BSSfc is transmitting to another 

mobile unit MU/jj on the primary channel, if MU/^, requests relaying then the RS 

with best signal power to MU/^, which will be denoted RSfc ,̂ retransmits the data 

to MUfc  ̂ on the relay channel. Therefore, on the second hop, MU/^j will encounter 

no interference from any BSS. However, it may receive interference from as many 

other RSs as the number of MUs in the adjacent BSSs that have requested relaying. 

So MU^j may receive interference from R S ^  on the second hop such that k and I 

are not equal. This illustration is summarized in Table 3.1 where iVBSS is the total 

number of interfering BSSs given by

A b s s  =  A c e l l  x  A s e c - (3.12)
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Desired Signal 
Interfering Signal

RS*, 
Serving BSS

BSS? 
Adjacent BSS

Primary channel Serving BSS

0 '
RS*, 

Serving BSS
RS i,h 

Adjacent BSS

Relay channel

Figure 3.5: Relaying protocol for relaying on orthogonal channels (ORCs).

3.5.2 Relaying using nORCs

Figure 3.6 shows an illustration of the relaying protocol when RSs use the same 

primary channel as BSSs. On the first hop, in addition to interference from adjacent 

BSSs, a MU may receive interference from any RS that is retransmitting to any other 

MU that was initially served in the previous time slot, Tn_i. These interfering RSs 

may be in any BSS, including its own BSS, BSS*. On the second hop, while RS*^ 

is transmitting to MU*;j, in addition to the possible interference from any number of
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Table 3.2: Relaying protocol description, for relaying on nORCs.

Hop #
Desired

signal
Channel

Sources of 

interference

First BSSfc -► MUfc,i primary
( N b s s  ~  1) BSSs +  

(0 -  (1VBSS))RSs

Second RSfc,* —► MUfc,j primary
( 0  -*■ ( N b s s  ~  1 )) RSs +  

(Nbss) BSSs

RSs from adjacent sectors there will be interference from all BSSs, including BSSfc. 

This is summarized in Table 3.2.

3.5.3 Probability of error calculation

In this subsection, the method used to calculate the average probability of packet 

error (Pe) for a MU is presented. For two-hop systems Pe is given by

Pe =  Pe,l X P e ,2 (3.13)

where P e,i and P e ,2  are the average packet error rates on the first and second hops 

respectively. Next, the calculation of Pe i and P e ,2  for both relaying protocols is 

shown.

Relaying using ORCs

As shown in Table (3.1) for relaying on ORCs, on the first-hop the BSS-MU 

transmission experiences interference from a fixed number of neighbour BSSs equal 

to Nbss ~  1 BSSs while no interference is received from RSs. Therefore, for each 

MU Pe,i is equal to the link-level PER for a certain SNR (7 ) and SIR (A) pair. To 

evaluate Pe;i (7 , A), and based upon the assumption that the different interference
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Desired >ignal 
Interfering Signal

Serving BSS I \
RSt

/  Serving BSS

BSS; 
Adjacent BSS 

(<t>)

Adjacent BSS Primary channel

RSfe; 
Serving BSS

BSS; 
Adjacent BSS

(<t»

RS /.* 
Adjacent BSS

BSS* 
Serving BSSPrimary channel

Figure 3.6: Relaying protocol for relaying on non-orthogonal channels (nORCs).

sources are independent from each other, the total interference, Pj, experienced by 

the BSS-MU transmission is split in linear domain according to

P, = PP + P0 (3.14)

where Pp is the power of the primary interferer and Po is the power of all other

interferers. Therefore, in the linear domain 7  can be calculated according to

- - w h '  (3 -15)
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while A is calculated according to

A =  (3.16)
UP

where Po is treated as AWGN and Ps and Pn are, as defined in (3.5), the signal and 

noise power respectively. For perfect cancellation of the primary interferer (PICl), 

the calculated value of 7  is used to get the performance from the (w/o-MAI) link-level 

PER tables. For PIC3, Pp in (3.14) is the total power of the three major interferers. 

Po and 7  are consequently updated and used to get the PER performance from the 

w/o-MAI link-level tables. The average probability of error Pe i =  E  [Pgji (7 , A)] is 

obtained by averaging over many MUs.

On the second hop, the RS-MU transmission experiences interference from zero 

to as many as NBss — 1 RSs. Therefore, the number of interfering RSs is random and 

depends upon the average probability of relaying, which is equivalent to the average 

probability that the first-hop transmission fails (Pe,i)- Therefore, the instantaneous 

probability of packet error on the second hop for each MU, Pe,2 , is given by

Nbss—1 / » i ■ \
P«.2 =  E  (  B S S “  ) p E R - i R s s ( 7 i  A) ( l  -  Peil) <fVBSS~ 1- i ) P^i (3.17) 

i= 0  V * /

where P E R ^Ss (7 , A) is the PER when i RSs are interfering with the RS-MU trans

mission. These % RSs are used to calculate Pp, Po, and Pi while the signal from the 

serving RS determines the value of Ps where the superscript (2 ) indicates that the 

desired signal is from a RS on the second hop. These values are then used to calculate 

7  and A that are consequently used to get the performance results of the different 

schemes (w/o-IC, w-IC, PIC l, and PIC3) from the appropriate link-level tables. The 

combinatorial term (JVbs/ -1) represents the number of ways to choose i RSs from 

Abss — 1 RSs, and the (1 — Pe>1) term indicates the success of the first-hop
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transmission for iVBss — 1 — * MUs while the term Pe l indicates first-hop transmission 

failure for i MUs, and that is why i RSs retransmit and cause interference to the MU 

in the central BSS.

The average probability of error P e ,2  =  E [Pe,2] is obtained by averaging over 

many MUs, giving

•NbSS 1 /  7\ t -i \

P.,2 =  £  (  BSS"  )PE R ‘S i, ( l - P . , i ) <A'“ S' 1" ) P b  (3-18)
i= 0  v 1 J

where PER® , =  E [PER® s (7 , &)

i= 0

is obtained by averaging over many MUs, and
   (2)

hence P e ,2 can be calculated by calculating PERiRSs for all i £ {0 , 1 , • • • , iVsss — 1}
 (2 )

then applying Equation (3.18). When calculating PERiRSs through averaging over 

many MUs, it is important to note that a random combinations of i distinct RSs is 

chosen for every MU. Finally P e is calculated by substituting Pe,i and P e )2 in (3.13).

Relaying using nORCs

When relaying is done using nORCs, on the first-hop the BSS-MU transmission 

may experience interference from RSs in addition to the fixed interference from IV b ss — 

1 neighbour BSSs. Therefore, the average packet error rate on the first-hop, Pe,i, will 

be given by

_/Vggg , .

P«,i =  £  ( ' ) p Er 2 ss (1 -  P ,,i)(W“ s' i) p ‘:l (3.19)
i= 0  '  1 '

r(l) . tS ^ (2 )where PERiRSs is similar to PERiRSs, however the superscript (1) indicates that the 

desired signal is from a BSS on the first-hop. Also it is important to note that for 

nORC PER-RSs does not mean that only i RSs constitute the set of interferers, but 

it means that i RSs in addition to a fixed number, iVBss — 1, of neighbour BSSs form
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that set.

On the second-hop, Pe 2 is calculated in the same way as for ORC. Again, it is

only but on a set of i RSs +  Abss neighbour BSSs as outlined in Table (3.2). Then, 

Pe is calculated by substituting Pe i and P e ; 2  in (3.13).

3.5.4 System Throughput and Outage Calculation

In this section, we present the expressions used to calculate the average system 

throughput ( % y s )> the cumulative distribution function (CDF) of the throughput 

( V c d f ) ,  and the outage probability ( P o u t ) -

First, the MU throughput, ijuv, measured in bits per channel use (bpchu) is 

defined as the number of correctly received bits by the MU over a single channel use, 

and is given by

where ?7mu for ORC is multiplied by a factor of 1/2 due to the use of an orthogonal 

channel for the relaying traffic, Pe is the MU probability of packet error over the 

two hops, and <Tmu is the MU nominal throughput in bpchu which depends upon the 

constellation size (M) and the code rate (nc/n a) as follows

Next we define the cell throughput, t / c e l l ,  to be the number of correctly received 

bits by all MUs in a cell for a single channel use. This throughput definition will be 

different from tjmv f°r sectored cells, where all sectors use the same band (frequency 

channel). That is

 (2 )good to emphasize that the term PERjRSs is not based upon an interferer set of i RSs

2 f ( l - P e) fo r  ORC 

<?MU (1 -  Pe) fo r  nORC
(3.20)

Tl
*»MU =  l o g 2 ( M )  X — . (3.21)

VCELL  =  A Se c  x  VMXJ- (3.22)
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The system throughput, ?7sys, is a scaled version of ^cell which accounts for the 

cluster size (Cs) value as follows

1 iVgEC
VSYS  — 7 T  X ^CELL =  —  X ^MU, (3.23)

C'S

and hence this can be re-written as

{ s * a ( l - P c) for ORC
(3.24)

<Tsys (1 -  Pe) for nORC 

where <rsYs is the system nominal throughput in bits and is given by

■WsecCmu N Se c  x log2 (M) x n c .
 • (3.25)

The average system throughput rjSYS =  E  [ t ] sy s ]  is obtained by averaging over 

many MUs, or equivalently by using Pe instead of Pe in (3.24). The cumulative 

distribution function (CDF) of the system throughput is given by Pr (t?sys <  r j)  which 

is the probability that the system throughput takes on a value less than or equal to 

r/. Finally the system outage probability, P o u t ,  is evaluated from the CDF according 

to

P o u t  =  P r  ( v s y s  <  V o u t )  (3 .2 6 )

where rjovT is the outage throughput which is an arbitrarily chosen value for t/sys 

below which the system is considered in outage.

3.6 Simulation A lgorithm  and Param eters

Computer simulations were used to evaluate the PERiRSs and PERiRSs terms, 

which are necessary to calculate fjSYS, the throughput CDF, and the outage proba

bility. In this section first the environment parameters and assumptions used in the 

simulations are presented, followed by an outline of the algorithm used to run the 

simulations.
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3.6.1 Environment Parameters and Assumptions

Below is a list of parameters used in the simulation algorithms. These parameters 

were inspired by, but not limited to, suggested parameters of the WINNER [26] 

project for urban macro cellular applications outlined in the public documents [27] 

and [28].

•  Downlink scenario

• Pathloss propagation exponent: p = 3.5

•  Log normal shadowing with a standard deviation of as  =  8  dB.

•  Frequency selective fading given by the SUI-5 channel model as illustrated in 

Section 2.6.

•  Slow fading, due to the envisioned high data rate coverage. Fast fading typically 

only occurs for very low data rate applications [2 ].

•  Doppler effects are ignored, since the effects of the Doppler spread is expected 

to be negligible for slow fading channels [2 ].

•  Carrier frequency: /  =  3.95 GHz.

• Close-in reference distance: d0 = 1 meter.

• Mean path-loss model by evaluating (3.1): LP (d) = 44.373 +  351og (d)

• Transmission bandwidth: W  =  5 MHz.

• System temperature: Tk  =  300° Kelvin.
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• Thermal noise power by evaluating (3.6): N t  =  -101.8403 dBm.

• Mobile unit receiver noise figure: Nj? = 5 dB.

•  Antenna Gains:

— Directional BSS mainlobe antenna gain for three-sectored cells G d a B s s  =  

14 dB.

* Maximum attenuation: A max = 20 dB

* 3 dB beamwidth: =  70°

— Equivalent omnidirectional BSS antenna gain for single-sectored cells cal

culated from Section 3.3.2 GoaBSs = 11-743 dB.

— Omnidirectional RS antenna gain G o a r s  =  9 dB.

• Transmit powers:

— BSS transmit power: PtBSS — 46 dBm.

— RS transmit power: PtRS = 37 dBm.

• Number of simulation runs: 1,000,000 MUs placed randomly in the central BSS.

• Cell radius: R =  100, 200, • • •, 1000 meters.

• Number of available relays per cell: NR =  3, 6 .

•  Simulation area: first tier of co-channel interfering hexagonal cells, 1-cell and

4-cell clusters as shown in Section 3.4. According to variations of Gs, N sec,

ATr, and N qell, the following layouts can be defined
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Table 3.3: Cellular Layouts.

Cellular layout description Cs N c e l l -Ns e c N b s s N r

Single 1 -sector cell - 1 1 1 3

Single 1 -sector cell - 1 1 1 6

Single 3-sectored cell - 1 3 3 3

Single 3-sectored cell - 1 3 3 6

Multiple 1-sector cells 1 7 1 7 3

Multiple 1-sector cells 1 7 1 7 6

Multiple 3-sectored cells 1 7 3 2 1 3

Multiple 3-sectored cells 1 7 3 2 1 6

Multiple 1-sector cells 4 7 1 7 3

Multiple 1-sector cells 4 7 1 7 6

Multiple 3-sectored cells 4 7 3 2 1 3

Multiple 3-sectored cells 4 7 3 2 1 6
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•  Further assumptions:

— The BSS-RS link is assumed to be reliable enough so that it can perfectly 

receive the BSS transmission on the first hop. This assumption is in accor

dance with the relaying deployment concepts of the WINNER project [29].

— For each run relays are randomly placed in the cell with the same number of 

relays per sector. So if N r =  6  and N $ e c  = 3 there will be two randomly 

placed relays in each BSS. The random placement of relays in the BSS 

ensure that the results are not dependent upon a specific location rather 

they are averaged across all possible locations.

3.6.2 Simulation Algorithm

Below is an outline of the simulation algorithm used to evaluate the PER^RSs and
 (2 )PERiRSs terms according to the previously mentioned parameters and assumptions.

For each simulation run:

1 . Place a MU randomly in the central BSS (or equivalently central cell for ./Vs e c  

=  !)•

2. Calculate the MU received power, Pr , from all BSSs using the link budget 

formula in (3.4).

3. Place Nr/N sec RSs in the central BSS and choose the RS with strongest signal 

power to the MU to be the serving RS in the second-hop.

4. Place a single RS randomly located in all other interfering BSSs.

5. Calculate the MU received power from all RSs.
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6 . Choose i distinct RSs randomly from all interfering RSs to form the set of % 

interfering RSs for this run.

7. In the first-hop The desired signal power, Ps, is equivalent to the received 

power, Pr , from the central BSS, while on the second-hop Ps is equivalent to 

Pr from the chosen RS in the central BSS.

8 . Generate the list of interferers (refer to Tables 3.1, and 3.2) according to the 

value of i, first or second-hop transmission, and whether ORCs or nORCs is 

used.

9. Sort interferers descendingly according to Pr then determine Pp, and Po for 

the different schemes (w/o-IC, w-IC, PIC1, PIC3).

10. Calculate 7  and A for the different schemes as discussed in Section (3.5.3).

11. For each scheme use the (7 , A) pair to fetch the PER for that MU from the 

appropriate the link-level table.

After evaluating the PER-^Ss and PER-^Ss terms, they are used in the calculation 

of the average probability of packet error, Pe, which is then used to calculate the 

average system throughput (fjSYS).

To evaluate the system throughput CDF, which is also used to determine the 

system outage probability, the PER-^Ss terms were used to evaluate the average 

probability of packet error on the first-hop, Pe>i, which is equivalent to the probability 

of relaying. According to this probability of relaying, the number of interfering RSs, 

if any, were determined for each MU. For example, on the second-hop a uniformly 

distributed random variable, x  ~  U(0,1), is used for each BSS other than the central
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BSS. If x  < Pe,i then this BSS will have an interfering RS. After deciding upon 

the total number of interfering RSs for this specific MU, the instantaneous system 

throughput can be calculated which is used in the calculation of the CDF and the 

probability of outage.
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Chapter 4

Simulation Results

This chapter presents the performance evaluation results by means of computer 

simulation for the investigated cellular layouts with and without using the IC. First, 

the results for single-hop networks are shown in Section 4.1. Then the results for 

two-hop networks are discussed in Section 4.2. Single and multiple-cell scenarios are 

discussed for both kinds of networks.

The single-cell scenario corresponds to a situation where the number of sub

scribers in a certain geographic area is limited, like a small town or village hence 

limiting the need for reusing frequencies by installing more cell sites. The multiple- 

cells scenario on the other hand is more likely to be found in cities and metropolitan 

areas where more cell sites are used to accommodate the increase in the number of 

subscribers through reusing frequencies.

In this chapter the performance of each setup is investigated in a number of 

ways. First we look at the average system throughput (?7s y s ) f ° r  different cell sizes. 

Also each setup is evaluated in terms of the system outage probability ( P o u t )? where 

the outage throughput, rjou t, is chosen to be 0.12 bpchu. This value was chosen 

arbitrarily due to availability of the results at this threshold for all schemes. Finally 

for the single-hop section we also showed the throughput CDF at a cell size (R ) of 

500 meters.
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4.1 Single Hop

In this section we discuss the results for single-hop networks. The objective of 

this section is to show the different benefits that the IC can provide in such networks. 

We Use the single BSS per cell without interference cancellation, W e c  =  1 (w/o-IC), 

as a reference scheme. This reference scheme is compared to W ec =  3 (w/o-IC) 

and (w-IC) to investigate the effect of sectoring, using three co-channel BSSs per 

cell with directional antennas, on the system performance without and with the IC 

respectively.

For the multiple-cell scenario, in addition to looking at the effect of sectoring, we 

also look at the effectiveness of using the IC to combat CCI from other cells. This 

is done by first comparing the reference scheme, W ec =  1 (w/o-IC), in both single 

and multiple cell scenarios to show the effect of the added CCI from adjacent cells, 

then comparing that to W e c  =  1 (w-IC) in the multiple-cell scenario to show the 

role of the IC in mitigating the CCI effect. The performance parameters used in this 

section are the average system throughput in bpchu for different cell sizes (different 

values of R), the CDF of the throughput at R = 500 meters, and the system outage 

probability for different cell sizes evaluated for ? 7 o u t  =  0 .1 2  bpchu.

4.1.1 Single-Cell Scenario

The average system throughput, as a function of the cell radius, is shown in Fig

ure 4.1. For the n n sectorized case, W e c  =  U  (w-IC) and (w/o-IC) are identical since 

there is no interference to cancel. However, for W e c  =  3 and (w/o-IC), a lot more 

CCI is introduced into the system resulting in a 50% drop in average system through

put for the (w/o-IC) system. Although sectoring nominally increases the throughput
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because three users can be served simultaneously, because the same channel is used 

in all sectors the co-channel interference is very severe, which may lead to a drop 

in the actual performance. If the IC is used, however, the CCI can be reduced very 

effectively, leading to an average system throughput that is at least double that of 

the unsectorized case.

The CDF of the system throughput is shown in Figure 4.2. W ithout the use of 

the IC, it can be seen that for more than 50% of the time the system throughput in 

the sectorized case (W ec =  3) is less than half the system nominal throughput of the 

unsectorized case (which is 1 bpchu). On the othr hand, by employing the IC, the 

sectorized case is able to deliver throughput greater than the unsectorized nominal 

throughput about 95% of the time, and double the nominal throughput 85% of the 

time.

The impact of sectoring on the outage probability is evident in Figure 4.3. W ith

out the IC, the outage probability increases significantly in the sectorized case. For 

example, at R = 500 meters the outage probability is 40%, compared to 1.4% for the 

unsectorized case. However, by using the IC, the impact of sectorizing on the outage 

probability is very minor, increasing only to 1.8% at R = 500 meters.
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Figure 4.1: The average system throughput in (bpchu) for single-hop networks and 
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Figure 4.2: The throughput CDF at R  =  500 meters for single-hop networks with 
A cell = 1 -
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4.1.2 Multiple-Cell Scenario

For the multiple-cell scenario, we start by looking at the effect of CCI from 

adjacent cells on the reference scheme, by comparing N s e c  =  1 (w/o-IC) for both 

single and multiple-cell scenarios. For Cs =  1, if we compare Figures 4.1 and 4.3 for 

single-cell to Figures 4.4 and 4.6 for multiple-cell, we can see that due to the CCI from 

surrounding cells the reference scheme experiences 85% to 89% reduction in average 

system throughput together with a significant increase in outage probability. With 

the IC, although the perormance is still inferior to that of the single-cell scenario, 

there is close to four fold increase in average system throughput and 50% reduction 

in outage probability compared to Nsec = 1 (w/o-IC) in the multiple-cell scenario 

indicating the effectiveness of the IC in mitigating the CCI effects.

Now we focus on the results of the multiple-cell scenario, shown in Figures 4.4 

to 4.6 for Cs =  1 and Figures 4.7 to 4.9 for Cs =  4. Without the IC, sectoring 

results in less average system throughput coupled with higher outage probability for 

both cluster sizes. For example, for Cs =  1, the average throughput drops from 0.11 

bpchu for Nsec =  1 to 0.09 for Nsec — 3 while the outage probability is increased 

from 82% to 84%. Using the IC provides close to eight fold icrease in average system 

throughput compared to Nsec =  1 (w/o-IC) bringing the throughput up to 0.86 

bpchu, while reducing the outage probability by over 40%. Also, if we compare 

N s e c  = 1 (w-IC) and N s e c  = 3 (w-IC), we see that sectoring results in double the 

average system throughput while the outage probability is only increased by 6.67%. 

Finally we observe that with the IC, clustering reduces the outage probability more 

effciently. For example, comparing Nsec =  1 with and without IC in Figures 4.6 

and 4.9 for Cs =  1 and 4 respectively, we see that without IC clustering reduces the 

outage probability by 18% only, while with the IC the outage probability is reduced
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by around 50%.
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Therefore, the benefits of the IC for single-hop networks can be summarized in 

the following.

•  W ithout using the IC, sectoring leads to a degradation in both average system 

throughput as well as the system outage probability compared to the single 

BSS per cell without interference cancellation reference scheme. However, with 

the IC, sectoring achieves a significant increase in average system throughput, 

in orders of magnitude, for both single and multiple-cell scenarios. This is 

achieved without sacrificing the system outage probability for the single-cell 

scenario and with a lower outage probability than the reference scheme for the 

multiple-cell scenario.

• For the multiple-cell scenario and using a single BSS per cell, the IC is very 

effective in eliminating CCI from adjacent cells and hence providing a signif

icant average throughput increase as well as a significant reduction in outage 

probability.

•  With the IC, the outage probability reduction achieved by clustering, using 

Cs =  4 instead of 1 , is more than the reduction achieved without the IC.
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4.2 Two-Hop Relay Networks

In this section we discuss the results for two-hop relay networks. Relaying using 

ORCs is discussed in Section 4.2.1 while relaying using nORCs is discussed in Section 

4.2.2. Finally, in Section 4.2.3 we look at the effect of the IC on the benefits of relaying 

by comparing the single-hop (w-IC) case to the relaying schemes with the IC as well. 

In this section we limit or discussion to the average system throughput and the outage 

probability.

4.2.1 Multihop Using Orthogonal Relaying Channels (ORCs)

When relaying is performed using ORCs the system nominal throughput is re

duced by 50% due to the use of an extra channel. Therefore, regardless of the 

improvement that relaying can provide in terms of the probability of outage, the 

probability of error has to be signficantly reduced to compensate for this reduction 

in the system nominal throughput so that relaying on ORCs can provide through

put enhancement as well. This significant probability of error reduction does not 

seem feasible without proper interference suppression. Therefore, looking at the per

formance curves presented in this section we observe the following for ORC relay 

networks

• Except for single-sector single-cell scenario, relaying without the IC was able 

to improve both the system average throughput as well as the system outage 

probability compared to single-hop (w/o-IC). However, these improvements are 

very modest.

•  W ith the IC, relaying benefits are significantly increased in terms of both the 

average system throughput and the outage probability.
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• Better results are achieved when more relays are available per cell, i.e. when 

JVr increases.

•  Without the IC, sectoring with relaying provides very poor if any throughput 

enhancement that does not justify the resulting increase in the probability 

of outage compared to single-hop (w/o-IC). However, when the IC is used 

sectoring with relaying provides significant throughput and outage improvement 

compared to single-hop (w/o-IC) as well.

• In cases where the outage probability is considered to be very high, even with 

the significant improvement due to using the IC compared to single-hop (w/o- 

IC), reasonably low outage probabilities are expected if the MU has two receive 

antennas. This speculation is based upon the fact that the IC performance is 

very close to the perfect interference cancellation of the major interferer (PIC1), 

which indicates that with two receive antennas the IC performance would also 

be close to the perfect cancellation of three major interferers (PIC3).

Single-Cell Scenario

The unsectorized (./Vs e c  =  1 )  single-cell case performance results are shown in 

Figure 4.10. Because there is no CCI, the (w-IC) and (w/o-IC) schemes yield the 

same performance. We observe the throughput degradation associated with the use 

of an orthogonal relaying channel, and note that the degradation is relatively less for 

larger cell sizes. This is because MUs in smaller cells are less likely to require the use 

of a relayer, but the same price (50% reduction in nominal throughput) is paid to 

provision the relayers regardless of the cell size. On the other hand, we observe that 

relaying does reduce the outage probability, particularly in larger cells where we can
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also see an advantage for higher N r values.

When sectoring is used (W ec =  3), CCI is introduced into the system. If the IC 

is not used, this leads to a considerable degradation in system performance for the 

single-hop case, as shown in Figure 4.11. Relaying helps overcome this degradation 

somewhat, but without the use of the IC, performance, in terms of both throughput 

and outage probability, remains worse than the unsectorized single-hop case.

By using the IC in conjunction with relaying, however, we see a dramatic im

provement. For example W  =  6  (w-IC) gives throughput that is roughly 2.5 times 

greater than iVR =  6  (w/o-IC), while dropping the outage probability from 26% to 

nearly zero for a cell size of 500 meters. The IC is clearly able to reduce the CCI in

troduced by sectoring, allowing us to enjoy an increase in throughput and a reduction 

in the outage probability.
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Figure 4.10: System performance for two-hop networks using ORCs, N q e l l  = 1 and 
Nsec = 1 -
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Figure 4.11: System performance for two-hop networks using ORCs, Acell =  1 and 
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Multiple-Cell Scenario

The same trends that have been observed for the single-cell scenario are also valid 

for the multiple-cell scenario. First we can see an advantage for relaying without the 

IC in both throughput and outage probability, which can be significantly increased 

if the IC is used. For example, we can see in Figure 4.12, for single-sector cells and a 

cluster size of one, that N r  = 6  (w/o-IC) achieves a two fold increase in throughput 

over single-hop (w/o-IC) which can be increased to a five fold increase if the IC is 

used, while the outage probability is reduced from 82% to 47% for N r  =  6  (w/o-IC) 

and to 9% for N r  =  6  (w-IC). We also note that better results are achieved for 

relaying when more relays are available per cell by comparing the curves for N r  = 3 

and N r  = 6 . From this point on, we limit the discussion to the N r  =  6  case to avoid 

crowded figures.

The second observation which is also established for the multiple-cell scenario is 

that sectoring in two-hop networks is not feasible without the IC. For example if we 

look at Figure 4.13 for cluster size of 4, there is only a very negligible increase in 

throughput for relaying (w/o-IC) when sectoring is used (W ec =  3), but the outage 

probability increases from 40% to 70%. However, with the IC sectoring results in a 

three fold increase in throughput while outage is raisonably maintained at around 

5%. In fact, with sectoring the probability of outage performance of the system is 

better at higher cell sizes, since for a cluster size of four and W ec — T the strength 

of the interference, and hence the ability of the IC to cancel it, decrease with the cell 

size increase, while for W e c  =  3, interferers from adjacent BSSs in the same cell may 

still be close and strong enough even with the increase in the cell size. The second 

observation is also true for cluster size of one, as shown in Figure 4.14, however in that 

case the throughput gains are accompanied by doubling the outage probability. This
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encouraged us to look at the perfect interference cancellation performance curves 

(PIC1 and PIC3) shown in Figure 4.15, for Cs =  1 and Nsec =  3, where we can 

see that the IC performance is very close to the perfect elemination of the primary 

interferer (PIC1). This indicates a promising performance close to (PIC3), where the 

outage probability is reduced from 20% to 5% while throughput is increased by 35%, 

if the MU has two receive antennas, especially when the IC is expected to provide a 

better interference cancellation with multiple receive antennas as stated by Jie Lin 

in [9],
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4.2.2 Multihop Using non-Orthogonal Relaying Channels (nORCs)

In the previous section, we have seen how relaying on ORCs can be used to 

improve the system’s outage probability and throughput especially with the use of 

the IC. However, with ORCs the system suffered from a 50% reduction in the system 

nominal throughput, which acted as a ceiling for the system throughput regardless of 

the reduction in the probability of error. For that reason, we consider relaying using 

nORCs to remove this initial reduction in the system nominal throughput.

To show the effect of using nORCs without the IC, we compare the reference 

scheme, single-hop (w/o-IC), to nORC (w/o-IC). We also look at the performance 

improvement the IC can provide by looking at nORC (w-IC). And finally, we look at 

the results for ORC (w-IC), to see if nORC can be used to replace ORC, especially 

in terms of the outage probability. The following is a summary of our observations 

from the performance curves,

•  Relaying using nORCs is not feasible without the IC in the single-cell scenario, 

while provides very little improvement over single-hop (w/o-IC) in the multiple

cell scenario.

•  Using the IC nORC provides a significant throughput improvement over ORC, 

without sacrificing the outage performance of the system for single-cell and 

single-sector multiple-cell scenario.

• For three-sector cells, the excessive CCI introduced in the system for nORC 

lead to a high probability of outage, compared to ORC, which may not be 

justifiable by the corresponding throughput gains especially for a cluster size of 

one.
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• Multiple receive antennas at the mobile unit can be used to reduce the outage 

probability of nORC close to ORC.

Next we move to a more detailed discussion on the figures for single and multiple

cell scenarios. Please note that all relaying schemes use N-& = 6 .

Single-Cell Scenario

In the single-cell scenario, we can see that for both single and three-sector cells, 

single-hop (w/o-IC) outperforms nORC (w/o-IC) in terms of both throughput and 

outage probability. On the other hand, using the IC, nORC outperforms single-hop 

(w/o-IC) in both aspects as well as ORC (w-IC) in terms of throughput. Further 

more, the outage probability degradation compared to ORC (w-IC) is very negligible.

For example, if we consider three-sector cells, shown in Figure 4.17, we can see 

that nORC(w/o-IC) provides a throughput slightly below single-hop (w/o-IC), while 

nORC (w-IC) provides a throughput that is more than five times greater than single

hop (w/o-IC), which is also 75% more than the throughput provided by ORC (w-IC). 

This is achieved while the outage probability is significantly reduced compared to 

single-hop (w/o-IC), as well as being very close to the outage probability of ORC 

(w-IC). For example, at R = 500 meters, we can see an outage probability close to 

40% for single-hop (w/o-IC) reduced to 1.5% with nORC, while with ORC the outage 

probability is very close to zero. Finally if we look at Figures 4.16 and 4.17 for N$ec 

=  1  and 3 respectively, we can see that sectoring is also benificial with nORC (w-IC) 

in providing higher system throughput without sacrificing good outage performance.
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Multiple-Cell Scenario

In the multiple-cell scenario, the additional CCI from all surrounding cells makes 

using nORCs a lot harder. Of course, without the IC the throughput and outage 

performance of nORC is very close to single-hop (w/o-IC) which is very poor. Cluster 

size of one, shown in Figures 4.18 for IV s e c  =  1 and 4.19 for IV s e c  =  1, has the most 

severe CCI, that is why the throughput improvement that nORC achieves may not 

justify the significant increase in outage probability that accompanies it, especially 

for iVsEC =  3, where nORC (w-IC) provides slightly improves throughput compared 

to ORC (w-IC) while the outage probability is more than doubled. For N Sec =  

1 , the situation is not that bad, however nORC still suffers from a poor outage 

performance. In Figures 4.20 and 4.21 we look at the range of improvement for two 

receive antennas at the receiver for the same cluster size. For N sec =  F  nORC 

(PIC3) provides a 70% increase in throughput over ORC (PIC3), while the outage 

probability is below 10%. Note that nORC (PICl) has a very close performance 

to nORC (w-IC), which indicates a promising actual performance close to nORC 

(PIC3) for MUs with two receive antennas. Unfortunately for Nsec =  3, even for 

nORC (PIC3), outage remains at a very high level, which indicates that relaying on 

nORCs may be hard in this particular cellular layout due to the excessive CCI that 

exists.

Next we look at cluster size of four, shown in Figures 4.22 for Nsec =  1 and 4.23 

for N sec — 1, where CCI is less severe. For N sec  — 1, nORC (w-IC) provides an 80% 

increase in throughput over ORC (w-IC), with a very good outage performance that 

even outperforms ORC (w-IC) at large cell sizes. This is because CCI decreases in 

larger cell sizes and hence ORC (w-IC) can not provide enough probability of error 

reduction to compensate for the 50% loss in nominal throughput, which does not
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exist in the cae of nORC. In the case of three-sector cells, ./Vs e c  =  3, the outage 

probability of nORC (w-IC) is around 20% which may be considered high regardless 

of the 30% increase in throughput over ORC (w-IC). However, as shown in Figure 

4.24, the outage probability for nORC (PIC3) is less than 5% and is very close 

to ORC (PIC3), while the throughput of ORC (PIC3) is less than that of both 

nORC (w-IC) and nORC (PIC3). Therefore, in general we can see that for C$ = 4, 

nORC (w-IC) can be used instead of ORC (w-IC) in order to provide more significant 

throughput improvements while maintaining good outage performance especially with 

MUs having more than one receive antenna.
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Figure 4.20: System performance with perfect interference cancellation (PIC) for two- 
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93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3X3oOhX>
2.5

3
£60 
3 O
£  1.5f
a<D4—>
1 /1

t/1
<D60C6
> 0.5 
<

.....< a....<g.....<

-V— nORC (w-IC) 
nORC (PIC1) 

-3—  nORC (PIC3) 
-0— ORC (PIC3)

*4-

^  f r  ¥

o
100 200 300 400 500 600 700 800 900 1000

Cell Radius (meters)
(a) Average system throughput

0.9 nORC (w-IC) 
■*— nORC (PIC1) 
< —  nORC (PIC3) 
-e—  ORC (PIC3)

0.8

0.7

•S 0.6

S’ 0.4

S o ,

0.2

100 200 300 400 500 600 700 800 900 1000
Cell radius (meters)

(b) Outage probability

Figure 4.21: System performance with perfect interference cancellation (PIC) for two- 
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94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.25

0.15

3.3oOh

3Oh
£ ibfi
3O
j3
a
3 0.1cfl
60 
o 60 3t-iu >
<

0.05

1

0.9 

0.8 

>» 0 .7#

■S 0 6

t o ,
U
S* 0.4

-#—  Single-Hop (w/o-IC) 
-©— ORC (w-IC)
-A— nORC (w/o-IC) 

nORC (w-IC)

-e- 3------(■
3 —— € -o

-A- t l  I  A— £

o
100 200 300 400 500 600 700

Cell Radius (meters)
800 900 1000

(a) Average system throughput

-A- -A- -A- -A- -Ar

-#—  Single-Hop (w/o-IC) 
-0— ORC (w-IC)

— nORC (w/o-IC)
-V— nORC (w-IC)

100 200 300 900 1000400 500 600 700 800
Cell radius (meters)

(b) Outage probability

Figure 4.22: System performance for two-hop networks using nORCs, A c e l l  

A sec =  b  and Cs =  4.
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Figure 4.23: System performance for two-hop networks using nORCs, Acell 
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Figure 4.24: System performance with perfect interference cancellation (PIC) for two- 
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4.2.3 The Effect of the IC on Relaying Benefits

In the previous two sections, we always compared the different relaying schemes, 

whether ORC or nORC, with single-hop (w/o-IC). In this section we compare single

hop (w-IC) to ORC and nORC (w-IC), to investigate the effect of the IC on the 

effectiveness and the benefits of relaying. Below is a summary of our observations on 

the performance curves shown in this section

• Relaying using nORCs outperforms single-hop (w-IC) in all scenarios in terms 

of both system throughput and probability of outage.

•  For single-cell applications single-hop (w-IC) provides much better throughput 

performance with a small penalty in terms of outage probability compared to 

ORC (w-IC), especially for small and medium size cells.

•  For a cluster size of one multiple-cell scenario, single-hop (w-IC) suffers from 

a very poor outage performance as well as low system throughput that is even 

worst than ORC (w-IC).

•  For a cluster size of four, single-hop (w-IC) provides good system throughput 

higher than the half system nominal throughput ceiling that ORC suffers from, 

however this is accompanied with an increase in outage probability that can be 

mitigated through the use of multiple receive antennas, as it is the case with 

nORC at the same cluster size.

Single-Cell Scenario

For a single-cell and N sec =  b  single-hop (w-IC) is equivalent to the (w/o-IC) 

case which has been shown before. So, our discussion for the single-cell scenario is
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limited to N sec =  3 case shown in Figure 4.25. As seen in the figure nORC (w- 

IC) provides better throughput and outage results than single-hop (w-IC) especially 

as the cell size increases. On the other hand, we can see that single-hop (w-IC) 

provides much better throughput performance than ORC (w-IC) with a low outage 

probability, at least up to R — 600 meters, where the average throughput is close to

2.5 times that of ORC (w-IC) while the system outage is below 5%.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1/1

cc
U
0 0CO
i-H<u>
<

0.5,

1

0.9 

0.8 

>, 0.7

-*—  Single-Hop (w/o-IC) 
-£■— Single-Hop (w-IC) 

nORC (w-IC)
-©— ORC (w-IC)

o'—
100 200 300 400 500 600 700 800 900 1000

Cell Radius (meters)
(a) Average system throughput

-#—  Single-Hop (w/o-IC)
— Single-Hop (w-IC) 

nORC (w-IC)
-©— ORC (w-IC)

-9 0.6

fa 0.5

100 200 300 400 500 600 700 800 900 1000
Cell radius (meters)

(b) Outage probability

Figure 4.25: System performance using IC, single vs. two-hop networks for TVcell = 1 
and iVsEC = 3.

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Multiple-Cell Scenario

The results for cluster size of one are shown in Figures 4 .2 6  and 4 .2 7  for ./Vs e c  

=  1 and 3 respectively. We can see that for both cases, single-hop (w-IC) has a 

lower throughput than both ORC and nORC (w-IC), together with a very high 

outage probability, which indicates that in such layouts relaying, and maybe more 

specifically using ORCs, would be essential to achieve a descent system performance 

especially in terms of outage probability.

For cluster size of four, shown in Figures 4.28 and 4.29 for N sec — 1 and 3 

respectively, single-hop (w-IC) provides a system throughput that is higher than half 

the system nominal throughput, and hence it always outperforms ORC (w-IC) in that 

aspect. Furthermore, the outage probability of single-hop (w-IC) is not significantly 

higher than ORC (w-IC), and hence is expected to be reduced further for MUs having 

multiple receive antennas while providing even better throughput results.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this thesis, we proposed using iterative MIMO multi-user detectors that use 

frequency domain filtering for co-channel interference (CCI) suppression in the down

link of single and two-hop wireless cellular systems. With a single receive antenna 

the MIMO receiver can be used to detect and efficiently cancel the major interferer 

in the system. Employing multiple antennas at the receiver not only gives diversity 

gain, but also allows the MIMO detector to efficiently cancel up to three interferers.

The system model used in this research to test and investigate the benefits of 

iterative interference cancellers (IC) in modern wireless system takes into account 

asynchronous interferers with different signal strengths through careful modelling 

of the wireless channel. The IC benefits were discussed for different cellular layouts 

including single-cell and multiple-cells scenarios and using different cluster sizes (Cs). 

Moreover, the system model investigated the use of single-sector cells (./Vs e c  =  1) 

employing omnidirectional base-station antennas as well as bandwidth efficient three- 

sectored cells (./Vs e c  =  3) employing directional base-station antennas where all base- 

station sectors (BSSs) share the same frequency band. The IC performance has been 

compared to the perfect cancellation of the major interferer (PIC1). Also the range 

of possible improvement through more receive antennas has been investigated by
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studying the perfect cancellation of three major interferers (PIC3) instead of only 

one. In particular, the following benefits for using iterative ICs have been observed:

•  Enabling the use of sectorized cells, where all sectors share the same bandwidth, 

to provide efficient utilization of resources while maintaining descent system 

outage performance. This is not possible without the IC due to the great deal 

of CCI introduced by the other BSSs in the same cell.

•  Efficient CCI suppression from neighbouring cells in a multiple-cell scenario 

when using single-sector cells.

•  Using the IC magnified the benefits that can be achieved from relay networks 

using ORCs, where there is a 50% reduction in the nominal system throughput 

due to the extra relay channel. Without the IC, relaying with ORCs had very 

minimal improvement over single-hop transmission especially in terms of the 

average system throughput.

•  Additional benefits can be achieved from relaying with the IC when more relays 

are available per cell.

•  The IC enabled relaying on non-orthogonal channels (nORCs) to improve the 

throughput performance of relay networks by removing the 50% reduction in 

the system nominal throughput, while maintaining their outage performance 

improvement. Without the IC using nORCs provides no or very little improve

ment over single-hop transmission.

• Using the IC with single-hop transmission outperforms relaying using ORCs in 

terms of throughput in both single-cell and four cells per cluster multiple-cell
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scenarios , with a reasonable outage performance that can be further improved 

if the MUs have multiple receive antennas.

•  For a MU with a single receive antenna the IC provides a very close performance 

to the perfect cancellation of the major interferer (PIC1), which builds more 

confidence in the ability of the IC to achieve better results for MUs having 

two or more receive antennas close to the perfect cancellation of three major 

interferers (PIC3).

5.2 Future Work

The work presented in this thesis raises some interesting topics for future research.

•  In this setup all interfering entities as well as the desired transm itter were 

assumed to use the same QPSK modulation scheme. The use of mixed modu

lation schemes for different transmitting entities and the effect of that on the 

IC performance should be addressed.

•  This research was done for a single carrier system. Extending the same idea for 

OFDM systems would also be an important extension to this work.

• A more robust evaluation test bench is required for the multiple receive antennas 

case.

• Exploring the IC benefits with more advanced relaying techniques that incor

porate cooperation among the different wireless entities, as well as exploring 

more than two-hops relaying scenarios.
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• Defining a cost function for the amount of power and time needed for iter

ative processing, and relating that to different environments having different 

constraints like wireless sensor networks.

•  Utilizing more powerful error control coding, other than the conventional con

volutional coding used in this work, such as turbo or LDPC codes.

•  Perhaps the most important topic for future work, and the greatest limitation 

of the current study, is exploring the effect of channel estimation errors and de

veloping suitable channel estimation techniques. This is particularly important 

for intermittent interferers, such as relayers.
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