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Abstract

Orthogonal frequency-division multiplexing (OFDM) has been employed in several
current and future 4-th generation (4G) wireless standards. Frequency offsets in OFDM
introduce intercarrier interference (ICI). Channel estimations are also required.

This thesis focuses on the channel and frequency offset estimation for OFDM-
based systems. For cooperative-relay OFDM with frequency offsets, where inter-relay
interference (IRI) exists, channel estimation is developed. Optimal pilot designs are
proposed by minimizing the IRI in the mean square error (MSE) of the least square
(LS) channel estimation. The impact of frequency offset on the channel estimation
accuracy is derived. The pairwise error probability (PEP) with both the frequency
offset and channel estimation errors is evaluated. The power allocation is discussed.

For multiple-input multiple-output (MIMO) OFDM systems, channel and frequency
offset estimation errors are investigated. The signal-to-interference-and-noise ratio
(SINR) is first analyzed given channel and frequency offset estimation errors. The
bit error rate (BER) is then approximated for multiple-antenna reception with maxi-
mal ratio combing (MRC) and equal gain combining (EGC).

For orthogonal frequency-division multiplexing access (OFDMA) systems, the vari-
ance of the frequency offset estimation is derived as a function of SINR and signal-
to-noise ratio (SNR). This variance information is exploited to improve the accuracy
of frequency offset estimators. A successive interference cancelation (SIC)-based fre-
quency offset estimator is also developed.

The accuracy of frequency offset estimation of the OFDMA uplink can also be
improved by using the cooperative relaying. Both conventional amplify-and-forward
(AF) relays and new decode-and-compensate-and-forward (DcF) relays are studied.
The frequency offset estimate is derived from combining different link estimates. In

addition, when CSI is available, a scheme is proposed to adaptively switch between the



cooperative and conventional (no relaying) transmissions to optimize the frequency

offset estimation.

v



Acknowledgements

My first and most earnest gratitude goes to my supervisor, Prof. Chintha Tellambura
for his continuous encouragement, invaluable advice, and unbelievable generosity. He
teaches not only the knowledge itself, but also how to look into the problems. In every
sense, this thesis could never have come into existence without his help. These years
to be under his supervision will be remembered as one of most memorable part of the
life.

I would like to sincerely thank my committee members who have given their time
to read this manuscript and offered valuable comments to improve the contents of this
dissertation.

Much respect to my labmates and friends. Special thanks go to Mr. Zhongshan
Zhang, Ms. Yu Fu, Ms. Hua Shao, Mr. Luqing Wang for their inspiring discussions and
help. I am grateful to all my colleagues and also friends for making the lab a ‘warm’
place filled with both academic discussions and fun of cross-cultural entertainments.
Staying with them has always been so enjoyable.

Finally, I give my thanks to my husband Garry Li, Lucas and our families. Their
endless love and unmeasurable support have always been one of the impetuses for my
endeavor.

I cannot acknowledge enough all the peoples who have given me help of this kind
or that. This list of acknowledgements will be ended with not only a ‘thank you’ but

also a warm memory.



List of Tables

2.1

3.2

4.3

4.4

9.5

0.6

Performance Comparison Between AF and DF Modes . . . . .. ... ..
Parameters for BER Simulation in MIMO OFDM Systems . . . . . . ..

Subcarrier Allocation in OFDMA Uplink Transmission (Bandwidth =
10 MHz, DFT Length = 256, CP =16) . . ... ... ... ... .....
Subcarrier Allocation in OFDMA Uplink Transmission with New Ac-
cessed Users (Bandwidth = 10 MHz, DFT Length = 256, CP = 16) . .

Performance Improvement in the Proposed Cooperative Scheme With
and Without Feedback from the Base Station over the Conventional
Non-cooperative Algorithm . . . . ... ... ... ... ... . ... ...
Performance Improvement in the Proposed Cooperative Scheme with

Feedback as a Function of M . . . . . . . . . . . .. ... ... ...

100



List of Figures

1.1
1.2

1.3
14
1.5
1.6
1.7

1.8

2.9
2.10

2.11

2.12

2.13

2.14

2.15

3.16

3.17

Block diagram of an OFDM system. . . ... .. ... ... ........ 4
OFDM symbol spectrum with sampling points: only four subcarriers

are shown: (a) no frequency offset, and (b) frequency offset present. . . 6
SINR degradation in the presence of frequency offset. . . . . . .. .. .. 8
Mlustration of MRC and EGC. . . . . . ... ... ... ... ........ 11
Block diagram of a MIMO OFDM link. . ... ... ... ... ..... 11
A simplified single relay cooperation model. . . . . . ... ... ... ... 13

Example of subcarrier allocation schemes: (a) subband CAS, (b) inter-

leaved CAS, and (c) generalized CAS. . . ... ... ... ... .. .... 16
Example of pilots in a block of 9 OFDM symbols with 16 subcarriers. . 18

Transceiver system model of the proposed cooperative transmission. . . 33
Normalized MSE of channel estimation in either conventional transmis-

sion (v =1) or the proposed cooperative transmission (0 <a<1). . . .. 48
PEP of the proposed cooperative transmission with L =2 and ¢? =103, 49

PEP of the proposed cooperative transmission with L =4 and ¢? =1073. 51

PEP of the proposed cooperative transmission with L = 16 and ¢2 = 1073. 52

PEP of the proposed cooperative transmission as a function of ¢2? with
L=4,8. . 53
PEP of the proposed cooperative transmission as a function of SNR with
L=4 M=16and ¢2=10"21073. . . . .. . ... ... .. ... .. .... 54
SINR reduction due to the residual frequency offset in MIMO OFDM
SYStEIMS. . . ... 71
BER degradation due to the residual frequency offset in MIMO OFDM

SYStEmMS. . . . . . 72



3.18
3.19
3.20
3.21
3.22
3.23

4.24
4.25

4.26
4.27
4.28
4.29
4.30

4.31

4.32

4.33

5.34
5.35
5.36

BER with QPSK when (N; = 1L, N, = 1), © oo ooeeee e
BER with 16-QAM when (N;=1,N, =1). . .. ... .. ... .. ....
BER with QPSK when (N; =2,N, =2). .. ... ... ...........
BER with 16-QAM when (Ny =2, N, =2). « oo oo
BER with QPSK when (N; =2, N, =4). . ... ... ... ... ....
BER with 16-QAM when (N; =2, N, =4). . .. ... .. ... .. ....

Structure of OFDMA uplink transmission. . . .. ... .. .. ... ...
SINR reduction introduced by non-zero frequency offset in OFDMA sys-

Minimum variance of the frequency offset in a noisy OFDMA system. .
Receiver structure for OFDMA uplink frequency offset estimation. . . .
SINR estimation in OFDMA uplink. . . .. ... ... ... .. ......
SIC-based frequency offset estimation. . . ... ... ... ... ......
Performance comparison between conventional estimator and the pro-
posed estimator. . . . .. ...
Performance comparison between conventional estimator and the pro-
posed estimator when there is one new user accessing the base station.
Performance comparison between conventional estimator and the pro-
posed estimator when there are multiple new users simultaneously ac-
cessing the base station. . . . . ... ...
Performance comparison between conventional estimator and the pro-
posed estimator by using a uniform RV to approximate the Gaussian

distributed frequency offsets. . . . . . .. ..o

Channel outage probability as a function of N, in OFDMA. . . . . . ..
PDF of v.y in cooperation OFDMA uplink transmission. . . . ... ..
Adaptive cooperation in OFDMA uplink frequency offset estimation.

101



5.37 Cooperative frequency offset estimation as a function of o without feed-
back from the base station. . . . . . ... ... o oo L
5.38 BER by using the proposed cooperative frequency offset estimation with

feedback from the base station. . . . . . . . . . .. ... ... ... . ...



Acronyms

Acronyms
4G
A/D
ADSL
AF
AWGN
B3G
BER
BS

CP
CSI
CRLB
D/A
DAB
DcF
DF
DFT
DVB
EGC
FIM
FEQ
FEFT
HDSL
iid.
[AI

Definition

Fourth generation
Analog-to-digital converter
Asymmetric digital subscriber line
Amplify-and-forward

Additive white Gaussian noise
Beyond third generation

Bit error rate

Base station

Cyclic prefix

Channel state information
Cramer-Rao lower bound
Digital-to-analog converter

Digital audio broadcasting
Decode-and-compensate-and-forward
Decode-and-forward

Discrete Fourier transform

Digital video broadcasting

Equal gain combining

Fisher information matrix
Frequency-domain equalizer

Fast Fourier transform
High-bit-rate digital subscriber line
Identical independent distribution

Inter-antenna interference



Acronyms Definition

ICIT Inter-carrier interference

IFFT Inverse fast Fourier transform
IRI Inter-relay interference

ISI Inter-symbol interference

LS Least squares

LTE Long Term Evolution

MAI Multiple access interference
MCM Multi-carrier modulation
MIMO Multiple-input multiple-output
MISO Multiple-input single-output
ML Maximum likelihood

MMSE Minimum mean squared error
MRC Maximal ratio combining

MS Mobile station

MSE Mean squared error

MUI Multiuser interference

OFDM Orthogonal frequency-division multiplexing

OFDMA Orthogonal frequency-division multiple access

PDF Probability density function

PEP Pairwise error probability

P/S Parallel-to-serial conversion

PSK Phase shift keying

QAM Quadrature amplitude modulation
QPSK Quadrature phase shift keying

RV Random variable

SNR Signal-to-noise ratio

SIC Successive interference cancellation

SIR Signal-to-interference ratio



Acronyms
SINR

STC

VC

WLAN

ZF

Definition
Signal-to-interference-and-noise ratio
Space-time coding

Virtual carrier

Wireless local area network

Zero forcing



Notation

V-1

J

()* Complex conjugation

()T Transpose

() Conjugate transpose

()t Moore-Penrose pseudo-inverse
S(+) Dirac delta function

arg(+) Argument

® Convolution

A The matrix A

[A]nk The (n, k)th entry of the matrix A
At The inverse matrix of A

a The vector a

a[n] The nth entry of the vector a
R(-) Real part of the argument

J() Imaginary part of the argument
E() Expectation of the argument
117 2-norm of the argument

trace(M)  The trace of the matrix M

CN(u,0?) A complex Gaussian random variable (RV) with mean p and variance o2

In The N x N identity matrix
Oarxnv M x N all-zero matrix
diag(a) The diagonal matrix formed by vector a

la] The maximum integer part of a



Contents

1 Introduction
1.1 OFDM Systems . . . . . . .. .
1.1.1  Wireless Channel . . ... ... ... ... ... ...........
1.1.2  OFDM . . . .
1.1.3 MIMO OFDM . . . . ...
1.1.4 Cooperative OFDM . . . . .. ... ... ... . ... ...
1.1.5  OFDMA . . .
1.2 Channel Estimation Techniques . . . . . ... ... ... ... ... ....
1.3 Frequency Offset Estimation Techniques . . . . . . ... ... ... . ...
1.4 Motivation . . . . . . . L

1.5 Structure and Contributions . . . . . . . . . . . ...

2 Cooperative OFDM Channel Estimation

2.1 Imtroduction . . . . . . . ...
2.2 Cooperative OFDM Signal Model . . . . ... ... ... ... ... ....
2.2.1  Channel Model . . ... .. ... .. ... ... ... ... ... ..
2.2.2  OFDM Signal Model . . . . .. ... ... ... ... ... ... ..
2.2.3  First Time Slot (Preamble Period) . .. ... ... ... ....
2.2.4 Second Time Slot . . . . ... ... ..

2.3 Channel Estimation . . ... ... ... ... . ... .. ... ... .. ...
2.3.1 Channel Estimation in the First Time Slot . . . . . .. ... ...
2.3.2 Pilot Design to Eliminate IRI in the Second Time Slot . . . . . .
2.3.3 Effect of Imperfect Frequency Offset Estimation on Channel Es-
timation . . . . . ...

2.4 Effect of Frequency Offset and Channel Estimation Errors on PEP . . .

N W NN =

12
15
16
20
22
24

27
27
28
28
29
29
30
32
32
33

38
41



24.1 SINR Analysis . . . ... .. . 42

24.2 PEP for the AF Mode . ... ... ... .. ... ... .. ..... 44
24.3 PEP for the DF Mode . .. .. ... ... ... ... .. ...... 45
2.5 Numerical Results . . ... ... ... ... oo 47
2.6 Conclusions . . . . ... . ... 52

BER of MIMO OFDM Systems with Frequency Offset and Channel

Estimation Errors 55
3.1 Imtroduction . . . . . .. .. ... 55
3.2 MIMO OFDM Signal Model . . .. ... ... ... ... ... ...... 56
3.3 SINR Analysis in MIMO OFDM Systems . . .. ... ... ........ 58
3.3.1 SINR Analysis without Receiver Combining . . . ... ... ... 58
3.3.2  SINR Analysis with EGC . . ... ... ... ... ... ..... 63
3.3.3 SINR Analysis with MRC . . ... ... ... ... ... ..... 64
3.4 BER Performance ... ... ... ... .. ... . ... .. 65
3.4.1 BER without Receiver Combining . . . ... ... ... ... ... 68
342 BERwith EGC ... ... ... ... ... ... ... ... ... 68
3.4.3 BER with MRC . .. ... ... ... ... . 69
3.4.4 Complexity of the Infinite-Series Representation of BER . . . . . 69
3.5 Numerical Results . . .. ... ... ... . . 69
3.6 Conclusions . . . . ... . ... 74
Robust OFDMA Uplink Frequency Offset Estimation 79
4.1 Introduction . . . . . . . .. ... 79
4.2 OFDMA Uplink Signal Model . . . ... ... ... ... ... ..... 81
4.3 Interference Analysis in OFDMA Systems . . . .. ... .. ... ..... 85
4.3.1 Interference Reduction by Using Pre-Projector Method . . . . . 85
4.3.2 SINR Analysis . . . ... ... . 87

4.3.3 Frequency Offset Analysis . . .. ... ... .. ... .. ...... 87



4.4  Tterative Frequency Offset Estimation . . ... ... ... ... ..... 89
4.41 ML Estimation . . . . .. ... 89
4.4.2  SIC-based Algorithm by Using Known Pilots/Training Sequences 91

4.5 Improving Estimators by Exploiting the Frequency Offset Variance in

OFDMA Uplink . . . ... .. 92
4.5.1 The SIC-based Algorithm with the Variance of the Frequency
Offsets . . . . . . 94

4.5.2  Conventional Differential Algorithms with the Variance Knowledge 96
4.6 Numerical Results . . . . . . . . . . 98
4.7 Conclusions . . . . . . . . 104

OFDMA Uplink Frequency Offset Estimation via Cooperative Relay-

ing 105
5.1 Imtroduction . . . . . .. ... .. 105
5.2 Cooperative OFDMA Uplink Signal Model . . . .. ... ... ... ... 106
5.2.1 Channel Model . . . . .. ... ... 107
5.2.2 The First Time Slot . . . ... ... ... ... ... ... ...... 108
5.2.3 The Second Time Slot . . . .. ... ... ... ... ........ 109
5.3 Frequency Offset Estimation in the Cooperative Scheme . .. ... ... 113
5.3.1 Without CSI Feedback from the Base Station . . ... ... ... 115
5.3.2  With CSI Feedback from the Base Station . ... ... ...... 115

5.3.3 Adaptive Switching Between Cooperative and Conventional Non-

Cooperative Transmissions . . . . . ... .. ... ... ... .... 116
5.4 Numerical Results . . . . . . . . 116
5.5 Conclusions . . . . . . . . 120
Conclusions and Future Work 123
6.1 Conclusions . . . . . . . . . 123

6.2 Future Work . . . . . 125



Appendix

A Df  in Chapter 3

Al Dfm for Without Combining . . . ... ... ... . ... ... ......

A2 DESLC for EGC
A3 Dggjc for MRC

B Appendix for Chapter 5

B.1 Analysis of FIM
B.2 SINR Analysis

Bibliography

127

127
127
128
130

133
133
134

136



Chapter 1

Introduction

Wireless communication industry continues to evolve from the 3rd generation (3G)
systems. For example, Long Term Evolution (LTE) [1] has been standardized for
the emerging pre-4th generation (4G) wireless communications. The peak data rate
provided by LTE systems is expected to be more than 100 Mb/s in the downlink,
allowing these systems to provide diversified multimedia services effortlessly. However,
since the radio spectrum is limited, improved physical-layer modulation methods are
required to achieve such high-data rates.

Orthogonal frequency-division multiplexing (OFDM) [2], a special case of multi-
carrier modulation, is a candidate for 4G wireless due to its inherent robustness to
frequency-selective fading and the low-complexity of its receiver. OFDM can be com-
bined with other advanced techniques to boost the performance of the LTE systems.
For example, the LTE downlink employs orthogonal frequency-division multiple ac-
cess (OFDMA) for multi-user access ability. Moreover, multiple-input multiple-output
(MIMO) and OFDM improve the data throughput [3,4]. Due to these advantages,
OFDM has also been implemented for several other wireless standards, including
IEEE 802.11 wireless local area network (WLAN) standard, IEEE 802.16 metropoli-
tan area network (MAN) standard, and IEEE 802.20 mobile broadband wireless net-
works (MBWA) [5,6]. OFDM has also been used in a number of other systems, from
voice-band modems such as asymmetric digital subscriber line (ADSL), high-bit-rate
digital subscriber line (HDSL) to broadcast standards including digital video broad-
casting (DVB) [7], digital audio broadcasting (DAB) [8], and high-definition television
(HDTV) [9]. For all OFDM systems, channel and frequency offset estimation are two



critical issues of the system design.

1.1 OFDM Systems

OFDM divides a wideband frequency-selective channel to an equivalent set of nar-
rowband frequency-flat subchannels. This division is achieved by splitting the input
high-rate data stream into a number of substreams that are transmitted in paral-
lel over orthogonal subcarriers. The orthogonality between the subcarriers prevents
interference between the closely spaced subcarriers as well as allows the subcarriers
spectra to overlap, making OFDM highly spectrally efficient. Moreover, a cyclic prefix
(CP) added at the transmitter reduces the receiver complexity by allowing discrete

Fourier transform (DFT) demodulation and one-tap frequency-domain equalization

(FEQ) [10].

1.1.1 Wireless Channel

To comprehend the benefits of OFDM, the basic characteristics of the wireless channel
must be understood. The wireless channel is characterized by multipath propagation;
i.e., the transmitted signal arrives at the receiving antenna via different paths. These
paths experience different attenuations and time delays, giving rise to delay spread.
Doppler spread happens when there is a relative motion between the transmitter and
receiver. Key parameters of the channel are the coherence bandwidth and coherence
time, which are inversely proportional to the delay spread and Doppler spread, respec-
tively [11].

Depending on the bandwidth and symbol period of the transmitted signal, the
wireless channel may manifest four different types of fading on the transmitted signal.
When the signal bandwidth is smaller than the coherence bandwidth of the channel, the

channel is frequency-flat or flat fading. Otherwise, the channel is frequency-selective.



When the symbol period is smaller than the coherence time of the channel, the chan-
nel is time-invariant. Otherwise, the channel is time-varying [11]. In high-data rate
transmissions, because of the wide bandwidth of the transmitted signal, the channel
becomes frequency-selective [11].
Such a multipath-fading channel can be modeled by the complex impulse response
as [2,12]
L-1
h(r,t) =Y h(t)o(t-n(t)), (1.1)
1=0

where h(7,t) is the baseband equivalent channel response at time ¢ due to an impulse
applied at time t—7, d(-) is the dirac delta function, and h;(t) and 7;(¢) are the complex
gain and the propagation delay of the [-th path. The discrete-time equivalent channel
can be expressed as the samples h[l] = h(IT}), where Ty is the sampling period. Thus,
when the sequence of symbols z[n] is directly transmitted over the multipath channel
h[l], the received signal is given by the convolution of the symbol sequence with the
channel impulse response [2],
L -
y[n]= > h[l]z[n-1]+w[n] =h[0]z[n]+ ) h[l]z[n-1]+w[n], (1.2)
l =1

[ —
ISI

|
—_
—_

I
[e=]

where w[n] is an additive noise term and the second term of the right is the inter-symbol
interference (ISI), which needs to be removed to correctly recover the transmitted

sequence. ISI can be eliminated by OFDM, which is described next.

1.1.2 OFDM

The block diagram of an OFDM system is shown in Figure 1.1. The source bit stream
may include source coding, channel coding, and bit interleaving. The transmitter
maps the source bit stream to modulation symbols from a complex constellation such
as phase-shift keying (PSK) or quadrature amplitude modulation (QAM). The differ-

ent constellations maybe be used for different subcarriers, if bit loading algorithms are
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Figure 1.1: Block diagram of an OFDM system.

used [10]. An OFDM symbol is generated by taking the inverse discrete Fourier trans-
form (IDFT) of N modulation symbols, where N is the size of the IDFT. In practice,
the IDFT can be implemented with a computationally efficient inverse fast Fourier
transform (IFFT).

Let {X(0),X(1),...,X(N —1)} be a block of N data symbols after the serial-to-
parallel conversion. The IDFT of the data block is

N-1 72mnk
sn=> X(k)e'n , n=0,1,...,N-1, (1.3)

k=0
where the imaginary unit y = v/-1. These time-domain samples are the time-domain
OFDM symbol {s,,n =0,...,N —1}. To mitigate the effects of ISI caused by the
channel delay spread, each time-domain OFDM symbol {s,,,n =0,..., N-1} is preceded
by a CP, which is simply a repetition of the last N, time samples. The length of the
CP Ny is at least equal to the channel order L to completely mitigate ISI.

Because of the CP, the linear convolution of transmitted symbols with channel (see

4



Eq. (1.2)) is transformed to a circular convolution. Then the output of DF'T demodula-

tion is the multiplication of the frequency-domain OFDM symbol X = (X (0), X (1),...,, X(N-

1))” and the channel response in the frequency domain [10], i.e.,

r=HX+w, (1.4)

J27mnl

L-1
where H = diag{ H[0],...,H[N - 1]}, H[n] = ¥ h(l)e”"~ is the complex channel
1=0
frequency response at subcarrier n, and w is an additive white Gaussian noise (AWGN)

vector. The n-th element of r is then expressed as
r[n]=H[n]X(n)+w[n], 0<n<N-1. (1.5)

Eq. (1.5) shows that OFDM transmission over a frequency-selective channel, given by
(1.2), is equivalent to data transmission over N parallel subchannels.

If the gain of the n-th subcarrier H[n] can be estimated as H[n], X(n) is then
detected by one tap FEQ as

L(n) = rln] _ X(m)H[n] win] (1.6)
Hln]  H[n]  Hn] '

Sensitivity to Frequency Offset

The received signal of the n-th subcarrier in Eq. (1.5) is only valid for OFDM sys-
tems without a carrier frequency offset. When there is a frequency offset between the
transmitter carrier frequency and the receiver carrier frequency, the received signals

are expressed as [13]

sin(me)  gmev-n  NA sin[r(m-n+¢e)] mem-nieyw-1
rin]=H[n|X(n)——,=¢ ~ + H{m|X(m e N
[ ] [ ] ( )NSIH(W) m:(%:’n;‘:n [ ] ( ) Nsin[ﬂ(mj—vnﬂ-:)]
ICI

(1.7)

where ¢ is the normalized frequency offset, defined as € = f,/Af, f, is the frequency

offset, and Af is the frequency separation between subcarriers. The first term of the

+w([n],



frequency offset
>

(a) (b)

Figure 1.2: OFDM symbol spectrum with sampling points: only four subcarriers are
shown: (a) no frequency offset, and (b) frequency offset present.

right side of (1.7) is the useful signal part at the desired subcarrier and the second
term represents the inter-carrier interference (ICI) introduced by other subcarriers.

The frequency offset may arise due to two reasons: first, a carrier frequency mis-
match can exist between the transmitter and receiver oscillators; second, a Doppler
shift can arise due to relative motion between the transmitter and the receiver.

In practical systems, the mismatch of the transmitter and the receiver oscillators
embodies the different frequency shifts of the transmit and receive oscillators from the
designated carrier frequency. The causes of the frequency shift are the oscillator insta-
bility, which can be due to aging, humidity, temperature, electromagnetic interference
(EMI), and pressure. The oscillator stability is measured by unit of parts-per-million
(ppm) with 1 ppm = 1075, For example, the stability of a typical mobile handset
crystal may vary from 2 ppm to 12 ppm [14,15], which translates to a frequency offset
in the range of 2 to 12 kHz at a carrier frequency of 2 GHz.

The relative motion between the transmitter and receiver causes a shift in the
received signal frequency, called the Doppler shift. The Doppler shift depends on the
velocity and direction of the motion of the mobile with respect to the direction of the
arrival of the received multipath wave. The Doppler shift introduced by the mobile

movement is given by f; = f,cosf, where f,, is the maximum Doppler shift and 6 is the



angle of arrival. The maximum Doppler shift f,, = % fe, where v is the mobile speed, ¢
is the speed of light and f. is the carrier frequency. For a vehicle moving at 100 km/h,
the Doppler shift is about 185 Hz at a carrier frequency of 2 GHz. The Doppler shift
in terrestrial mobile communications may vary from 1 Hz to several hundred of Hz.
With the frequency offset, the receiver cannot sample correctly at the center fre-
quencies of the subcarriers (Figure 1.2 (b)). The signal amplitude of the desired sub-
carrier is then reduced. The nonzero sidelobes of other subcarriers cause ICI. The effect
of frequency offset can be seen in (1.7), with two main effects clearly visible. First,
the desired subcarrier is attenuated because it is no longer sampled at the peak of the

sin(me
# and the phase shift 0 = esme(N-1)/N
N sin(%)
factors. Second, adjacent subcarriers cause interference, as they are not sampled at

subcarrier, which results in the amplitude

their zero-crossings. The resulting ICI degrades the system performance. The signal-
to-noise ratio (SNR) degradation caused by the frequency offset is roughly proportional
to the square of the normalized frequency offset [16]. Since the frequency offset intro-
duces interference, signal-to-interference-and-noise ratio (SINR), the ratio of the signal
power to the sum of the interference power and noise power, is a suitable measure of
the sensitivity of OFDM systems to frequency offset (Figure 1.3). In Figure 1.3, SNR
= 12 dB. Clearly, when the frequency offset ¢ increases, the SINR decreases dramat-
ically. For example, when € = 0.5, the SINR is only -12 dB. The performance effect
varies strongly with the choice of the signal constellation. Naturally, constellations

with fewer points can tolerate larger frequency errors than larger constellations.

1.1.3 MIMO OFDM

Thus far, the discussion has been limited to single-input single-output (SISO) OFDM,
where one transmit and one receive antenna are employed. MIMO systems employ
multiple antennas at the receiver and/or transmitter [4,17-19] to improve the perfor-
mance of OFDM systems. By exploiting the spatial dimension, the MIMO approach

significantly increases the spectral efficiency and link reliability without additional
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Figure 1.3: SINR degradation in the presence of frequency offset.

bandwidth or transmit power. By transforming the frequency-selective MIMO channel
to a set of flat-fading MIMO channels, MIMO and OFDM can operate together at
a high-throughput mode, the diversity mode or the combination of both [20]. Such
systems achieve high spectral efficiencies and/or a large coverage area that are critical
for future-generation wireless networks. MIMO OFDM is already included in wireless
communication standards such as IEEE 802.11n, LTE and IEEE 802.16a MAN [1].
MIMO techniques that are developed for single-carrier systems can be readily ex-
tended to MIMO OFDM systems and can enhance the transmission reliability with
spatial diversity by using space-time coding (STC) techniques [21,22] and boost the
system capacity with spatial multiplexing (SM) by simultaneously transmitting multi-

ple data streams [23,24].



Spatial diversity

Spatial diversity techniques mainly aim to improve the reliability of data transmission.
Diversity is achieved by multiple independent spatial channels, which allow the receiver
to combat signal fading and gain spatial diversity [4]. For any diversity technique, the
performance improvement may be measured by the rate at which the error probability
decreases at high SNR. This rate is much bigger than that for systems with no diversity.
At high SNR, the decreasing rate is given by the slope of the plot of the symbol error
rate (SER) against the SNR on a log-log scale. The absolute value of the slope is called
the diversity order, which is strictly defined as [25]

m = - lim 10g Pser(7) Poon(7)

1.8
Yoo log vy (18)

where 7 is the SNR and Psgr(7y) is the SER at 7. A large diversity order is desirable
because the SER is then reduced at a faster rate. In a MIMO system, it is possible
to provide a maximum or full diversity order equal to the product of the number of
transmit antennas and the number of receive antennas, i.e., Ny x Ng, where Ny and
Ng are the number of the transmit and receive antennas respectively [17].

Diversity order is maximized by space-time block codes (STBCs) [26-28], which
rely on coding across transmit antennas. Orthogonal STBC (OSTBC) obtains full
Np x Ng order diversity with low decoding complexity. These codewords consist only
linear combinations of several symbols and their conjugates, and encoding therefore
only requires linear processing. A well-known OSTBC is the Alamouti code for two
transmit antennas, which can achieve full 2Ny order diversity and has been adopted
in several 3G cellular standards [29,30]. The Alamouti code takes two time slot to
transmit two symbols x; and x5. In the first time slot, x; and 5 are transmitted from
antenna 1 and 2, respectively, following by —z3 and 2] transmitted from antenna 1

and 2 respectively during the second time slot. Hence, the Alamouti codeword can be



represented as

T —T
X =

*

T2 Xy
which satisfies the OSTBC design criterion [17]
U
X7X = (Z |xu|2)INT‘

u=1

Another approach to improve the diversity order is to use receive antenna diversity
techniques, which combine the independent received signals on each receive antenna.
Two popular examples are maximal-ratio combining (MRC) and equal-gain combining
(EGC). MRC and EGC for n receive antennas are shown in Figure 1.4. The channel
between the transmit antenna to the i-th receive antenna is denoted as h;. The received
signal on the i-th receive antenna r;, will be multiplied with ¢;, and the resulting signals
will be summed up to generate the output. ¢; = h¥ for MRC case, and ¢; = h}/|h;| for
EGC case. The output of MRC and EGC can be expressed as

n-1 n-1
TMRC = Z |l + Z hiw;,
S (1.9)
rEGC = ;) |hi| + ZZ:(; wih? [|hl.
The SNR of the MRC output is the sum of SNRs on each branch and MRC achieves
full diversity order. EGC performs slightly worse than MRC, and this is the price paid

for the reduced complexity of using equal weight gains.

Spatial Multiplexing

Some MIMO systems are primarily designed to increase the data rate but not the
diversity order. SM is one such MIMO technique, which uses a layered approach to
increase the data rate. The achievable increase is proportional to min(Np,Ng), where
N7 and Npg are the number of the transmit and receive antennas respectively. One
popular example of such system is the vertical-Bell Laboratories layered space-time
(V-BLAST) suggested by Foschini et al. [18,31]. These systems do not achieve full

spatial diversity.
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Figure 1.4: Illustration of MRC and EGC.

MIMO OFDM

A MIMO OFDM link (Figure 1.5) has N, transmit antennas and N, receive antennas.
The MIMO encoder processes and outputs N, parallel output symbol steams. Just as in
SISO OFDM, the symbol streams over each transmit antenna are first IDF'T modulated
and appended with CPs. At each of the receive antennas, the CP is stripped off and
DFT demodulation is performed.

1 1
_,| OFDM j l OFDM
Modulation DeModulation|
2 2
. OFDM j T\ OFDM MOPSK/OAM
Bit Stream [MQPSK/QAM| ["MIMO ——*Modulation DeModulation 5\411\4(10 N % SK/QAM]
Mapper Encoder [ ecoder emapper
o o
o o
) N; N, )
L, OFDM j T\ OFDM
Modulation DeModulation

OFDM Demodulation

|

|

|

| .

| Serial :: CP
|

|

Serial [ CP [HParallel 3 ppp 3 Parallel
Parallel :: IDFT ::Insertionga> Serial Parallel —» Removal [—» 3| Serial

Figure 1.5: Block diagram of a MIMO OFDM link.
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As mentioned before, OFDM transforms the frequency-selective channel to a set
of parallel flat-fading channels. Thus in MIMO OFDM, every OFDM subcarrier is
effectively tranmitted over a MIMO flat-fading channel. Single-carrier MIMO tech-
niques can easily be extended to MIMO OFDM systems. For example, space-time
coding can be thus extended to MIMO OFDM systems, resulting in space-frequency
coding. Receive antenna diversity can also be extended to MIMO OFDM by comb-
ing the received signals on the subcarriers. SM and MIMO OFDM can maximize the
data rate by transmitting independent data streams over transmit antennas. Again,
for each subcarrier, the input-output relationship of MIMO OFDM reduces to that for
single-carrier MIMO, and the receiver architecture of MIMO OFDM system for SM is
identical to that for MIMO systems with single-carrier modulation.

MIMO OFDM is also sensitive to frequency offset. Over the {w,v}-th channel
between the u-th receive antenna and the v-th transmit antenna, frequency offset €,
may exist. In multiuser OFDM, different users will have distinct values of frequency
offsets. In the most general case, the frequency offset between each transmit-receive
antenna pair may be different, i.e., the maximum possible number of frequency offset

values is V; x N, [32,33].

1.1.4 Cooperative OFDM

As already mentioned, multiple antennas achieve enhanced spectral efficiency and/or
the improved link reliability. However, the cost increases because each transmit /receive
antenna pair requires a dedicated radio frequency chain. In cellular applications, for
example, packaging multiple antennas to the cellular mobile handset devices may not
be practical due to size and power constraints. Moreover, the propagation environment
might not support MIMO because, for example, there is not enough scattering [34].
The above limitations of MIMO are overcome by cooperative relaying [35-37]. A
virtual multiple-antenna array is created with distributed multiple nodes. The use of

relays may lead to expanded coverage, system wide power saving, and better immunity
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against signal fading [34]. The cost of the system could be significantly reduced, and
the complexity of the packaging multiple antennas in physical size limited terminals
is eliminated. Relay protocols are included in beyond third generation (B3G) and
4G systems [38]. A concise single relay node cooperative communications model is
shown in Figure 1.6. Independent channels between the source and the destination are
generated via the introduction of a relay node. A typical cooperation strategy can be

modeled with two phases.

Relay

Source Destination

Figure 1.6: A simplified single relay cooperation model.

In phase 1, the source broadcasts information to the destination and the relay. The

received signals ysp and ygsr at the destination and the relay, respectively, can be

written as
Ys,p =\ Pihs px +1sp, (1.10)
ys,r =V Pihs rT + s R, (1.11)

where P; is the transmitted power at the source, z is the transmitted information
symbol, ns p and ng r are additive noise with variance Ny at the destination and relay,
respectively. In Equations (1.10) and (1.11), hg p and hg g are the channel coefficients
from the source to the destination and the relay, respectively.

In phase 2, the relay can help the source by forwarding or retransmitting to the
destination. The relay operation can be amplify-and-forward (AF) or decode-and-

forward (DF). For an AF relay, the relay amplifies the received signal and forwards it
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to the destination with transmitted power P,. In this case, the received signal at the

destination in phase 2 is specified as
YR.D = b hrpYs,r+MrD = nl
R,D = R,DYS,R +NR,D =
\/P1|h5’7R|2+N0 \/P1|hS’R|2+N0

where hp p is the channel coefficient from the relay to the destination, nrp is an

hR,DhS,Rx+n;%7D> (]_]_2)

additive noise term, and

/ VP2

Npp = hr,pNs,r + MR, 1.13
R.D Prlhsrf+ No R,D"S,R + R,D (1.13)
Py hg pl?
with variance (% + 1)No.
111s,r 0

In phase 2, for DF relaying, on the other hand, if the relay is able to decode the
transmitted symbol correctly, then it forwards the decoded symbol with power Ps to
the destination; otherwise, it does not forward. The received signal at the destination

in phase 2 in this case can be modeled as

yr.p =\ Pahrpx + g p, (1.14)

where P, = P, if the relay decodes the transmitted symbol correctly, otherwise P, = 0.
AF relays lead to low complexity relay transceivers and lower power consumption
because it does not decode. Another advantage of AF relays is that they are transparent
to adaptive modulation techniques, which may be employed by the source. However,
as Equation (1.13) shows, AF relaying forwards noise to the destination.

In multiple relay scenarios, since a virtual antenna array is created, the conventional
space-time codes can be used in a distributed fashion. More specifically, the relay’s
antenna is considered as one antenna element in the antenna array. For distributed
STBC operating in an AF mode, Nabar et al. [39,40] derived pairwise error probability
(PEP) expressions. They show that the original design criteria for conventional STBC
still apply for the design of distributed STBC schemes. Many relay studies have focused
on flat-fading channels, where single-carrier systems are of interest.

However, the use of relays in frequency-selective broadband channels is important

as well. Of course, frequency-selective fading is mitigated by OFDM. Coding for such
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channels is space-frequency coding, which can also be employed in a distributed fashion
[41]. The spatial separation of the relays presents multiple frequency offsets, which
proposes design challenges for cooperative OFDM systems. The impact of frequency
offsets on channel estimation for cooperative OFDM networks is investigated in Chapter

2.

1.1.5 OFDMA

OFDMA is a variant of OFDM that is deployed to serve multiple users simultaneously.
Hence, the available subcarriers are divided into several mutually exclusive clusters
that are assigned to distinct users for simultaneous transmission. The orthogonality
among subcarriers guarantees protection against multiple access interference (MAI)
while the adoption of a dynamic subcarrier assignment strategy provides the system
with high flexibility in resource management [42]. Since subcarriers can be shared by
all users, this structure is also called multi-user OFDM.

Three possible methods to distribute 16 subcarriers among 4 users are illustrated
in Figure 1.7. In the subband carrier assignment scheme (CAS), adjacent subcarriers
are allocated to each user. The main drawback of CAS is that a deep fade might hit a
substantial number of subcarriers of a given user. This problem is avoided by adopting
the interleaved CAS (Figure 1.7(b)), where the subcarriers of each user are uniformly
spaced over the signal bandwidth. The generalized CAS, shown in Figure 1.7(c), allows
dynamic resource allocation and provides more flexibility than subband or interleaved
CAS [42].

For an OFDMA system, in the downlink transmission, the base station transmits
signals to multiple users. In the uplink transmission, multiple users transmit data to
the same base station. All these transmissions can be affected by frequency offsets.
OFDMA is thus highly sensitive to frequency offsets, and inaccurate compensation of
the frequeny offset destroys the orthogonality among subcarriers and produces ICI as

well as MAIL
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Figure 1.7: Example of subcarrier allocation schemes: (a) subband CAS, (b) interleaved
CAS, and (c) generalized CAS.
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In the downlink transmission, the frequency offset must be estimated for each user
[42]. This can be accomplished by using the same methods available for single-user
OFDM systems. In the uplink transmission, the received signal at the base station is
the sum of signals transmitted by different users, each of which is affected by frequency
offset errors. Accordingly, frequency offset estimation in the OFDMA uplink is a

multiparameter estimation problem. It is investigated in Chapter 4.

1.2 Channel Estimation Techniques

For both SISO OFDM and MIMO OFDM systems, accurate channel state information
(CSI) is needed at the receiver to realize the benefits of OFDM, such as simplified

frequency domain equalization. CSI can be needed in the following circumstances:
e CSl is directly needed for equalization (Eq. (1.6)).

e [f CSI is available at the transmitter, OFDM can adaptively allocate transmit
power and load bits to match the channel so that the optimal bit error rate
(BER) and/or ideal water filling capacity of a frequency-selective channel can be

approached [43].
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e (CSlis essential in MIMO OFDM systems for diversity combining and interference
suppression [44].

Hence, the quality of CSI greatly influences the overall system performance.

Channel estimation techniques can be categorized as data-aided or non-data-aided
(blind) techniques [45-50]. Data-aided techniques are based on the transmission of pilot
(reference) symbols. Non-data-aided or blind estimation relies only on the received
symbols, such as the presence of CP, virtual carriers (VCs) and the finite alphabet
property of the input data, and thus improves spectrum efficiency. Nevertheless, blind
estimation generally requires long estimation latency, due to the requirement of many
signal samples, and entails high complexity. For these reasons, this thesis focuses on
data-aided channel estimation only.

In data-aided channel estimation, pilot tones may occupy all subcarriers of one
OFDM symbol. This is called a block-type pilot symbol or preamble and has been
developed for slow fading channels. The estimator then uses the least square (LS) or
minimum mean-square error (MMSE) algorithms [51]. In [52], a low-rank approxima-
tion is applied to linear MMSE by using the frequency correlation of the channel to
decrease the complexity of MMSE. In such systems, CSI is estimated prior to data
transmission. When CSI changes significantly, a retaining pilot sequence is transmit-
ted. In a fast time-varying environment, such systems must continually retrain to
re-estimate CSI. Wiener filtering based on a known channel correlation function can
be used to improve the channel estimation [53].

In contrast to block-type pilots, comb-type pilot symbols or scattered pilots are
allocated to several subcarriers of one OFDM symbol. Channel estimation algorithms
then require two steps: first, the channel gains of the pilot subcarriers are estimated
and second, the channel gains of remaining subcarriers are obtained by interpolation.
The number of such pilots is a trade-off between data rate and channel estimation

performance [54, 55].
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In a fast time-varying environment, channel variations cannot be neglected. Pilot
symbols repetition must then be sufficient to track the time-varying channel. This
concept is demonstrated in Figure 1.8, which shows a block of 9 OFDM symbols with
16 subcarriers. The channel is first estimated at the time-frequency locations of the
pilot symbols, and a two-dimensional interpolation estimates the channel at the other

time and frequency locations [10].

Time direction
(symbol number)

|

Frequency direction
(subcarier number)

ol

Figure 1.8: Example of pilots in a block of 9 OFDM symbols with 16 subcarriers.

As mentioned before, channel estimation algorithms includes LS and MMSE. The
essential difference between these two is that the channel coefficients are treated as
deterministic but unknown constants in the former, and as random variables of a
stochastic process in the latter. MMSE channel estimation is treated in [52,53,56-59]
and has been shown to give better accuracy than LS estimation [52]. This better
performance of MMSE is due to the exploiting of the channel correlation statistics,
which can be frequency-domain correlation for slow fading channels or both time and
frequency domain for fasting fading channels. If channel correlation is unavailable, a

robust channel estimator that is insensitive to the channel statistics is proposed in [59]
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by analyzing the mismatch of the estimator-to-channel statistics. However, without
using any channel statistics, the least mean square (LMS) algorithm can adaptively
estimate the channel [60], which exploits the time and/or frequency domain correlation.

The number of pilots, their values and locations should be carefully selected, so
as to achieve a good estimation performance and to reduce the pilot overhead. For
fast fading channels, more pilots must be multiplexed with data symbols in order to
track channel variations. Pilot design for OFDM systems has therefore received much
attention [61-67]. The literature treats optimizing and analyzing the pilot locations,
the total number of pilots, and the power allocated to the pilots relative to the data
symbols [64].

The design of pilot tones was first proposed in [61], where the placement of the pilots
that minimize the MSE of the LS channel estimate is shown to be equally powered
and equally spaced. Optimal placement of training symbols is considered in [62] for
block-fading channels, with regard to maximizing a lower bound on the training-based
capacity on MMSE channel estimation. For OFDM systems, the optimal placement
of pilot tones is equal spacing in frequency domain. Optimal pilots for OFDM with
regard to the capacity based on MMSE channel estimation is also presented in [63].
Whereas in [64], the optimal pilot design and placement for block-fading channels
are explored for single-carrier systems by minimizing the Cramer-Rao lower bound
(CRLB). The same problem was addressed in [65]. For fast fading channels, the number
and placement of pilots for OFDM systems are presented in [66] based on BER. The
pilot pattern is proposed to cluster two neighboring pilots together so as to increase
the channel estimation accuracy. A new pilot placement is also presented in [67] to

save the number of pilots needed.

19



1.3 Frequency Offset Estimation Techniques

Eq.(1.7) shows that the frequency offset introduces the ICI. Even a frequency off-
set that is a small fraction of the subcarrier spacing can lead to serious performance
degradation [10,16]. This high sensitivity to the frequency offset requires the receiver
to estimate and correct the frequency offset of the received signal to eliminate the ICI.
The frequency offset estimation thus becomes a major task to ensure reliable receiver
operation.

Similar to channel estimation, frequency offset estimation can also be generally
categorized into data-aided methods and non-data-aided (blind) methods. The blind
estimators may exploit the redundancy of CP [68,69], or the orthogonality between VCs
and the information-bearing subcarriers [70-74]. The data-aided methods yield much
better performance than that of blind methods at the cost of bandwidth efficiency.
As for data-aided estimators, the pilots are named preamble when the pilot tones are
allocated to all subcarriers of one OFDM symbol, as to distinguish from the pilots that
are multiplexed with the data in one OFDM symbol.

One typical data-aided frequency offset estimation approach is to employ preambles
composed by some repetitive parts which remain identical after passing through the
transmission channel except for a phase shift produced by the frequency offset [13,75,
76]. The frequency offset is thus estimated by measuring the induced phase shift. This
method was originally employed by Moose in [13], where the phase shift between two
successive identical blocks is measured. More precisely, denote ri[n] and rq[n] as the
DFT output corresponding to the two training OFDM symbols, which are same. Then,
if channel remains constant for two consecutive OFDM symbols, r1[n] and re[n] can

be written as

ri[n] = H[n]z[n] +m[n] (1.15)

ro[n] = H[n]z[n]e? "N + ny[n], (1.16)
where H[n] is the channel frequency response at n-th subcarrier, x[n] is n-th element
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of the training signal, which is same over the two OFDM symbols, n;[n] and n[n]
are noise terms and P = N + N, is the length of one OFDM symbol. From (1.15) and
(1.16), an estimate of € can be computed as
1 N-1

£ = —QW(P/N)arg{T;) rg[n]rf[n]}. (1.17)
Several improved methods have been proposed to use multiple identical signal parts
in one time domain OFDM symbol [13,75-77]. For example, two identical halves are
employed in [75] and the estimation range is proportional to the number of identical
signal parts. Optimal periodic training sequences for frequency offset estimation have
been proposed in [78]. These preambles are suitable for initial (coarse) frequency offset
estimation, since the frequency offset estimation can be acquired during a short time
after the start of transmission. Although the estimation range can be increased by
shortening the preamble duration, this is achieved at the cost of decreased estimation
accuracy.

Pilots enable the tracking of the variable frequency offset, which may be generated
by a time-varying channel. The frequency offset can also be tracked by measuring the
phase shift of pilot symbols in two consecutive OFDM symbols by using the similar
way of the estimation with preambles [79,80]. Since the pilots are multiplexed with
the data steam, data generates the interference on pilots when frequency offset exists.
The two neighbor pilots on each OFDM symbol are grouped and designed in [81]
to decrease the data-interference. One data-pilot-multiplexed scheme is also derived
in [82] to decrease this data-interference, where the two data tones adjacent to pilots are
specially designed. Under the assumption that the channel remains constant during two
consecutive OFDM blocks, this data-interference is eliminated in the method proposed
in [83] by doing exhaustive search of all possible frequency offsets. A consistent estimate
of the frequency offset is obtained in [84] by using distinctive spaced pilot tones and

pilot-design criteria is discussed in [85] to provide both consistency and robustness.

21



Typically, channel and frequency offset estimators are developed separately. How-
ever, frequency offset and CSI can be estimated jointly. For example, the joint fre-
quency offset and CST estimator proposed in [86] utilizes the repetitive signal structure
of preambles. A maximum-likelihood estimator (MLE) is studied in [87] and an adap-
tive MLE algorithm which iterates between estimating the frequency offset and the
channel parameters is also proposed to decrease the complexity of MLE. The pilot
symbols in each OFDM symbol are also exploited in [88] with recursive least-squares
(RLS) estimation and in an iterative manner [89]. Both pilots and VCs are exploited

in [90] by using an approximate MLE procedure.

1.4 Motivation

In the literature, channel and frequency offset estimation have been extensively inves-
tigated for SISO OFDM and MIMO OFDM systems. However, in the environment
of the new cooperative networks, little work has been done for these estimation issues
and extending these approaches from MIMO systems to cooperative networks is not
straightforward. One major reason is that multiple frequency offsets are possible in
distributed cooperative networks due to the different oscillators and Doppler shifts of
spatially separated nodes. Moreover, the channel gain of cascaded source-to-relay and
relay-to-destination links is not complex Gaussian. The channel and frequency offset
estimation in cooperative OFDM systems is thus highly challenging and of interest.
To the best of our knowledge, only a few papers have studied the channel and fre-
quency offset estimation issues for cooperative OFDM systems. Channel estimation
algorithms have been proposed for single-carrier single-AF-relay networks in [91-93]
and for AF OFDM in [94]. However, none of these considered the multiple frequency
offsets in the cooperative networks. In the presence of multiple frequency offsets, simul-
taneous transmission of signals from different relays give rise to inter-relay interference

(IRI) at the destination, which may degrade the performance of the channel estimation.
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So in cooperative OFDM systems, which kind of pilots for channel estimation could
eliminate this IRI and thus increase the channel estimation? In the thesis, the pilots
design will be proposed for both AF and DF relay OFDM networks.

Multiple frequency offsets also present in the received signals at the base station
in OFDMA uplink transmission. Thus frequency offset estimation becomes a multi-
parameter estimation problem, and have been widely researched for OFDMA uplink
with subband CAS [95, 96|, interleaved CAS [97], and generalized CAS [97, 98, 98],
respectively. The dynamic allocation strategy of generalized CAS provides the system
with the flexibility and makes the frequency offset estimation task more challenging
than with other two CAS.

These estimators are designed on a case-by-case basis. Is there a general method
that could provide a framework to improve the accuracy of almost all existing esti-
mators? This question is novelly answered with two proposed methods. One method
is to exploit the variance of the frequency offset, the other method is to utilize the
cooperation protocols.

Although high accuracy channel and frequency offset estimators have been proposed
for OFDM-based systems, in practical systems, their estimation are not perfect. The
impact of the frequency offset and channel estimation errors need to be analyzed to
finally judge the performance the frequency offset and the channel estimators on the
system performance. This analysis can also be helpful to choose suitable estimation
methods for the target system performance since there is often a balance between the
complexity and the accuracy. Previously, BER performance has been investigated only
in the presence of frequency offset for SISO OFDM systems. [99,100]. Further research
work should be carried out for other OFDM systems. We did anlysis for MIMO OFDM
systems in the presence of frequency offset estimation errors, as well as the channel

estimation errors. The analysis procedure could be used for the analysis for other

OFDM systems, such as OFDMA and cooperative OFDM systems.
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1.5 Structure and Contributions

This thesis proposes several channel and frequency offset estimation algorithms for co-
operative OFDM and OFDMA systems. The BER is also derived for MIMO OFDM
systems by considering the channel and frequency estimation errors. The main contri-
butions are as follows:

Chapter 2: Channel Estimation for Cooperative OFDM Systems

In cooperative systems, CSI is needed for data detection. Most existing works
assume perfect channel information is available. This assumption is based upon the
common belief that the channel estimation for a relay network could be built upon
by estimating the individual channels sequentially [35,36]. For example, the relay
first estimates the source-to-relay channel hr g and then the destination estimates the
relay-to-destination channel hp r. However, this works only for the DF relays where
phase 1 and phase 2 are conducted independently. For AF relays, as can be seen from
(1.12), hpg is essential for the destination to estimate hp r. Thus, the relay need to
inform the destination the estimate of hr g, which results in the bandwidth and power
efficiency reduction, as well as the delayed processing. As well, the transmission of
channel estimation will introduce further distortions. To overcome these drawbacks,
a channel estimation scheme was proposed in [91] for single-carrier systems, where
the overall channel from the source to the destination hp phgg is estimated at the
destination only.

In this chapter, this idea is generalized to channel estimation for OFDM modu-
lated AF relay networks with multiple relays. The DF case is also investigated. A
two-time slot cooperative channel estimation protocol is proposed. Firstly, pilot de-
signs are derived for both AF and DF relays by minimizing the inter-relay-interference
(IRI), which occurs due to the simultaneous relay retransmissions. Secondly, given
the channel order, the constrained maximum number of AF and DF relays are found

for the proposed channel estimation scheme. Moreover, the pairwise error probability
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(PEP) of cooperative OFDM with orthogonal space-frequency block coding in coop-
erative OFDM due to both the frequency offset and channel estimation errors is also
evaluated. The optimal power allocation ratio between the source and the relays to
minimize the PEP is also derived. The performance comparisons between AF and DF
in terms of the PEP is also provided.

Chapter 3: BER analysis of MIMO OFDM

Although frequency offset and channel estimators are of high accuracy, in practical
systems, they are not perfect. The residual frequency offset and channel estimation
errors therefore impact the BER performance.

Due to this fact, it is important to analyze the BER for MIMO OFDM with fre-
quency offset and channel estimation errors. Our analysis exploits the fact that for
unbiased estimators, both channel estimation errors and frequency offset estimation
errors are zero-mean random variables (RVs) [101]. The statistics of these RVs are
used to derive the degradation in the received SINR, based on the analysis of the
ICT and inter-antenna-interference (IAI). The BER of MIMO OFDM is derived as an
infinite series. The BERs of MIMO OFDM under two receive antenna diversity tech-
niques, MRC and EGC, are also derived. This analysis provides insights on the impact
of frequency offset and channel estimation errors on the system performance.

Chapter 4: OFDMA Uplink Frequency Offset Estimation by Exploiting
the Variance of Frequency Offsets

In this chapter, a frequency offset estimation scheme is proposed to improve the
performance of existing frequency offset algorithms by exploiting the variance of fre-
quency offsets. First, by the analysis of the MAI, which is introduced in OFDMA
systems by frequency offsets, the CRLB for the variance of frequency offset estimation
of each user is derived and further expressed as the function of the SNR. An estimation
of the variance of the frequency offset is then derived as a function of SINR and SNR.
Under the assumption of uniformly distributed frequency offsets, an estimation of the

range of frequency offsets is derived.
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For conventional differential frequency offset estimation algorithms, the accuracy
improvement is validated with simulation. More specifically, the scenario of new users
accessing the base station is studied and the proposed scheme shows a considerable
performance improvement over estimators without the variance knowledge. For the
successive interference cancellation (SIC)-based iterative frequency offset estimator,
the proposed scheme saves several iterations.

Chapter 5: OFDMA Uplink Frequency Offset Estimation via Coopera-
tive Relaying

In this chapter, a frequency offset estimation scheme is proposed for OFDMA uplink
to improve the performance. This scheme exploits cooperation with multiple relays.
Only the relay with the best source to relay channel is selected. The uplink frequency
offset estimation is shown to be improved via cooperative relaying. Conventional AF
relays are investigated, and a new type of relay called decode-and-compensate-and-
forward (DcF) relay is proposed and investigated. The destination node first generates
the frequency offset estimates of the transmission from the source node in the first
time slot and the transmission from the relay node in the second time slot. The two
frequency offset estimates are then combined to minimize the MSE.

When CSI is available at each mobile node, power allocation between the source
and the relays can be adaptively adjusted to optimize the cooperative scheme in terms
of frequency offset estimation error variance. To further improve the frequency offset
estimation, a scheme, where with the knowledge of CSI, the relays adaptively switch
between the cooperative and conventional (no relaying) transmissions, is proposed.
The simulation reveals that the frequency offset estimation accuracy in the DcF mode
is somewhat worse than the AF mode, but, both modes outperform the conventional

transmission.
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Chapter 2

Cooperative OFDM Channel

Estimation

In this chapter, channel estimation has been investigated for OFDM modulated multi-
relay networks. A two-time slot channel estimation protocol is proposed [102]. Pilots
designs for AF and DF relays are derived by minimizing the inter-relay-interference
(IRI) in the mean squared error (MSE) of the channel estimation, which occurs due to
the simultaneous relay retransmissions. The constrained maximum number of AF and
DF relays are found for the proposed channel estimation scheme. Moreover, pairwise
error probability (PEP) with orthogonal space-frequency block coding is evaluated
with frequency offset and channel estimation errors. The optimal power allocation
ratio between the source and the relays to minimize the PEP is also derived for AF

and DF relay networks.

2.1 Introduction

Conventional communication systems require accurate CSI. The same holds for coop-
erative systems. However, a commonly-used assumption is that channel estimation
is available for relay networks by separating estimations of source-to-relay and relay-
to-destination links, which are carried out at the relays and destination, respectively.
Separating the channel estimation in AF has the drawback of reducing the bandwidth
and power efficiency since the relays need to inform the destination the CSI. When

both the transmission of source-to-relay and from relay-to-destination are considered,
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the cascaded AF channel, which is not Gaussian, is analyzed in [103]. Channel estima-
tion algorithms have been proposed for single-carrier AF relay networks [91-93], and
impact of imperfect channel estimation is analyzed in [104]. Channel estimation for
AF OFDM with single relay is investigated in [94], which method achieves the optimal
CRLB. Channel estimation for AF OFDM is also studied in [105]. Using Alamouti-
coded pilot symbols, channel estimation is provided for a cooperative OFDM system
in [106].

Since frequency offset degrades the quality of channel estimation, its impact cannot
be ignored. Several channel estimators have been proposed for MIMO OFDM systems
in the presence or absence of frequency offset [107-109]. For cooperative OFDM channel
estimation, these estimators can not be adapted directly and the effect of frequency
offset has not thoroughly been investigated. Moreover, for AF OFDM, the convolution
of the S - R and R — D channels yields the non-Gaussian S - R — D channel.
Optimal pilot design for cooperative OFDM networks with frequency offsets for AF,

as well as DF relays, is provided here.

2.2 Cooperative OFDM Signal Model

Consider a network with S, k-th relay Ry, ke {1,..., M} and D. In the first time slot,
the S - D and S - Ry transmissions take place. In the second time slot, Ry - D

transmissions take place.

2.2.1 Channel Model

The time-invariant channel impulse response between node a and node b is modelled

as
L

ha,b(T) = ha,b[l](s (T - ZTS) ) (21)

where hgp[l] is the [-th the channel gain, and Ty = 1/B with B representing the to-
tal bandwidth. The delays are {0, 7%, 27, ..., (L —1)Ts}. L is the channel order, and

|
—_

Il
=]
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is same for any pair of nodes. For brevity, define l~1a7b = [hap(0), hap(1), - hap(L-1)]T.
The frequency-domain channel coefficient matrix is H, ;, = diag { H, 5[0], -+, Hop[N — 1]},

127nd

L-1
where H,p[n] = ¥ hep(d)e "~ is the channel frequency response on the n-th sub-
d=0

carrier.

The channel gains h,;(l) are modeled as complex Gaussian zero-mean random
variables (RVs). Both the S - D and Ry — D channels suffer large-scale fading and
small-scale fading. The distance between S and Rj is much smaller than that between
S and D or that between R, and D. An identical large-scale fading coefficient £, is
used for each S - D or Ry — D channel. The large-scale fading coefficient £, can
be approximated as £, = d)'¢/2 (or L, = d'p [2), where dqp represents the distance
between nodes a and b and 2 < ¢ <6 [110].

2.2.2 OFDM Signal Model

The node S transmits the symbol vector Xg = [Xg[0], Xs[1],--, Xs[N - 1]], where N
is the number of subcarriers. This signal Xg can be decomposed as Xg = X‘é + Xg,
where de and Xg are N x 1 data and pilot vectors. Data entries of Xg, PSK or QAM
symbols, are modeled as zero mean and unit-variance RVs. In general, a total of N,
pilots are allocated per symbol. Therefore, Xg is non-zero only at locations (6y,---, 0, ),

where 0 <6y <+ <Oy, <N -1

2.2.3 First Time Slot (Preamble Period)

The received signal samples at the destination D and the k-th relay Ry are given by

p N _727'rn(i+ED,S)
yp(n) = Z [i]Hpslile ¥ +wp,1(n), (2.2a)
=0
P N- ) ]27rn(7l+ERk,S)
() = L8 S X i1, (06 g (), (2.2b)

]

1=
where n =0,1,---, N -1, « is the power allocation ratio between S and the set of relays

Ry (0 < a < 1), P is the average power of each subcarrier. &, is the normalized
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frequency offset between nodes S and b (b€ {Rg, D}), wp1(n) and wg, (n) are AWGN
samples with {wp 1(n),wg, (n)} ~CN(0,02).

The received samples at D and Ry are yp1 = [yp.1(0),yp1(1), - yp1(N - D]" and
Vrea = [We.1(0),yr, 1 (1), yr, 1(N —=1)]". The post-DFT demodulator outputs are
then

rp1=Fyp, = VaNPESXEFG hp s+ VaNPESXSFE hps+ Flwp,,

—_—
Pp s (NxL) Interference Mp,1 (Nx1)
(2.3a)
I’Rk 1= F yRk 1=V« ECH SXPF(L) th stV ECH SXd (L) th s+ F WRk ,
—_———
Pgr, s (NxL) Interference MR, (Nx1)
(2.3b)

where wp 1 = [wp1(0),wp (1), wp1(N=1)]", wg, = [wg, (0),wr, (1), wr, (N - 1)]",
and the IDFT matrix F is defined as [F],;, = (1/v/N)e2™*/N for 0 < (n,k) < N-1. The

127Eq ]2"”5a,b(N_1) }

frequency-offset dependent matrix E, j is defined by E, , = diag {1, €N e N

E‘Zi]r =FHE,,F is a circulant matrix that specified by the frequency offset e, , Fiyis
the first L rows of F, and X5 = X%+X2 is an Nx N diagonal matrix with X% = diag{X%}
and X% = diag{X%}.

2.2.4 Second Time Slot

The relays retransmit the received signal to D. The total power equally allocated to

all the relays is (1 - a)NP.

AF Mode

In this case, each relay simply retransmits the received signal to the destination. The

= M
received symbol at the destination D is y&Y, = ppy\/ % > Epr FHpRr,rr 1+Wpoa,
’ k=1
1

signal at the destination D can be demodulated as

where pg = represents the amplifying coefficients at each relay. The received
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H AF
rDQ_F Ybo

M

_TH _ H

=F"pr i > EprFHpp,rr.1+F'wp,
k=1

_ @) S png, Fi
- JN ];1 D,Ry, D,R,TR,1 t Wp 2

ClI‘
=ED r,.s

= Q1(@) Z F"Ep g, Er,sHg, sHpp X%+ Q1 () Z ESY . sHr, sHp g X4
k=1 S

=Ep,Rr,s
4 Q2()

cir H H
ED,RkHDkaF WRk"'F Wp.2

i c 5
Ng S

- - T
= Q1() kz ES Rk,S(Xg + X )FféL 1) (hgk,s ® thD,Rk)

M
a)
Ecir H H
DRkHD7RkF WRk +F WD72,

(2.4)

Oé(l—C()Np2 (1—O[)NP cir
where Q1 () = \J m> Q2() = m ES RS = FAEp r,Eg, sF =

- - T
EJs, hp g, s = (hgk,s ® hg’Rk) , and ® denotes convolution. Equation (2.4) can fur-

ther be simplified as

1“D 2 = Z Q1(a) E%rRk SXdF(QL 1)hD Ry,S
k=1

DAF Brr,.s (Nx(2L-1))

M M ~
+ Z Ql(Oé E%rRk SXp FgL 1) hD,Rk,S + Z QQ(OZ)E%kaWan)hD7Rk + FHWDQ,
k=1 k=1

PAFR s (N><(2L 1))

AF
D2

(2.5)
DF Mode

Each DF relay decodes and re-encodes the received signal. Unlike the AF mode, the DF

mode can eliminate the additive noise and interference that accumulated in the relays.
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It is assumed that m out of M relays can correctly decode, and the received symbol at
node D is yBE =/ % » ED7RkFHD7Rk)~(Rk +wpo. The post-DFT output of yBE

K k:l K
is

DF _ nH_DF
'pao= F YD

m [(1-a)NP_.. ~
= ]; TED,RkXdeFZ/)hDka

DR, (NxL) (2.6)

UL 1-a)NP_. ~
+ Z 7( ) E%IZRICXII)%JCFZ/) hD,Rk + FHWD’Q .
k=1 m ~—

"BI:;

~~

P]B,FRk (NxL)

A transceiver system model diagram for the proposed cooperative transmission is
illustrated in Figure 2.9, where the cooperation is performed in two time slots, and

transceivers for both AF and DF relaying modes are given out.

2.3 Channel Estimation

Since D receives from S only in the first time slot, conventional LS estimation is
possible. However, in the second time slot, D receives multiple simultaneous relay

transmissions, resulting in inter-relay interference (IRI).

2.3.1 Channel Estimation in the First Time Slot

From Equation (2.3), the LS estimation of the S — D channel response le7S is given

by hps = Pl rpy, where Pl = (P¥ (Pps)” PH . The MSE of hpg is obtained

as MSE (ﬂD,S) - (1/L)E{ 2

hps-hpg

2

}. Similarly, that for the S — Rj channel

)

th,S - hRImS

response is MSE (fle,S) = (1/L)E{
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Figure 2.9: Transceiver system model of the proposed cooperative transmission.

2.3.2 Pilot Design to Eliminate IRI in the Second Time Slot

Since the identical pilot, i.e., X%, is received at each relay in the first time slot, the
received pilot at the destination D in the second time slot is also X%, if the relays simply
retransmit the received signal without modifying it. In this case, the destination D
does not know where the received pilot comes from, and, therefore, it can not identify
BD,Rk,S in the AF mode (or BDka in the DF mode).

With multiple relay transmissions, the IRI must be eliminated to minimize the

AF _ AF AF AF _ AF AF —
MSE. Define P3F = [P2F, o... . PAF, ], D4F = [DAF, o....DA, o], hpgrs =
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[hp.r.s,-- hpr,.s]T, and Equation (2.5) can be rewritten as

5y = Po hprs + Dy hprs + 0y, (2.7)

where P2F and DY are the pilot and data matrices with the frequency offset compo-
nent. By defining the pseudo-inverse of PF as (P2F)f = ((P?F)HP?F)_1 (PAF)YH | the

LS estimation of hpgg is given by
hprs = (PAY) i, = hprs + (PAT) D4 hpprs + (P20, (2.8)

The MSE of the LS estimator leRS can be expressed as

trace {VH ((PAF)HPAF)™ V(I)é*F} aggpgtrace {(PkHPk)_l}

2.9
CL-1)M " CL-OM 29

MSE (hpgs) =

where ®3F = E{hprsh .} and V = (P?F)HDQF (V represents the power spread of
DY to the signal space of P2F). The interference of the pilots, contributed by the
data subcarriers is noise-like, and it is hard to minimize the first part of MSE (fl D RS).
Therefore, the optimal pilots should be designed to minimize trace ((PAF)HPAF) ™,

The matrix (P2F)#PAF can be represented as
G o Giu
(P17 Py -
Guva 0 Guwm

where G, ,, = (P]}A)FR D P, s+ Gun = Gl represents the IRI. The IRT analysis

of DF mode is in a similar way. The IRI between different relays can be eliminated if

H
(PAD},?R;C,S) PAD},?RZ-,S = O(QL_l)X(QL_l) (AF Mode) (210&)
(PR, )" PRy = Ope  (DF Mode) (2.10b)
is satisfied for each i # k. In DF mode, (2.10) can be easily satisfied by modulating

different pilots in different relays before their retransmission. However, in AF mode,

(2.10) cannot be satisfied unless each relay modifies to its received pilot.
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AF Mode

A modified AF relaying mode is applied in each relay to satisfy (2.10). The k-th relay
Rj, multiplies its received signal yg, 1 by a premodulation matrix II; and retransmits.
The received signal at D can then be demodulated as
P, = B Z Ep,r FIyr, 1 (2.11)
k=1
and it can further be resolved as

~ADF2 = Z Q1 (@)E%rRkaE%Z stF(zL 1)hD Ry,,S
k 1

+ Z Qi(0) ES¥ p ILES (XEFL, | hp s+ Z Q2(0)ESE 5, LW, Fl hp g, + Fwp s,
k=1

_EClr XP

D,S™“R
k - AF
MD,2
DAF
PD,Rk,S

(2.12)

where X%k is the retransmitted pilot for the relay Ry. X’ék is a unique pilot of R; and
different from X%. (2.12) can be understood as each relay uses a unique premodulation
matrix IT; to do some modification to its pilot subcarriers (how to obtain I, will
be discussed later). The LS channel estimation is hpgg = (P3F)ER5, where Pyt =
[ PADFRl,S PADFRM’S ], and hprg = [hD,Rl,S7“'7 hg’RM?S]T. In this relaying network,
all the pilots are modulated in one symbol, and the pilot subcarriers are shared by all

nodes. The pilots that satisfy (2.10) for the k-th node in the AF mode is resolved as

9270, (k-1)(2L-1)

[X%k]ﬂiﬁi =em v, k=1, Mji=1--N,

st. (2L-1)M <N, <N, N integer;
No
6 (k—1)(2L—1) (2.13)

N
O~ 0 =03~ 0y = -+ = O, ~ O,

# integer, k #1[;

_N
-
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By using the pilot defined in (2.13), the MSE of hprs is given by
1

) . 2
MSE (hpgs) = mE{ hprs - hDRSHQ}
M
2 AF _
) (N - N,) - trace { @4} . Tu gltrace{q)QRk} .\ M(aP + ai)g?u
No(2L - 1)M oN,2L-1)MP = a(l-a)N,P?’

(2.14)

where ®0F = E {hprshf i}, and @47, =E{hpp hf , }.
Now derive I, to satisfy EQ p ITLER (X% = Ef ¢X}, . Without loss of generality,
we assume that the pilot with m =1 is allocated to .S, and that X%k can be represented

as X%k = ApX§, where Ay is a diagonal matrix with [Ag],, = e N , and

[Ax]; = 0 for each I # 0;. Note that EQfs = EfY, B! o is satisfied for each k, so the

problem is reduced to finding II; to make HkE%Z? g = E%Z Ay, which is resolved as
I1, = B oA (ER o) =F"Eg, sFAF'ER F. (2.15)

Since Il modifies only the pilot subcarriers by performing a phase rotation to the
received pilots at Ry, the data subcarriers remain unaffected.

Note that the pilot given in (2.13) eliminates the IRI only when the number of
relays does not exceed a specified value. The following Lemma provides the maximum
number of relays in the AF mode.

Lemma 1—Maximum Number of Relays in the AF Mode: In AF mode,

to minimize the variance error of the LS estimator for each S - R — D channel, the

N
maximum number of active relays that simultaneously retransmit is M < lQ 71 J

Proof: In AF mode, the channel order for all the S - R - D channels is 2L - 1.
From (2.13), the condition of (2L-1)M <N, < N must be satisfied for the pilot design,

N
d tly, M < .
and consequently, < lQL — 1J
O

Lemma 1 indicates that the maximum number of active relays is inversely pro-

portional to 2L — 1. Since the achievable cooperative is proportional to the number of
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relays, this condition describe a tradeoff between the channel estimation ability and

the achievable diversity gain.

DF Mode

Each active relay retransmits in the second time slot by modulating the pilot subcar-
riers with its own pilot but without changing the data subcarriers. The LS channel
estimation is then given by hpp = (PP¥)rRf,, where PP" = [ PP o PR ] and
~ ~ T
hpp = [thl,---,hITmm] :
The optimal pilot for Ry in the DF mode is given by

72760, (k=1)L

[X%k]eieizeijv C k=1, M,i=1,-N,
st. LM <N, <N, %zinteger;
P
Miime er, k#l; (210
N g Y )

N

Oy—01=05—0y=--=0x —0Or _1=—.

2 =01 =03-0p Ny = UN-1 N

By using (2.16), the MSE of hpy is
R 1 R 2y N-N, trace{®DV} mo?

MSE (hpg) = —E{|lhpr - h = L. 2 24 wo_ (217
(hor) Lm {H br DRHQ} N, Lm (1-a)N,P (2.17)

where ®2F = E {hpgh}.

As with the AF mode, the maximum number of relays is constrained. The following
Lemma provides this maximum number.

Lemma 2—Maximum Number of Relays in the DF Mode: In DF mode,
to achieve the optimal channel estimation for each S - R — D channel, the maximum
number of active relays that simultaneously retransmit is M < |N/L|.

Proof: In DF mode, the channel order for each R — D channel is L. From (2.16),
the condition of LM < N, < N must be satisfied for the optimal pilot design, and we
can easily conclude that M < |N/L|.
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2.3.3 Effect of Imperfect Frequency Offset Estimation on Chan-

nel Estimation

Up to now, a perfect frequency offset knowledge is assumed. However, frequency offset
estimation errors do exist in physical applications. Denote e, as the estimation error

of €ap. At node D, Ep ., z={S, R}, can be estimated as

A . 127ED » g27réD’z><(N—1)
ED7Z:d1ag{1,e N eee N }
AEp .
2T 27 x (N - 1)}
_7 '." - ar .ED z "
N N ’

Q

(2.18)
2=Ep. +jep,.-diag {0,

Using 15,15, PAF and PDF to represent the estimated Pp g, PAT and PLF | respectively,

we have

Pps=VaNPEYXLF() = VaNPESXEF( +VaNPAES XEF( ).

(2.19)
PD,S A]~:’D,S
Py =Py + Qi (@) FIAED sFXE By ) - FUAEpsFXR FE, L) (2:20)
A;QF
. 1-a)NP
pDF - pDF | ( j‘n) FHAzDFFﬁ), (2.21)
APDF
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where APY = [AEp, mFXYy .. AEp g, FX5 ] Pl b.g can be expressed as

1E)jj,s = (Pg,sprs)il pg,s
-1

= | P Pps+APE Pp s+ PR APy s+ APE (APps| (Pps+APp, )"

=aPly, BSBH
1
aP

- P;S + (PD,SPDS) APY o -

(v, - B(B"B+aPS™) ' BY) (Pps+APps)"

1
—B(B"B+aPS)" B (Pps+APps)".

APL’S
(2.22)
Ari I7i 424262
where S = diag {do, At An-1}, A = ”";D’S ' ( ”";D’S) ; NQD’S, and B =
F(L)XZHFH. We also have
_ I O (-
BB =aP N Apx(N=Ae) (2.23)

Ow-npyxny  O-N ) (V=)

From (2.22)-(2.23), the matrix (BB +04I5S’1)_1 must be a diagonal matrix. Using
Ai to represent the i-th eigenvalue of (BHB + aPS_l)il, we have

Ai ~ B
A N, <i<N-1.
. 127%2e%) s
For small frequency offset errors, \; can be approximated as \; T When

A <1, /N\iz)\i for each 0 <4< N —1.

From (2.22), the first item in APBS is a function of ep g, but the second item in
APE s 1s a function of e s- Forasmall ep g, the second item is negligible as compared
with the first item, and AP, g can be approximated as AP 52 (Pg sPp, S) ! APP g

to simplify the analysis. Similarly, (P?F ) and (PZDF ) can also be represented as

(P3F) = (P3") + ((P)"(PY"))

AP
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and
(P™) = (PP7) + A (BPT)

and the LS channel estimation for le,S, fle,S, hprs and hpg are given by flb7s =

~

PZ $Th1, hprs = (P?F)TfADg and hpp = (PzDF)Tng, respectively, where b € {D, Ry}.

The MSE of the channel estimation by considering the frequency offset errors can be
derived, respectively, as

2 1 2
MSE(h,LS) = ZE{ }
2

-1
trace{(PfSPb,s) Jb,Sq)b,S} ) (N = N,) - trace {®; 5} N oq
o

hys—hy s

w

L ¢ LN, alN,P’
(2.25)
R 1 2 - 2
MSE (hpps) = mE{ hprs —hprs 2}
tface{((PgF)HPQF)_l JDRSCI)QA‘F} N -N, trace{®L¥}
- L-1)M et TN LM (220)

o2 } M(aP +02)o2

v AF

kZ::l trace {QDka

+ — . + —
aNpP 2L-1)M Cz(l—cz)NpP2 ’

A 1 2 ~ 2
MSE (hDR) = mE{ hDR - hDR }
2
-1
tface{((Plg)F)HPI;F) JDR‘I’zDF} o N-N, trace{®PF} mog,
= -05+ . + —
Lm ¢ Np Lm (1_04)/\/;2137

(2.27)
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@5 = E {h;shfs}, (2.28a)

Ips=Jr,s = aNPF X FIQFXLF( ), (2.28b)
Jprs = QF () -diag {Ty, -, Ty}, (2.28c¢)
Jpr = (1-a)NP -diag {TPF, -, TDF}, (2.28d)
T = Forn XL FIQFX), R, ), (2.28¢)
TP" = F () XL FIQPFX), Fl ). (2.28f)

2.4 Effect of Frequency Offset and Channel Esti-
mation Errors on PEP

Although the BER of conventional (noncooperative) OFDM with frequency offset has
been studied [99, 111], the application of the BER results to a cooperative OFDM
uplink is not straightforward. First, the effective S - R — D channel in the AF
mode is the convolution of S - R and R — D channels. It is proven in [91] that
the S - R — D channel is not Gaussian. Second, in DF mode, the relays retransmit
only if there is no decoding error. Since the OFDM channel is usually a frequency-
selective fading channel, some subcarriers may suffer deep fading. If the subcarriers are
modulated independently, it is very difficult to correctly decode all the subcarriers. In
this section, after the analysis of SINR, the PEP of cooperative OFDM by considering

both frequency offset and channel estimation errors will be derived.
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2.4.1 SINR Analysis
First Time Slot

Without loss of generality, we assume that hp g = hp g+Ahp g, where Ahp g represents

the estimation error of h p,s- The received vector yp; can be demodulated as

rD’l = FHYD,l =V aNPECDH’.SXSFZ/)fID7S + FHWD,l

= VaNPEREXsF L hp s+ VaNPES XF{ hps+Fwp,, (2.29)
Mp.1 interggrence
&pa

cir cir _ pdiag off ; diag 1 s ; :
where we decompose Ef ¢ as Efyg = Ep ¢ + Ef o, with E'g being a diagonal matrix

that [Egag]” = [Efrgli, and By comprising all the off-diagonal elements of Efg,
K p 1 is the useful signal of rp;, and & ; represents the interference plus noise of rp ;.

The signal of the n-th tap can be demodulated as

A% A~ %

hp,s[n] ‘rp1[n] B BB,s[”] 'HD,l[”] ABB,S[”] 'HD,1[”] hD,S[”] ‘5D,1[”]
2 7t 2 + 2 - (2.30)
hD75[77/]

A~

BD75[77/]

A~

leﬁ[n]

The SINR of (2.30) is given by
~ 2
_ E{ h}B,R,s[n] : ND,1[”]‘ }

YDSn = N ; -
B (885011 o 1]} 1 sl €,

2}' (2.31)

Equation (2.31) can be simplified as

aP- ‘BD’S[TL]‘Q - Be

T - o s . (232
o%pq+ (aP-ﬁe 4+ —AFL 2) -MSE(hDS)
’ b, s[n]| ’
20?2  qmiol L,ar202P
where 3. =1 - 3 + %0 and ‘7/2&1:,1 == +02.
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Second Time Slot of the AF Mode

The received vector y4F, can be demodulated as

I'ADFQ = YD 2 = Z o (O‘)E%aék XSF(QL 1)hD7RkVS

AF
KD o

M _ M ) _
+ 3 Qi()ER 5, sXsF( 1yhp ros+ ) Qa(@)ER 5, W, F (L hp g, + Flwp s,
k=1 k=1

interference

AF
€D,

(2.33)

where B, o =EJ% o+ B, < The SINR of (2.33) is given by

2
’VDRS,TL =
]E{

- h ' AF i M s : AF
(151 Abp s [n]) "M [n]] [ +E (k; hp ry.s [n]) -€pa[n]
and (2.34) can be simplified as

M ~ *
(Z hD,Rk,S[n]) -y [n]
k=1

(2.34)

M . 2
a(l-a)P? ;ElhD’R’“’S[n] oA
YDRS;n = - )

Mo2, ,(aP+02)+ M| a(1-a)P?- 3, + M . MSE (hpps)
,sn]

(2.35)
2L, (M2 - M +1)a(l - C()7T2(72P2 L, om?a?P L,(M+1)(1-a)Po
3M(aP +02) 3 aP + o2

where 03, =

2

(o
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Second Time Slot of the DF Mode

The received vector yBF, can be demodulated as

UC 1-a)NP_g. ~ U 1-a)NP ~
I’BF2 = Z 7( m) E(li),gkXRkFg/)hD,Rk + Z 7( ) E%kaXRk Fg/)hD7Rk +FHWD’2 .
k=1 k=1
”‘éf’; interference
&,
(2.36)
Similarly, the SINR of (2.36) in the n-th tap is given by
moo. * 2
E{ (kz_?l hp g, [n]) “ppo[n] }
:)/DR,m,n = . ~ . 2 m 2 * 2
(8 ana o) s f£{](5 Bolod) B |
m o 2 (2.37)
(l—oz)P~ kglhD’Rk[n] 'ﬁe
mUIQDF,Q

mU%F72+m L,(1-a)P-B,+ 5 -MSE(BDR)

moo.
Y hp g, [n]
k-1

V252 P
L.(1 g)w olP ey

2 -
where opyp 5 =

2.4.2 PEP for the AF Mode

An orthogonal space-time signal matrix Xg = [Xg(1),Xg(2),---, Xs(T)], which is NxT
matrix, is assumed. The probability that Xg will be mistaken for another code Lg is
upper bounded by [112]:
B B 2L-2 1 L-1 1
AF

Pr {Xs—>LS|0<O[<1}S(7£[0 W) (TQ)W)7 (238)
where Yps,, and Yprs,, represent the SINRs of the S - D and S - R - D channels, re-
spectively, in the n-th multipath tap, and /,, is the n-th eigenvalue of (XS - ES) (XS - ES)H.
In the high SINR regim with 02 - 0, pg,, and Jpprs,, can be approximated as
lim ypg, - aSNR- ‘flpﬁ[n]‘z

g&—0
SNR—co
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and
2

M .
a(l-a)SNR- kzl hp g, s[n]
im Yprsn — —
IR ) Lo -«
S;%How M[ (M+;)(1 ) 4 1]

where SNR = P/o?2 denotes the average SNR, and (2.38) can be rewritten as

lim PAF {Xs N E5|O <a< 1}
SNR—oco

a ( 1 )L 2ﬁ2 M (ﬁ 1 )

— x 3 = 2. |
a(1-a)SNR aSNR =0 %BD,Rk,s[n] g |\ lhp s[n]| ¢,
k=1

4[£U(M+1)(17a) N 1] 2L-1

multipath diversity gain
multi-relay diversity gain

(2.39)

When L is small, the M-order multi-relay diversity dominates the diversity gain in a

high SINR regime, and a larger M implies a smaller PEP.

2.4.3 PEP for the DF Mode

In DF mode, each relay decodes the received signal from S. The relays with decoding
errors will not retransmit. By using Peay to represent the average probability of

decoding error at each relay, the probability that m out of M relays successfully decode
M

the received signal is a Binomial distribution, i.e., Pelay,m = ( )(1 - Prelay)mPM -m
m

relay -

We also use Ps_.p to represent the probability of the decoding error at D in the first

time slot. Pelay and Ps_,p are given, respectively, by

_ _ L-1 1
Prelay =P, {XS e LS‘O <a<l Rk} < 71:10 s XYR;«ZWZ" , (240&)
_ _ L-1 1
Ps.p=P{Xs - Lso<a<1;D} < M (2.40b)

4
where g, s, represent the SINR of the S — Rj channel in the n-th tap. From the

SINR analysis of the first time slot, yg, s, is given by
. 2
@P-‘th,S[n]‘ -ﬁe
0-12)F71 + (O(P ' ﬁe + 7or.1 ) -MSE (fle,S)

|1~1Rk,5[n]|2

ﬁRkS,n =
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an?o2P
3 +05.
In the second time slot, the m relays with correct decoding will retransmit. The

where o2 | =

PEP that Xg will be mistaken for another codeword Lg is upper bounded by

_ _ L-1 1
PP {Xs > Lo <a <1} Y G e (2.41)

1

where Yppr mn represents the SINR of the R — D channel in the n-th multipath tap.
From the derived 4pg m » in (2.36), the averaged PEP of the DF mode is upper bounded
by

- M
PEPPY < Ps.pp- Y PretaymPlh {XS - Es‘o <a< 1} . (2.42)
m=0

In the high SINR regime with 02 - 0, (2.41) can be approximated as

L
_ _ 4 L-1 m
i 27 (s Eafp<aci)s (bsm) |1 |
o2-0 " B 1-«a)SNR 2o |m o~ 2
SNRHOOO ( OZ) n=0 z hD7Rk [n] En (243)
k=1

multipath diversity gain

multi-relay diversity gain
A comparison of (2.39) and (2.43) shows that for a given M, in a high SINR regime
with 02 - 0, the AF mode outperforms the DF mode in terms of diversity gain.
However, in real systems, the DF mode usually outperforms the AF mode because of
the following reasons. First, Lemma 1 and Lemma 2 tell us that for a given L, the
maximum number of active relays used in the DF mode is almost twice that of the AF
mode, and the achievable cooperative diversity gain in the DF mode is much higher
than that obtained in the AF mode. Second, by considering the frequency offset, the
OFDM transmission is usually interference limited, and the diversity gain obtained in
the AF mode may be deteriorated by the interference and noise that accumulated in
the relays. The interference-mitigation capability in DF mode provides a performance
advantage over the AF mode in the low SINR regime. A brief performance comparison

between the AF and DF modes is shown in Table 2.1.
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Table 2.1: Performance Comparison Between AF and DF Modes

\ Relaying Mode | AF | DF |
Complexity Low High
Channel Estimation Accuracy Low High
Maximum Concatenated Channel Delay || 2L02 =1 | Linaz
Maximum Number of Relays 5 Lmjz — Li\fw
Capacity to Combat Multipath-fading Low High
Achievable Diversity Gain Low High
PEP High Low

2.5 Numerical Results

The PEP of the proposed channel estimation schemes for systems with frequency offsets
is evaluated. The total power consumption is kept constant, and the PEP as a function
of power allocation ratio « is first evaluated. The performance comparison between
the proposed pilot designs for the AF and DF relaying modes is then performed for
different channel lengths L. After that, the PEP performance as a function of frequency
offset variance, i.e. 02, is evaluated. Finally, for a given o2, the PEP performance as
the SNR increases is simulated.

Only uniform power-delay profiles are considered for brevity, i.e., E {|th7 S(l)|2} =
1/L and E{|hD,Rk(l)|2} = E{|hD,5(l)|2} =L,/L, where [ =0,1,2,---, L — 1. The number
of subcarriers is N = 128. The SNR of the pilot subcarriers as SNR = P/o?2. Identical
average powers are assigned to both pilot and data subcarriers. Independent and
identical distributed (i.i.d.) frequency offset estimation errors are assumed for S - R,
R - D and S - R —» D channels with a variance o2.

The normalized MSE for channel estimation is shown as a function of the power
allocation ratio (see Figure 2.10). The MSEs of the S - R and S — D links are
monotonically decreasing functions of «, whereas those for the S - R - D (for the AF
mode) and R - D (for the DF mode) links are monotonically increasing functions of

a. Although the normalized MSE for the R — D link in DF mode is always smaller
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T
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100

Cooperation

Normalized MSE

DF Mode

107 107 10 10°

Figure 2.10: Normalized MSE of channel estimation in either conventional transmission
(av=1) or the proposed cooperative transmission (0 < a < 1).

than that for the S - R — D link in AF mode for each «, this result does not mean
that the DF mode always outperforms the AF mode in terms of the channel estimation
error, because the estimation error in the S — R link for the DF mode also contributes
some impairments to the decoding. However, in each relaying mode, an optimal o can
be found to optimize the performance of the relay OFDM system.

The PEP of the proposed cooperative transmission with both frequency offset and
channel estimation errors is illustrated in Figures 2.11 - 2.15. From Section 2.3.3, the
channel estimation MSE is a function of the variance of the frequency offset estimation
error (i.e., 02), so that 02 is used as the only parameter of impairment. For Figure 2.11

to Figure 2.13, £, is set to 1071, All the eigenvalues of (Xs - ES) (XS - ES)H are set
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Figure 2.11: PEP of the proposed cooperative transmission with L =2 and o2 = 1073.

to 1.

The performances of the AF and DF modes are compared for L = 2 and ¢2 = 1073
in Figure 2.11. Since the DF spatial diversity gain is proportional to the number
of relays M, a larger number of active relays results in a lower PEP. In contrast,
a larger number of AF relays results in a worse PEP performance. This difference
can be explained as follows. In AF mode, interference and noise accumulate in each
relay, and the interference due to frequency offset is not Gaussian when o2 is large.
Since this interference cannot be averaged out by using more relays, the diversity gain
will deteriorate by this process of accumulation. However, the DF mode eliminates the
interference and noise. It is this interference-mitigation capability that guarantees that

the DF mode will achieve a better PEP performance with more relays. When M =16
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and 32, the PEP performances of the AF mode are monotonically decreasing functions
of the power-allocation ratio. That is, the AF mode cannot improve the diversity gain
through cooperative transmission. However, when M < 16, it achieves a diversity gain.
For each M, an optimal « that minimizes the PEP can be found. As compared to the
AF mode, the DF mode can always achieve a diversity gain for each M.

Although the optimal PEP performance improves as the number of relays increases,
increasing too many results in a degradation. This finding can be explained as follows.
For a small number of relays, the performance is noise and/or interference limited,
and the effective SINR of the S - R — D channels can be improved by increasing
the number of relays. As the number of relays increases, the power allocation to each
relay decreases, and the cooperation becomes power limited once the number of relays
is beyond a threshold. The effective SINR of the S - R — D channels becomes lower
in a power-limited environment if more relays are used.

For a fixed 02 = 1073, but the channel order is increasing to 4 and 16, the PEP
performance is shown in Figures 2.12 and 2.13, respectively. When L < 4, the optimal
(M, a) can always be found to make the DF mode outperform the AF mode in terms
of PEP performance. Note that for each relaying mode, a larger channel order results
in a higher interference and noise in the S - R, R - D, S - D and S - R > D
channels. This higher interference and noise degrade the SINR. However, for a given
number of relays, since a (2L — 1)-order multipath diversity gain can be obtained in
the AF mode [see (2.38)], this gain may compensate for the performance loss due to
SINR degradation. When the channel order is not large (e.g., in this simulation, L < 16
is required), the multipath diversity gain dominates the performance of the AF mode,
and the PEP performance may be improved as the channel order increases. If the
channel order continuously increases (e.g., to 16), the cooperation channel becomes
power-limited, and the SINR degradation in each tap will deteriorate the multipath
diversity gain. Increasing the channel order degrades the PEP performance in the DF

mode, because this mode can obtain only a L-order multipath diversity gain, as shown
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Figure 2.12: PEP of the proposed cooperative transmission with L =4 and o2 = 1073.

by (2.42).

The PEP performance as a function of o2 is shown in Figure 2.14, which considers
(L=4, M =16) and (L =8, M =8). Both AF and DF mode PEPs monotonically
increase with o2. For each number of relays, the DF mode always outperforms the AF
mode for a small ¢2, although both modes approach the same PEP performance for
large o2 (i.e., the system is interference rather than noise limited, and the diversity
gain cannot be improved through cooperation).

The PEP performances as functions of SNR are shown in Figure 2.15 for L = 4,
M =16, and 02 = 1072 and 1073. Since the system is noise limited for a small o2

(02 =1073), the relays realize the spatial diversity gain. The PEP performance of the
DF mode is about 9 dB better than that of the AF mode at an error rate of 5 x 1073.
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Figure 2.13: PEP of the proposed cooperative transmission with L = 16 and o2 = 1073.

As 02 increases to 1072, the system becomes interference limited, and an error floor
appears in both the AF and the DF modes. In this environment, the performance
increases to about 11.3 dB ; i.e., the DF mode has a higher interference-mitigation

capability than the AF mode.

2.6 Conclusions

Channel estimation for cooperative AF or DF OFDM systems with frequency offsets
has been considered. A two-time-slot cooperative channel-estimation protocol has been
proposed. For a given channel order L, the maximum number of relays operating in

the AF and the DF modes were shown to be |N/(2L -1)| and | N/L]|, respectively.
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Figure 2.14: PEP of the proposed cooperative transmission as a function of o2 with
L=48.

As a result, the latter achieves more diversity gain than the former. The PEP per-
formance of an orthogonal block code in the proposed cooperative transmission was
also evaluated by considering both the frequency offset and channel-estimation errors.
The optimal power allocation between the source and a set of relays (AF or DF) was
derived to minimize the PEP. For both relaying modes, a larger channel order results
in increased interference and noise, which degrades the SINR. Since the AF mode can
realize a (2L — 1)-order multipath diversity gain, it performs better as the channel
order increases provided that the channel order is not too large. Unlike AF relays, DF
relays will suffer a PEP performance degradation when the channel order increases,
because the L-order multipath diversity gain can not compensate for the SINR loss.

Interference will increase if more relays are used in the AF mode, which results in
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Figure 2.15: PEP of the proposed cooperative transmission as a function of SNR with
L=4, M =16 and 02 =1072,1073.

degradation of performance. The interference-mitigation capability of the DF mode
improves performance by allowing the use more relays, and when the channel order is

smaller than 16, they outperforms the AF mode in terms of PEP.
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Chapter 3

BER of MIMO OFDM Systems
with Frequency Offset and Channel

Estimation Errors

The BER of MIMO OFDM systems with frequency offset and channel estimation errors
is analyzed in this chapter [101]. ICI and inter-antenna interference (IAI) due to the
residual frequency offsets are analyzed, and the average SINR is derived. The BER of

MIMO OFDM is derived as an infinite series. Two receiver combining techniques to

improve the BER are MRC and EGC. Their BERs are also derived.

3.1 Introduction

MIMO OFDM faces several technical challenges. First, these systems are highly sen-
sitive to the frequency offset, which introduces ICI and thereby significantly degrades
the system performance. Second, channel estimation becomes increasingly difficult
when the number of antennas increases. For these reasons, many frequency offset and
channel estimators have been proposed for MIMO OFDM systems [113-116]. For SISO
OFDM, several estimators of channel, frequency offset or both have already been devel-
oped [13,52,117]. The frequency offset estimation schemes for MIMO OFDM proposed
in [113,114] use training sequences composed of repeated data. Optimal training signal
design for MIMO OFDM channel estimation has been considered in [115]. A recursive
channel and frequency offset estimator for MIMO OFDM is discussed in [116].
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Previously, the performance degradation due to frequency offset is evaluated in
terms of SINR for SISO OFDM systems [13,16,118]. Although such an SINR analysis
has the merit of being mathematically simple, it is obvious that the BER analysis
characterizes the performance degradation more accurately [99,100,119,120]. The ICI
is approximated to be a Gaussian RV in [119] to obtain an analytical BER expression
for AWGN channels. A more accurate BER expression that exploits the moments of
the ICI distribution has been proposed in [120]. The characteristic functions method
is used in [100] to derive exact BER of systems with frequency offset and AWGN. For
multipath fading channels; the BER is evaluated in [99] also by exploiting the Gaussian
approximation of the ICI. However, [99] assumes that the channel is perfectly known
at the receiver and that the frequency offset estimation error is negligible. For MIMO
OFDM systems, the BER has been analyzed with channel estimation errors in [121].

Although some estimators are highly accurate, their performance ultimately cannot
exceed the CRLB [122]. Both the residual frequency offset and channel estimation
errors after frequency offset correction and channel equalization degrade the system
performance. The BER analysis for MIMO OFDM with both frequency offset and
channel estimation errors is thus motivated. This analysis will use the statistics of the

residual frequency offset and channel estimation errors.

3.2 MIMO OFDM Signal Model

The structure of a MIMO OFDM link with N; transmit antennas and N, receive an-
tennas has been shown in Figure 1.5 in Chapter 1. The transmitter maps the source bit
stream to several streams of complex modulation symbols from a complex constellation
such as PSK or QAM. A N x 1 vector x; is used to represent the frequency-domain
symbols sent by the i-th transmit antenna, where ¢ € {1,2,---, N;}. The time-domain

OFDM symbols for the i-th transmit antenna is generated by taking IDFT of x;, i.e.,
|E

m; = ﬁsFXi’ where E is the total transmit power, and F is the N x N IDFT matrix.
t
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Each entry of x; is assumed to be i.i.d. RV with mean zero and unit variance; i.e.,
o2 =E{|x;[n]|*} =1for 1 <i<N;and 0<n< N -1. Then, a CP is inserted on each x;
to mitigate ISI. Finally, the data frame is converted to an RF signal for transmission
on each transmit antenna.

The discrete channel response between the k-th receive antenna and i-th trans-
mit antenna is hy,; = [hg;(0), g (1), hgi(Ly; — 1),O€ma$_Lk’i]T, where Ly ; is the
maximum delay between the ¢-th transmit and the k-th receive antennas, and L,,q, =
max{Ly;:1<i< N,1<k<N,}. Uncorrelated taps are assumed for each antenna
pair (k,); i.e., E{hy (m)hy(n # m)} =0 when n # m. The corresponding frequency-

domain channel attenuation matrix is given by Hy, ; = diag {H,goi), H,gll.), o, Hk(;]jfl)} with
Lk’i_l TN
H k(f:) = 3 hm(d)e’J% representing the channel attenuation at the n-th subcarrier.
d=0

kaifl
The channel power profiles are normalized as Y. |hgi(d)]* = 1 for all (k,i). The
d=0

covariance of channel frequency response is given by

Lma171

CHIE",)HI%: dZ E{hz,i(d)hp,q(d)}e
S =0

72mwd(l-n)
TN 0<d< Lipgs,0<l,n< N-1. (3.1)
€k is used to represent the normalized frequency offset between the i-th transmit
and k-th receive antenna. The frequency offsets ¢ ; for all (k,7) are modeled as zero-
mean i.i.d. RVs. By considering the channel gains and frequency offsets, the received

vector can be represented as

y=[yiys. w15 (3.2)
where
B, .
Ye=1\/— Z Ey ;FHy x; + wy,
N iH
2mey 4 QWEk’i(N—l)
with Ey; = diag{l, e N ..., el N }, and wy, is a vector of AWGN with wg[n] ~

CN(0,02). Note that the channel state information is available at the receiver, but
not at the transmitter. Consequently, the transmit power is equally allocated among

all the transmit antennas.
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3.3 SINR Analysis in MIMO OFDM Systems

Spatial-multiplexing MIMO will be treated, where independent data streams are mapped
to distinct OFDM symbols and are transmitted simultaneously from transmit anten-
nas. The received vector y; at the k-th receive antenna is thus a superposition of the
transmit signals from all the V; transmit antennas. When demodulating x;, the signals
from the transmit antennas other than the i-th transmit antenna constitute TAI.
Assume that ¢;; and Hy; for each (1 < j < Ny, j # i) have been estimated im-
perfectly; i.e., éy; = € + Acy,; and ICI;w» = Hy; + AH ;, where Agy; and AHy ; =
diag {AH,S)].), e AH,gfjfl)} are estimation errors of ¢ ; and Hy, ; (AH,EZ) = ﬁk(f;) - Hk(f;)
represents the estimation error of H ,573)) Assume that each x;.; is demodulated with
negligible error. After estimating € ;, i.e., £x; = €k, + Acy,, €k, can be compensated

for, and x; can be demodulated as

R / E, Yo . R
T = FHEkH,z Vi — ﬁ Z EijFHkijj
t j=T,j%i
5 X
= —— FHEkHZEk,zFHk,zXz
Ny ’ (3.3)

Sk,i
ES & HH - 2 HH
+\/—= > F Ekvi(Ek,jFHk,j-Ek,jFHk,j)xjqu E wp,
t j=1,j%i —_—

Wk,i

Y

where Ey ; is derived from Ej ; by replacing ¢ ; with &, ;, and Y ; and wy; are the

residual TAI and AWGN components of ry, ;.

3.3.1 SINR Analysis without Receiver Combining

The SINR is derived for the i-th transmit antenna signal at the k-th receive antenna.
The signals transmitted by antennas other than the i-th antenna are interference,
which would be eliminated before demodulating the desired signal of the ¢-th transmit

antenna. Existing interference cancelation algorithms [123-126], can be applied here.
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Based on (3.3), the n-th subcarrier (0 <n < N -1) of the i-th transmit antenna can

be demodulated as

[E,
ryi[n] = ﬁtsm[ n]+ Xy [n] +wyi[n]
_[Es m{ H % [n] m)HOx, (1]
N Nt l+n

n( = "+ )

o ]Es % ™ B 0] - [ Eq % P A 0]
Nt j=1,j#i Nt j=1,7#i 7 7 (3.4)

)\(",) 5\(@)
L] Es t (l) (l) _ /B t 2O O
Ty X N, H ox[ 1] +Wg i[n]
J my i 41y X i
Nt l#n j= 1]“ Nt l#n j= 1,]#2 J J
g(") é(n)

ES n n n n n n n
Z\IEm,g’i)ngyi) x;[n] + H( )a,(“) 5( )+A)\( )+A§éz)+wk1[n]

where
@ _ sin[r(l-n—-Ag;)] mO-DUn-as:)
mk,i - N . ﬂ(l*TL*AEk,i) € v ’
sin [#]
0 Siﬂ[ﬂ'(l —N+Ekj— ékﬂ)] Im(N-1)(I-ntey ;€ ;)
= N
k,j#i - [ r(l-nter j—€rs) !
N sin [#]
OB Siﬂ[ﬂ'(l -n+ &Qk,j - ékﬂ)] J”(Nfl)(l*;:’ﬁk,j*ék,i) 0<I<N-1
kj#i — s [ r(l-n+éy j—€rs) ! -7 )
N sin [#]
77,(g ") i decomposed as n( s (n)oz,(gnz) ﬁ,g"i), which is the ICI contributed by subcarriers

other than the n-th subcarrier of transmit antenna ¢. We can easily prove that a(")
and B,ff;) are zero-mean RVs subject to the following assumptions.

1. ek, is an i.i.d. RV with mean zero and variance o2 for each (k,7).

2. Agy,; is an i.i.d. RV with mean zero and variance o2, for each (k,7).

3. HISZ) ~CN(0,1) for each (k,i,n).
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4. AH,(J? is an 1.i.d. RV with mean zero and variance 0%, for each (k,i,n).
5. Ekiy Ak, Hk(;z) and AH,&”Z.) are independent of each other for each (k,7).

Given these assumptions, Var {a,(fi)} and Var{ ,ff:)} are derived, respectively, as
2}

‘ Z E{|hkz(d)|}

2
Q)
Z mMC'H(z)_H(n')
ki ki

l#n

Var {oz,(gnz)}

{ CH<n> (n)

kz
2

2
_727'rd(l n)

sin(mAeg ;)
i#=n | N sin [”(l ")]

2

E;
N,
E,
~ 5 R
N,

(3.5)

C,e
R L

T'GS

Nt 1#n N2 sin? [#]

and

Var{ (n)}— - {Z| CH(ZZH]??
res Eos
= ﬂ(;T Var {a,g Z)},

2
-1
HOHD ™Y g g )}
( ’ k, ki ki (36)
)‘(Z‘) _ )‘15;7,2) Q)

where CH;EZ) e is given by (3.1). A\, )i is the interference contributed by
the n-th subcarrier of the interfering transmit antennas, i.e., the co-subcarrier inter-
antenna-interference (CSIAI), and Af(n) = ,5”1) - A,?fi) is the ICI contributed by the
subcarriers other than the n-th subcarrier of the interfering transmit antennas, i.e., the
inter-carrier-inter-antenna-interference (ICIAI). The demodulation of x;[n] is degraded
by either 77(”) or IAI (CSIAI plus ICIAI). Assume that the integer-part of frequency
offset has been estimated and corrected, and only the fractional-part frequency offset

offset is considered. Considering small frequency offsets, the following requirements

are assumed to be satisfied:
1. |ex, | <1 for all (k,7).
2. €kl + |ex | < 1 for all (k,1,j).
3. |éril + |€k | < 1 for all (k,1,j).
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Condition 1 requires that each frequency offset should be much smaller than 1, and
conditions 2 and 3 require that the sum of any two frequency offsets (or the frequency
offset estimation results) should not exceed 1. The last two conditions are satisfied only

if the estimation error does not exceed 0.5. If all these three conditions are satisfied

simultaneously, we can represent /\I(Cnl), /\I(Cnl), & (") and Ep.i c() o

\/ E. [Es & sin[r (5k — k)]

/\(ni) N Bkl m(”,)H(”.)X-[n] _ . [Es J Ji H(”) .

; Ny jzlz;'#i g N jleJ:'#i Nsm[ = j_am ] 0

- E. M E. N Sin[ﬂ'(ék _ék)] )

A = Vo g HYx[n] =\ [ 2 J_RUIEMx 0], (38
o Ny j=1Z,J:’¢z‘ gk N j=12,;‘¢i N sin [ﬂ(ak’j\;ak’i)] o .

m_ [ Es t m® FOL 1
Nt l#n j= 1,]#2 k,] " J[]

1 (I-n) L _ A ; A (N-1)(l—n
/ ( sin [ (lgk,] €k, )]eﬂiw DL >ngzj) x;[1],
Nt l#n j= 1]#2 N sin [#]

£ [ Es t 2O FO5 1
Nt l#n j= 1,J¢z kJ " ][]

| E, Sosin[m(l=n+épj —Eri)] mevnem
= N Z . Z i . I:Tr(lf’n+ék7j*ék7i):| € v Hk7]X‘7 [l] (310)
N

t l#nj=1,j+i N sin

1 (l-n) A _ A i A(N-1)(I-n) ~
/ ( sin [ (lgkj €k, )]671 GEOIC )H,f;l;xj[l].
Nt l#n j= 1,]#2 N sin |:7r( n)] ’

Therefore, the interference due to the n-th subcarrier of transmit antenna is

and

(1 _ \() 50
AN = A7) A

ki
A (n)
E Ny 2 €k~ €ks T H A{Ek 2(5, . _ A i2
_ [ Es Z ( J ) 1 72 (Ep,j — Er, ) AH}(ﬁn.) xj[n]
N j 5 3 6 N

+ O(A&“k’j, AH]{J')
(3.11)
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and

ALY =€) €

/Es Ny (—1)“”%%
B ﬁ Z . Z . 7r(l n)
t l#n j=1,5+#1 N si H[ N ]

Acy s
. [7r Cos (7T (ak,j —Epi+ %)) H(l)Agk g sin(m(Egj—E€ri)) AH&] x;[{]

+ O(Agkyj, AHk,j)
(3.12)
with o(Aey, ;, AHy, ;) representing the higher order item of Agy, ; and AHy, ;. It is easy

to show that A)\,g”i) and Af,grz) are zero-mean RVs, and that their variances are given

by

E N 7T2(8k'—éki+ €k7)H(n)A€k ’
s} & § o 20 J
th:l,j#z‘ 3

A A N2 2
Z B [( 2 (5k,j _Z‘fk,i) )AHIEZ‘)‘l
Nt j=1,j%i 6 '

(N, - 1)mE, (2 302, od E{Aﬁi,j})

9Nt 6 T'GS +0 +

112

Tes 4

+ (Nt_l)Es .0,2 1+ m (E{gkj}+80-€ res+20-4+20-§es) 272 (02+0res
N, AH 18 3

(3.13)

and
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ES N 1
1R

. -
l#n j=1j+i N2sin? [%]

Agy, ; 2
~E{[7Tcos (7T (5/w‘ — €+ %)) H(l)Askj +sin (7 (& —5;“))AH(Z)] }

- E{Aes .
L QDB | s (0202, v o, + D)
3N, 4
2(N, - 1)7?E;
+t3T(0'62+0'368)0'2H.

(3.14)
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After averaging out frequency offset €y ;, frequency offset estimation error Aey; and
channel estimation error AH ,S? for each (k,17), the average SINR of ry;[n] (parame-

terized by only H ,gTZ)) is

Vi (H‘H(@))

{‘ B 0y []r}

2
{‘77(”) + A)\(”) + Af + vNV;“[n]| }

E, ™ ?
) B g2 |H
|| Var {7} + moget - var{g,gf;)}+E{|AA(”> }+E{‘A§(”) } o2
(3.15)
252 mE{Ae}
where 02, = {|m(n) } -1 gres + {36 k’J} and v is independent of (k,i,n).

For signal demodulation in MIMO OFDM, diversity reception can be exploited to
improve the receive SINR. In the following, EGC and MRC are considered.

3.3.2 SINR Analysis with EGC

In order to demodulate the signal transmitted by the i-th transmit antenna, the N,
receive antennas are co-phased and combined to improve the receiving diversity. There-

fore, the EGC output is given by

n Nr
= — e ki m,(jz)ng)xz[n] + Z 904 (nlgnl) + A)\(n) + Af(n) + sz[n]) ,

(3.16)
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where 9,5;72) = arg {m,(:i)H,gz)}. After averaging out ey ;, Aey,; and AH,EZ) for each (k,1)
the average SINR of r®¢C[n] is given by

2
{Z E., mmM)H(n) []‘}
e (n‘HfZ)>aHz(\Z)z) = 2
{ Z e’ ( (”)+A)\(”)+A§g)+wk@[n]) }
(3.17)
R R )
El H ~Var{ 1+ Ny

When N, is large enough, (3.17) can be further simplified as

3 Ny 2 No(N,-1)r
BGC (n) (n) N (kZ ki T )
:Yi (n‘HLZ ) "7HNT,1') = N, (3.18)
> [H™[ Var {a{)} + Nov
k=1 ’

3.3.3 SINR Analysis with MRC

In a MIMO OFDM system with N, receive antennas, based on the channel estimation

H (jl) =H k(f:) +AH ,gTZ) for each (k,i,n), the received signal at all the N, receive antennas
can be combined by using MRC, and therefore the combined output is given by

> wk,irk,z[n]
MRC[n] k=1
2 |W/w|
Nr Nr n n n 2

i Z |m( ) XZ[TL] /% 5 AH(Z)HH( ) (Z) XZ[TL]
_ k=1 k=1
= " + N (3.19)

z kil

> |wk,i|2
k=1

i (m)
kzl Wk (nk Y+ A)\ "y Af + vNV;“[n])
=

)

N, ;
> |wr,il
pr
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where wy; = (ﬁ[,gﬁ)m&))* After averaging out ey, Aeg; and AH,S;) for each (k,1),
the average SINR of rM[n] is

2
(n)
‘mk,z‘

2xi[n]]2}

B N, 2 2 N, 2
E {‘ % /El AH}E,@') Hli,i) m,(m) X; [n]‘ } + E{ /El Wi (n,(m) + A)\,(m) + Afé} + W/“[TL]) }
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112
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Pl L 3 [ 4 5 |
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Es n .
where v’ = [1/+ (ﬁ + Var {C('IE;’ZA)})O’QAH]. When N, is large enough, (3.20) can be

t
further simplified as

N,
Bog2. ) ngz)
0 () St
NP E I W\, ., Nevody
1;:: ki %T ngnl) 2 {ak,i } tv %T Ignz) 2
k=1 ’ k=1 ’
E. . 2 3|
N Om - Z H/w'

112

. .
- (N, - 1))Var {oz,(si)} +V +v-0dy

(3 |
k=1

(3.21)

3.4 BER Performance

The BER as a function of SINR in MIMO OFDM is derived in this section. We consider
M-ary square QAM with Gray bit mapping. Rugini and Banelli developed the BER
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of SISO OFDM with frequency offset [99]. The BER analysis in [99] is now extended
to MIMO OFDM.
As discussed in [99,127,128], the BER for the i-th transmit antenna with the input

constellation being M-ary square QAM (Gray bit mapping) can be represented as

VM-1
Posn ()= 3 alferfe(/b117). (3.22)
j=1

where aé‘” and bé” are specified by signal constellation, ~; is the average SINR of the
i-th transmit antenna, and erfe(x) = % f - e du is the error function.

Note that in MIMO OFDM systems7,T t}fe SINR at each subcarrier is a RV parame-
terized by the frequency offset and channel attenuation. In order to derive the average
SINR of MIMO OFDM systems, (3.22) should be averaged over the distribution of ~;
as

M-1

B VM
Pper (vi) = Z

=1

<

a}! L erfc (\/%)f(%)d%
:%1@”][—/ferfc(\/%)-f(Hi)f(gz‘)f(Vz‘)f(‘l’z‘)de‘dgz‘de‘d‘l’u
H & vi &

=1

<

(3.23)
where H; = [Hy;, - Hn, ], & = [e14enalTy vi = [Aer, -, Aen, ;]7, and ®; =
[AH,;,---,AHy, ;]. Since obtaining a close-form solution of (3.23) appears to be im-
possible, an infinite-series approximation of Pggp is developed. In [99], the average is
expressed as an infinite series of generalized hypergeometric functions.

From [129, page 939], erfc(z) can be represented as an infinite series

1 (2m-1)

(2m-1)(m-1)!"

erfe(z) = —1)0m+D) (3.24)

L -
77
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Therefore, (3.23) can be rewritten as

/b (2m-1)
PBER(% = Z Mf \/_ )(m+1) ( ] W)

Gm—1)m =1y
o) m (mfi)
PRES (—1)< (6"

) jzl G 2 T am - Dy(m -1
f f f ()™ f (H,) £ (&) F (vi) | (@) dHidEiduvidud,,

Di;m
(3.25)
where D;.,,, depends on the type of combining. Note that 7; has been derived in Section
3.3, and that for the n-th subcarrier (0 <n < N —-1), €4, Aeg; and AH,EZ) for each
(k,1) have been averaged out. Therefore, 7; in (3.25) can be replaced by %;(n); i.e.,
the average BER can be expected over subcarrier n (0 <n < N - 1), and finally Pgpr

can be simplified as

V-1 o0 (_1)(m+1)(b§\4)(m—%)

Pper (%i(n)) ]Zl aJMmZZI 2m-1)(m-1)!

- Dz, (3.26)

where D;.,, is based on 7;(n) instead of ;. We first define w = % -afn and p =
Var {a,(;i)}, which will be used in the following. The recursive definition for D,.,, for
the following reception methods: (1) demodulation without combining, (2) EGC, and
(3) MRC, will be given.

Note that the SINR for no combining, EGC or MRC is a function of the second-order
statistics of the channel and frequency offset estimation errors (although the interfer-
ence also comprises the fourth-order statistics of the frequency offset estimation errors,
it is negligible as compared to the second-order statistics for small estimation errors).
Any probability distribution with zero mean and the same variance will result in the

same SINR. Therefore, the exact distributions need not be specified. However, when

the BER is derived by using an infinite-series approximation, the actual distribution
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of the frequency offset estimation errors is required. In the following sections, the fre-
quency offset estimation errors are assumed i.i.d. Gaussian RVs with mean zero and

variance o2.

3.4.1 BER without Receiver Combining

The BER measured at the k-th receive antenna for the i-th transmit antenna can be

approximated by (3.26) with Df;m instead of D, being used here; i.e.,

_ VM-1 ) (_1)(m+1) (bM)(m*%)
k A~ (n) _ 2 M J Dk
Pper (Wm (n‘Hkl )) L a; mz::l @m=1)(m 1) Dy, (3.27)

<
Il

2 _ 2
When m > 2, we have Df = = it ;n 3)5+V] -Dﬁm_l - w_2 . Df;m_Q, as derived in
’ p(m=3) 1
Appendix A. I. The initial condition is given by
©  m3h3
Dk, = f P ehdh, (3.28)
O (uh+v)?

3.4.2 BER with EGC

For a MIMO OFDM system with EGC reception, the average BER can be approxi-
mated by (3.26) with DJC instead of Dj,, being used here; i.c.,

_ 0o _ m+1 M (m_l)
pEGC(,yEGC (n‘H(”.) H(n)'))zi%laM (=1)(meD) (pAT)T 2
s (I ) = 4 T D m )

- DESC. (3.29)

2 _ (NT!)2 ~F _ E :UNT(NT_l)W
EGC = ) Vs 1
ST )3

2
when m > 2, we have

Defining v¥ = N,v, o and fi = 20540 s

1
2

2056c@ [(2m + Ny = 4)A(N, - 1)1 + 0¥ ] ¢ (208gc@)*(m+ N, -3)

Die = - Din6- - -Din%,
’ 2 (m = 3) (N, - 1)! e f(m-3) e
(3.30)
as derived in Appendix A.2. The initial condition is given by
202 P (Np—1
prac _ ¢ "EGCW)'Q f W k. (3.31)
’ (N.-1)! Jo (fih + 7F)?
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3.4.3 BER with MRC

For a MIMO OFDM system with channel knowledge at the receiver, the receiving
diversity can be optimized by using MRC, and the average BER can be approximated
by (3.26) with DYRC instead of Dy, being used here; i.e.,

2 VI & (F)e @™
VE & A @ Dim -1

By defining vM =/ +v- 03 ;;, DIRC with m > 2 is given by

PYEG (AR (n|HD, - HY,)) = .DMRC_(3.32)

@ [@m o+ Ne = DuNe = D0V e @2 N = 5D e
M2(m_%)(Nr_1)| i;m—1 ,U’2(m_%) ;m—2)
(3.33)

MRC _
Di;m -

as derived in Appendix A.3. The initial condition is given by

~(Np=1)—% oo (Ny-2
DMRC _ € s f W hdun, (3.34)
’ (N, -1 Jo (ph + 7M)?2

3.4.4 Complexity of the Infinite-Series Representation of BER

Infinite-series BER expression (3.27), (3.29) or (3.32) must be truncated in practice.
The truncation error is negligible if the number of terms is large enough: [130] shows
that when the number of terms is as large as 50, the finite-order approximation is good.
In this case, a total of 151v/M multiplication and 101v/M summation operations are

needed to calculate the BER for each combining scheme.

3.5 Numerical Results

Quasi-static MIMO wireless channels are assumed; i.e., the channel impulse response is
fixed over one OFDM symbol period but changes across the symbols. The simulation
parameters are defined in Table 3.2.

The SINR degradation due to the residual frequency offsets is analyzed in Figure
3.16 for 0%, = 0.01 and SNR =10dB. The SINR degradation increases with o2

res*
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Table 3.2: Parameters for BER Simulation in MIMO OFDM Systems

Subcarrier Modulation QPSK; 16-QAM
DFT Length 128
o2, 107%;107*
oAy 107*
MIMO Parameters (Ny=1,2; N, =1,2,4)
Receiving Combining | Without Combining; EGC; MRC

Because of TAI due to the multiple transmit antennas, the SINR performance of MIMO
OFDM with (N; = 2, N, = 2) is worse than that of SISO OFDM, even though EGC
or MRC is applied to exploit the receiving diversity. TAI in MIMO OFDM can be
suppressed by increasing the number of receive antennas. In this simulation, when
N, =4, the average SINR with either EGC or MRC will be higher than that of SISO
OFDM system. For each MIMO scenario, MRC outperforms EGC.

The BER degradation due to the residual frequency offsets is shown in Figure 3.17
for 0%, = 1073 and E,/Ny = 10dB (E,/Ny is the bit energy per noise per Hz). The
BER for 4-phase PSK (QPSK) or 16-QAM subcarrier modulation is considered. Just
as with the case of SINR, the BER degrades with large o2.,. For example, when
(N; =2,N, =2) and 02, = 107° for QPSK (16-QAM), a BER of 7x 1073 (2.5x1072) or
6 x 1073 (2 x 1072) is achieved with EGC or MRC at the receiver, respectively. When
o2, is increased to 1072, a BER of 2 x 1072 (6 x 1072) or 1 x 1072 (5.5 x 102) can be
achieved with EGC or MRC, respectively.

Figures 3.18 - 3.23 compare BERs of QPSK and 16-QAM with different combining
methods. Figure 3.18 and Figure 3.19 consider SISO OFDM. The BER is degraded due
to the frequency offset and channel estimation errors. For a fixed channel estimation
variance error 0%, a larger variance of frequency offset estimation error, i.e., o2,
implies a higher BER. For example, if 02 ;; = 1074, E}/ Ny = 20 dB and 02,, = 107, the
BER with QPSK (16-QAM) is about 1.8 x 1073 (5.5 x 1073); when o¢2,, is increased to

Tes

1073, the BER with QPSK (16-QAM) increases to 4.3 x 1073 (1.5 x 10~2).
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Figure 3.16: SINR reduction due to the residual frequency offset in MIMO OFDM
systems.

IAI appears with multiple transmit antennas, and the BER will degrade as TAI
increases. Note that since IAI cannot be totally eliminated in the presence of frequency
offset and channel estimation errors, a BER floor occurs at the high SNR. TAI can be
reduced considerably by exploiting the receiving diversity by using either EGC or MRC,
as shown in Figures 3.20 - 3.23. Without receiver combining, the BER is much worse
than that in SISO OFDM, simply because of the SINR degradation due to TAI. For
example, when N; = N, = 2 and 03, = 107%, the BER with QPSK is about 5.5 x 1073
when o2, = 1074, which is much higher than that in SISO OFDM (the BER for SISO
OFDM is 1.8 x 1073), as shown in Figure 3.20. For a given number of receive antennas,
MRC can achieve a lower BER than that with EGC, provided that an accurate channel

estimation is assumed at the receiver. For example, when N; = N, =2 and 0%, = 1074,

the BER with QPSK is about 5.5 x 1073 when o2, = 10*, which is three times of

Tes
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Figure 3.17: BER degradation due to the residual frequency offset in MIMO OFDM
systems.

that of SISO OFDM (which is about 1.8 x 1073) as shown in Figure 3.21. For a given
number of receive antennas, MRC can achieve a lower BER than that achieved with
EGC, but the receiver requires accurate channel estimation. For example, in Figure
3.21, when 02 ;; = 1074 with N, = N, = 2 and 16-QAM, the performance improvement of
EGC (MRC) over that without combining is about 5.5 dB (6 dB), and that performance

improvement increases to 7.5 dB (8.5dB) if 02, is increased to 103, By increasing the

Tes

number of receive antennas to 4, this performance improvement is about 8.2dB (9dB)
for EGC (MRC) with 03 ;; = 1074, or 11dB (13.9dB) for EGC (MRC) with 0%, = 1072,
as shown in Figure 3.23.

The theoretical BER approximation are accurate at low SNR with /without diversity

combining. However, the simulation and theory results diverge as the SNR increases,
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Figure 3.18: BER with QPSK when (N, =1, N, =1).

especially when o2, is large. For example, in Figure 3.23, with 16-QAM, when (N; = 2,

Tes

N, =4) and o2, = 1073, about 1dB difference exists between the simulation and the
theoretical result for either EGC or MRC at high SNR. This discrepancy is due to
several reasons. As the SNR increases, the systems become interference-limited. When
N, N; and N, are not large enough, the interferences may not be well approximated as
Gaussian RVs with zero mean. In addition, with either EGC or MRC reception, the
phase rotation or channel attenuation of the receive sub-streams should be estimated,

and their estimation accuracy will also affect the combined SINR. The instant large

phase or channel estimation error also contributes a deviation to the BER when using

EGC or MRC.
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Figure 3.19: BER with 16-QAM when (NV; =1, N, =1).

3.6 Conclusions

In practical systems, neither the frequency offset nor the channel can be perfectly
estimated, and the residual frequency offset and channel estimation errors impact the
BER performance. The BER is thus needed to be analyzed under imperfect channel and
frequency offset estimation condition. Based on our analysis, the acceptable accuracy
range of the frequency offset and the channel estimation can be obtained for the desired
BER performance.

The BER of MIMO OFDM due to the frequency offset and channel estimation

errors has been analyzed in this chapter. The BER expressions for multiple-antenna
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Figure 3.20: BER with QPSK when (N, =2, N, = 2).

reception with EGC and MRC were derived. These expressions are in infinite-series
form, and can be truncated in practice. The simulation results show that the truncation

error is negligible if the number of terms is larger than 50.
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Chapter 4

Robust OFDMA Uplink Frequency
Offset Estimation

In this chapter, the uplink frequency offset estimation of OFDMA systems is investi-
gated [131]. The OFDMA system uses a general subcarrier allocation scheme, where
subcarrier group allocated to each user need not be contiguous. By analyzing multiple
access interference (MAT), the CRLB for the variance of frequency offset estimation of
each user is derived. Successive interference cancelation (SIC)-based frequency offset
estimation is considered. An estimate of the variance of frequency offset is derived as
a function of SINR and SNR. An estimation of the range of frequency offset is derived
for uniformly distributed frequency offsets. Based on this estimate of the range of fre-
quency offsets, the accuracy of existing algorithms can be improved. Thus, new versions
of the SIC-based frequency offset estimation and differential estimation algorithms are

derived.

4.1 Introduction

As described in Chapter 1, OFDMA systems have the advantages of the high flexibility
in resource management due to dynamic subcarrier assignment strategy and the sim-
plified equalization in the frequency domain which is inherited from OFDM. Despite
these features, the design of an OFDMA system poses several technical challenges.
One basic issue is related to the stringent requirement on frequency synchronization,

which is critically important for the OFDMA uplink. Without accurate compensation
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of the frequency offset, ICI as well as MAI are generated due the loss of subcarrier
orthogonality. Moreover, the uplink frequency offset estimation for such systems is
a multiple-parameter estimation problem and, hence, is much more difficult than the
downlink case.

The synchronization issues for OFDMA uplink have been widely researched [95-
98,132,133]. Reference [95] discusses a CP-based timing and frequency offset syn-
chronization. Timing and frequency offset synchronization algorithms for generalized
asynchronous and quasi-synchronous OFDMA systems are developed in [96] using null
subcarriers and subcarrier hopping. A high-resolution blind frequency offset estimator
is proposed in [132] using second-order statistics, however, it requires multiple OFDMA
blocks per estimation. A reliable one-block OFDMA uplink synchronization algorithm
is proposed in [97]. A high-performance maximum-likelihood (ML) algorithm for both
synchronization and channel estimation for an OFDMA uplink transmission is studied
in [133], and the complexity is reduced by employing an alternating projection method
(this method simplifies the problem of multidimensional optimization into several 1-
dimensional optimization problems). An iterative time and frequency synchronization
scheme using the space-alternating generalized expectation-maximization algorithm for
interleaved OFDMA uplink systems is proposed in [98].

The performance of such algorithms is a function of the received SINR. When the
frequency offsets of all the active users are large, each user signal is subject to heavy
MALI, and therefore, the frequency offset estimation for each user will be considerably
degraded. This degradation can be 10 dB or more for some systems in the high SNR
region. This chapter studies the OFDMA uplink frequency offset estimation by utilizing
the SNR and SINR parameters.
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4.2 OFDMA Uplink Signal Model

The base station first performs uplink time and frequency offset estimation, and then,
the estimates are sent through a downlink control channel to the users to help their
time and frequency adjustment. Perfect timing synchronization is assumed, so only
the uplink frequency offset estimation is discussed. Note that the OFDMA uplink
frequency offset estimation can be subdivided into two phases, i.e., acquisition and
tracking. When a user starts accessing a base station, its instantaneous frequency offset
may be very large, and an acquisition algorithm is needed to estimate and correct this
large frequency offset. Channel estimation will also be performed after acquisition.
After acquisition, the residual frequency offset of this user will be well within a finite
range, e.g., within £0.5 subcarrier spacing, and this user will run in the tracking phase.
At the tracking phase, pilot/training-based algorithms can be performed to estimate
the frequency offset with high accuracy. Only the frequency offset tracking phase will
be considered, and CSI of each user is assumed to be available at the base station.

An OFDMA uplink transmission with M users is described in Figure 4.24, where
A f represents the subcarrier bandwidth. The total number of the subcarriers is N. An
N x1 vector x, represents the frequency-domain symbols sent by the k-th user, where
ke{l,2,---,M}. The i-th entry of x, (z,[¢]) is nonzero if and only if the i-th subcarrier
is allocated to the k-th user, where i € {1,2,---, N}. G} represents the subcarrier group
allocated to the k-th user (the elements of Gy are indexes of all the subcarriers), and N
represents the cardinality of G). Note that N G}G, = @ and ]\d G c{0,1,---, N -1}.
x, can also be simplified into a N, x 1 Vectork Zl(k by deleting akﬁlthe zero entries of x;
and keeping the non-zero entries unchanged.

The time-domain transmit vector for the k-th user is given by
Sk = sz = Fka, (41)

where F denotes the N x N IDFT matrix, and F; is an N x A, IDFT matrix that
is specified by Gy (Fj can be generated from F by deleting all the columns with the
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Figure 4.24: Structure of OFDMA uplink transmission.

column indexes not belonging to Gj). A CP of length N, is appended to each symbol
to mitigate the ISI.

The discrete-time channel impulse response associated with the k-th user is hy =
[he(0), A (1), hx (L — 1)]7, where Ly is the maximum delay of the k-th user. The
channel frequency response matrix of the k-th user is given by H,, = diag {H Piie Gk}.
The received signal at the base station can be represented as

M M
y= ;}’k = 1;1 Ey FrHp®pxp +wy |, (4.2)

| ——
Sk

where @), = diag{\/PZ- 11 € Gk} with P; representing the power allocation to the i-th

. . . 2y Preg -0y .
subcarrier, and Ej is given by E; = dlag{l,e N, e N } with ¢, representing

the normalized frequency offset of the k-th user, respectively. wy in (4.2) is a AWGN
vector added to the signal space of the k-th user with wy[i] ~CN(0,02).
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Let si be the training sequence transmitted by the k-th user. The received signal

y is a complex Gaussian random vector with the PDF [134]:

f(y)= exp{-(y-s)"C(y-s)}, (4.3)

1
(m)N det[C]

where s = %sk, and C = E{(y—s) (y—s)H}. The frequency offsets of different
users are asks:limed to be i.i.d RVs with zero mean and variance of o2 (not necessar-
ily Gaussian). For an unbiased frequency offset estimator &5, the CRLB is given by
Var {é,ly™} > [A}} |k, where the kl-th element of Fisher information matrix (FIM)

AM is

(4.4)

M M
[Ans ] = trace ((CM)_1 oc” 19 ) ,

Ocy, ( M) Oe;
as given by [135].

In a multiple-access system, the unknown parameters of interfering users can be
treated as nuisance parameters, which will degrade the estimation accuracy of the
parameters of interest. Regarding OFDMA uplink frequency offset estimation, the
following result holds.

Lemma 1—Estimation Error Increases: The OFDMA uplink frequency off-
set estimation error for each user will not reduce as the number of interfering users
increases.

Proof: For an OFDMA uplink transmission with a total of (M —1) users accessing

a base station, the received vector is defined as

Y=, VK= Ey FrHp®pxy +wy | (4.5)

The covariance matrix of ¥ is represented as C. Define the current FIM as Aj_;
where [Anr_1]u = trace(é_1 (8@/85k)é‘1(8é/8€l)). If a new user (the M-th user) is
accessing the base station, the receive vector and its covariance matrix are y and C,

respectively, and the new FIM is

Anr b
Ay =| 1 , (4.6)
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where b is a (M - 1) x 1 vector with b[k] = trace(C‘l(ﬁC/&sk)C‘l(8C/8€M)), 1<k<
M -1, and [Ay]aur = trace(C™(9C/Dep)C™(OC/Dzyr)). The inverse of Ay can be

represented as

- Aﬁ—l 0 _Aﬁ—lb - -1

Ay = oF + ) ([Ar]aras =bH A, b) [ —bHAG ., 1 ]
(4.7)

By using A541|M71 to represent the northwestern (M —1) x (M —1) sub-matrix of A3},

we have

AX/}\M—l = Ajpq+ ([AM]MM - bHAlelb)il A3 bbT ALy, (4.8)
where [Ay} v = ([Anr v — bHAj/}_lb)f1 > 0. Since A;}_bb# Al | is anonnegative
definite matrix, we have

-1

[AR41|M71]Z'Z' = [Ayr i+ ([AM]MM - bHAj}_lb) [A3; bbTAGL i

[Aﬁ_ﬂii, 1<i<M-1.

(4.9)

v

a

Lemma 1 indicates that the MAT increases if the number of users accessing a base
station increases. For an unbiased estimator for the k-th user, the CRLB is related to
[A}} 1 lkk, and the following result holds.

Lemma 2—Inequality of FIM: In the OFDMA uplink frequency offset estima-
tion, [Aj; ke > [An];), for each k.

Proof: Without loss of generality, suppose that the number of users is M, and that
the frequency offsets of the different users are i.i.d RVs. From [135, page 1352], for a

Hermitian positive define matrix A,;, the following inequality

(A3 = [T © A3E], > [T © Anely = [An ik (4.10)

is always satisfied for each 1 <k < M.
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In the following, A is used to denote the FIM when the number of user of users
accessing a base station is not specified. By using Lemma 2, the CRLB for the k-th

user is derived as

Var {€x|y} > [A " 2 [Alid

O i Oz
Z ( dskk ) iy Z (asl,!) (4.11)
(/\k it2k, 1)2 2k j=1 ()‘l 3Tz, ])2
1 1 1

" on-SNRZ | p-SNRy  wp - SIRy|
where Ay ;, and z;,; are defined in Appendix B. 1, oy, B, and wy, are training-sequence-
specified coefficients for the k-th user. For a length N training sequence with N > 1,
we always have 1 < ay, 1 < O and 1 < wy. The first two items in (4.11) are related to
the SNR of the k-th user, and the third item to the signal-to-interference ratio (SIR)
of the k-th user.

4.3 Interference Analysis in OFDMA Systems

Consider a system with a total of M users accessing a base station. The analysis of

the MAI due to the frequency offsets is based on the following assumptions.

1. N GnG,=2and UG, € {0,1,--- N —1}, where m,n € {1,2,---, M}.

m*n

2. N, <N, 1<m<M.

3. & for each m is an i.i.d. RV with zero mean and variance o2.

4.3.1 Interference Reduction by Using Pre-Projector Method

The CRLB for an OFDMA uplink synchronization is derived in (4.11) and is related
to multiple variables. To analyze the received SINR of the k-th user, define a pro-
jection matrix Py = Fk(FHFk) 1FH FkF , and the signal transmitted by user k is

85



demodulated as

T = Pky = Pk Z El FlHl(I)le +PkW
1 —

Sy
[ —

v (4.12)
= kak + Pk Z v+ PkW = ék + Tk;k + Tl#k;k +V~Vk,
Ik —_—
Ty

where Py vy = S; + Y., with S representing the useful part of the k-th user signal, and
Y. representing the ICI due to e; Yk = Pi ) v; represents the interference from
interfering users (i.e., MAI); and wy, is the AWGl\lI#;dded to the signal space of the k-th
user. In the following analysis, Y = Y. + Y. is used to represent the interference
on the k-th user (ICI+MAI). By using Py, the multidimensional estimation problem

is reduced to several single-parameter-estimation problems.

From (4.11) and (4.12), the CRLB of the k-th user is

1
Var{ék|rk}2 — a—— —, (413)
-10 -10C
trace(Ck1 7 Cyt 85—::)
where
Cr=E{(rs-s) (ri - s)"} 2 (Iy - £2) G, (4.14)

with Xy = diag {0, —j2mex /N, -+, —)2mwer x (N = 1)/ N}.
Note that

8Ck 8Ck 8Ck _ 8Ck 87T2(N - 1)(2N - 1)62
t C'=—=EC! <t (C C;! )— ko (4.15
race( k Dz, k s ) race| C, e, k Der 3N3 , ( )

(4.13) can be approximated as

1
trace (C;' 225 C 1 25k ) — 8r2(N-1)(2N-1)c}

Var {ék|rk} >

k 86k k 86k 3N3
) 1 § 1 (4.16)
B ONg,i g :
N ( ;\c‘k ) 8r2(N-1)(2N-1)e} N ( gfk )
Z; (Ak it 2k, 7,)2 B 3N3 Z ()‘k i T2k 2)2
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4.3.2 SINR Analysis

From (4.12), the receive SINR of user k can be represented as
E{Hng;} SNRy, (1 w202 +7T4a§)
k= > - Ta ' - )
E{ITklo} +E{[Wil5} =8B 41 320
1 . 1
SINR,  SNR; SIR;

3 ( 20?2  miod
1- +
3 20

(4.17)

as derived in Appendix B. 1. Since always holds, SIR; can be

represented as SIRy = ), and the conditional variance derived in

w202
(4.16) is lower bounded as,

Var {€y|ry} > ! + ! + mo¢ (4.18)
kitks = 2 . 202 7wiod\’ ’
w202
At a high SNR, the conditional variance becomes lim Var {&}|ry} > .
SNRj—o0 3w (1 - 77306 ﬂzge )

The SINR reduction due to the MAI is shown in Figure 4.25. A considerable MAI
is added to the user of interest due to the frequency offsets of the interfering users, and
a larger o2 implies a higher MAI. For example, for an SNR of 30dB, when o2 = 1073,
the received SINR is about 13.6dB. If o2 is increased to 1072, the received SINR is
reduced to only about 4.55dB.

4.3.3 Frequency Offset Analysis

By using a SIC method, e.g., that proposed in [136], the MAI can be iteratively reduced,

and at the (n + 1)-th iteration (n > 1), ry can be represented as

07 50 L ) pled) () ), (4.19)
where the superscript ( denotes the vector value at the n-th iteration, and
s - p Al g, (4.20a)
Y =Py (Ty - AP sy, (4.20D)
Ag”l) = diag {1, emelgﬂl) S emeémflv)xm_l) } , (4.20¢)
et =gy — gl (4.20d)
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SINR Degradation due to Frequency Offset in OFDMA Systems
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Figure 4.25: SINR reduction introduced by non-zero frequency offset in OFDMA sys-
tems.

As n increases, (4.19) converges to its steady state as ry, = S + Yy + Yiop + Wy
Although the MAI can be reduced by using the SIC-based method, it can never
be totally eliminated in a noisy environment. In a synchronized OFDMA system
(frequency offset acquisition has been performed and most of the frequency offset has
been compensated for), the frequency offset of each user is limited with a finite range

so that

LS S e/ (4.21)
oy -SNRZ 5, -SNRy, 3wy, .

Var {€|ry} = 02 >

By resolving (4.21), 02 can be lower bounded as

3wy, 1 1
2> - + , 4.22
06 3wk—7r2 (OszNR% ﬁkSNRk) ( )
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and as SNRy increases, < hfi N 02 = 0. Note that the distribution of frequency offsets
is not specified here because any distribution with zero mean and variance o2 sat-
isfies (4.21) and(4.22). For example, without loss of generality, we can assume that
er ~ N(0,02). However, if we assume that ¢ is a uniformly distributed RV with the

distribution range (—¢,¢) where € > 0, we have € = v/30,, and (4.22) can be rewritten

as

9wy, 1 1
=30, . . 4.23
€= Va0 >\lgwk-ﬁz (ak.SNRz+5k-SNRk) 2

Now o2 will be analyzed in real systems with a finite SNR. If the training sequence
proposed in [13] is used by each user, we have oy = wy = 472N and i = 272N for
each k. Figure 4.26 shows 0?2 as a function of the SNR and N. When the SNR and NV
are large enough, o2 is negligible. For example, when SNR;=10dB, o2 is only about

4 x 107° with N =128, and it will reduce to 5 x 107% when N =1024.

4.4 Iterative Frequency Offset Estimation

In the OFDMA uplink, frequency offset estimation is a multidimensional-estimation
problem. The frequency offset vector £ = [e1,e9,++,ep/]7 is estimated based on y. Two

iterative algorithms for the frequency offset estimation will be introduced.

4.4.1 ML Estimation

Based on the received training sequence y, an ML estimator of £ is given by
2
H
Enp =argmin ||y — Z EFH;® x| =argmin (y - ZAle) (y - ZAle) , (4.24)
& | S— & 1 1
A, 9

where
By = diag{em, o(BEen) ej(wﬂpk)}

and

A
~

&= [élaé% "'agM]T'
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Figure 4.26: Minimum variance of the frequency offset in a noisy OFDMA system.

H
By taking the partial derivative of (y - ZAlxl) (y - ZAlxl) with respect to each [
] ]

and setting each equation to zero, x; can be estimated as

%= (ATA) Ay - Y (ATA) APy, 1<k, l<M, (4.25)
k+l

where Py = Ay (A7 A,) LAY, By replacing x; in (4.24) by using (4.25), (4.24) can be

simplified as

2 2
ffML =argmin ||y — Z (lsly - Z lslpk}’) =argmin ||y — Z lsly + Z lsllsky
€ 1 k=l 2 € ! k#l 2
(4.26)

Since a multidimensional parameter estimator is inefficient, a multidimensional esti-

mation is usually decomposed into multiple 1-dimensional estimators to reduce the
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complexity [133,137]. The frequency offset of each user can be iteratively estimated
by using (4.26), and this algorithm will converge to its steady state after several iter-
ations. However, P, for each [ should be calculated at each iteration, and the matrix
inverse operation in P; complicates 7. In real systems, pilots/training sequences are
usually used to estimate the frequency offsets. The MAI can be eliminated by using
a SIC-based algorithm, and the estimation performance of the SIC-based algorithm is
as good as that of (4.26).

4.4.2 SIC-based Algorithm by Using Known Pilots/Training

Sequences

Suppose the number of users that access a base station is M, and the perfect CSI
between each user and base station is assumed to be perfectly known at the base
station. Note that because the channel estimates will degrade in the presence of the
frequency offset, perfect CSI knowledge is not available. However, CSI can be estimated
in the presence of the frequency offset by exploiting the received {vy,va,---, vy }. For
example, some joint channel and frequency offset estimation algorithms are proposed
in [138], which can achieve the CSI with a high accuracy.

Based on the joint PDF of {vy,va,---,va} and y, {vy,va,,vas} can be estimated

as
{‘717‘727 a{/M}

3

= Zlargr%ix{lnf(ffmw—nli \;l)}"‘lnf(y)

m-1 2
vl (Y -y \71)

= argmax {In f (Vas[Var-1,-,V1;¥)} +arg{A max }{1Hf(<fM—1a"'>Vl;Y)}
VM Vi VM-1

(4.27)

2

!
User (I +1) estimates v;,; based on (y -y f/m), which can be performed after the
m=1

synchronization of the previous [ users, where [ < M —1. There is a substantial tradeoff
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between the estimation accuracy and the number of iterations in (4.27), and, in each
iteration, the estimation accuracy of v,, depends on that of v,.,,. Note that, usually,
there is no closed-form solution for (4.27), and the frequency offsets that maximize
(4.27) should be searched in a given range to optimize the cost function. This search
range must be sufficiently large to reduce the probability that the actual offset is outside
it.

4.5 Improving Estimators by Exploiting the Fre-
quency Offset Variance in OFDMA Uplink

In an OFDMA uplink transmission, the performances of the conventional estimators
are sensitive to SINR [13,76]. The frequency offset of the m-th user ¢, is assumed to
be an i.i.d. RV with zero mean and variance o2. If 02 is known as a priori, it can be
used to improve the estimation accuracy.

Note that CSI is critical in some pilot-based frequency offset algorithms, and the
variance of the frequency offsets cannot be correctly estimated without CSI. The en-
hanced frequency offset estimation in the single-user scenario with CSI is discussed
in [139], where the frequency offset estimation by using pilot/training symbols, null
subcarriers, or their combination is analyzed.

The OFDMA receiver structure for an uplink frequency offset estimation is shown
in Figure 4.27. The SNR/SINR estimates for each user are used to estimate o2, and
the estimate is used to improve the frequency offset estimation. In (4.17), SINR is

derived as a function of ¢2, and this function is invertible. Therefore, using SNRy, and

SINRg, an estimate of o2 is given by

(4.28)

o 10SNRy,(SINR;. + 1) - 10y /SNRZ(SINR. + 1)2 - ZSNR,(SNR;, - SINRj,)
< 3m2SNRy, '
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Figure 4.27: Receiver structure for OFDMA uplink frequency offset estimation.

Note that an estimate of o2 is not sufficient to specify the actual distribution of fre-
quency offsets. However, if o2 is available, some reasonable distributions can be as-
sumed to improve the frequency offset estimation. For example, if ¢4 is a uniformly
distributed RV with the distribution range (—¢g, €x), the maximum deviationis given

by

\/ 10SNRy, (SINRy, + 1) - 10\/SNR2(SINRk +1)2 - 2SNR,(SNRy, - SINR,)
™/ SNRk .

& = V36, =
(4.29)

Several high-quality SNR estimators have been proposed in [140-142]. For example,
by modulating each subcarrier of each user with a PSK signal, a well-known non-data-

aided estimator proposed in [140] can be used to estimate SNRy as

SNR, = V22— (4.30)
g mg—\/2m§—m4’ .

Ni-1
where mgy = A%(FkHy)H (Ffly) and my = /\Lfk i {(Fiy) [z’]}4. When N is large
i=0

enough, the performance of (4.30) is independent of the frequency offset.
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The SINR of user k, i.e., SINRy, can be estimated as

(Firy) " |

SINR; = : _
[Fy], - |(Fiy)" |

5 (4.31)
where x;, represents the training sequence transmitted by the k-th user. Figure 4.28
illustrates the SINR estimation accuracy with N = 256 and o2 = 3.3 x 1073. The
simulation results show that the SINR for each user can be accurately estimated based
on (4.31). For an OFDMA uplink transmission with M users accessing a base station,

0?2 can be represented as

Rl V]

1 M
0?=max{62 52 6t — é}, (4.32)

€1'%er " SYaN Vi
i=1

where €, represents the currently estimated e, and 62 represents the estimated o2 for
the i-th user. If uniformly distributed RVs with the distribution range (—¢,€) are used

to approximate the actual distribution of the frequency offsets, € can be represented as

€ = max{V36¢,,V 36, V36, |E1] |Eal s |Endl}- (4.33)

4.5.1 The SIC-based Algorithm with the Variance of the Fre-

quency Offsets

Using the training sequences, an OFDMA uplink Frequency offset estimation can be
performed via the SIC-based method, as given in (4.27). The performance of (4.27) can
be improved by exploiting the variance of the frequency offset of each user [the same
goes for (4.26)]. The idea is to search g; for each k subject to Var{e;} = 02 to optimize
the cost function, as given by Algorithm 1, which is an improved version of (4.27).
The search complexity can be minimized by using a probability distribution with the
smaller range given the variance. For example, if ¢; is assumed uniformly distributed

with variance o2, then the search interval is (—\/gae, \/506). However, if a Gaussian
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Figure 4.28: SINR estimation in OFDMA uplink.

er. ~N(0,02) is assumed, the search range increases to an infinite area. Because of this
fact, the use of the uniform distribution to model the frequency offset is preferable.
In the following, the uniform distribution is shown to be a good approximation to the
actual distribution. The performance degradation due to the mismatch between the

uniform distribution and the actual distribution will also be analyzed.

Algorithm 1: SIC-based Estimator with ¢ Knowledge
Iteration 0:
form=1to M
Vi = O; vl = 0 K = Oy
end

end Iteration O ;
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Iteration (i+1):
form=1to M

i+l me1_ (i+1 i
ko =y -yt yl( R Y Yy, ),
‘77(7?1) \Afﬁkﬁﬂ) 2;

= argMax_cz,, <

ygz;—l) _ \7,(7?1);

end

end Iteration (i+1) ;

end Algorithm 1.

Figure 4.29 compares the performance of the SIC-based estimators with and without
the variance estimation. The total number of subcarriers is 256, and the number of
users is 16. Perfect channel and initial phase estimation is assumed. The estimators
with/without the variance estimate reach the same accuracy, albeit at the different
converging speeds. Equation (4.27) without the variance estimation converges to its

steady state in five iterations, but Algorithm 1 converges in two iterations.

4.5.2 Conventional Differential Algorithms with the Variance

Knowledge

The SIC-based algorithms can perform the OFDMA uplink frequency offset estimation
with high accuracy. However, channel and initial phase estimation is required, which
complicates the use of the algorithm in a high-mobility environment. Differential al-
gorithms are proposed in many classical frequency offset estimators, where a training
sequence comprising two or more identical replicas is usually used [13,76,143]. Their
performance is independent of the initial phases, and if the channel does not change

during the training sequence period, the frequency offsets can be estimated without
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Figure 4.29: SIC-based frequency offset estimation.

the CSI knowledge.

Some original differential algorithms for OFDM systems, e.g., [13,76], can also be
used for an OFDMA uplink transmission, and the LS or ML principle can be applied
for each user to perform the frequency offset estimation. Assuming that M users access
a base station, with e, representing the frequency offset estimation error of the k-th

user (1 <k < M), the frequency offset estimation vector can be represented as

gLS = [517“35M]T = [517“'75M]T+ [617“'7€M]T

& e

) (4.34)

where &;, = arg min HPky - Eksk”z For the conditionally unbiased estimations, E{e} =
éx
0y, and the variance matrix of e is given by Var{& s} =E{eef} =C, .

The MAI due to the frequency offsets will degrade the estimation accuracy of (4.34),
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Table 4.3: Subcarrier Allocation in OFDMA Uplink Transmission (Bandwidth = 10
MHz, DFT Length = 256, CP = 16)

Number of Users 16
Number of Subcarriers Allocated 224
Number of Guard Band Subcarriers 32
Subcarrier Allocation Interleaved
Normalized Frequency Offset Uniformly distributed in (—¢,€)
Training Sequence Used Like in [13]
Maximum Multipath Delays (us) 0.8
Initial Phase Uniformly distributed in (0,27)

and this performance loss partially comes from our lack of knowledge of the frequency
offset variance. Under the assumption of uniform distribution for the frequency offsets,
(4.34) can be improved as E = [Ee1, - €]t where & = argmin_ ..z, < HPky—EkskHz
for each k. From [122], the covariance matrix of the estimation error of & is lower
bounded by M = (Czk + C:1) 7', where Cee = 021y If E{epery} = 0 is satisfied for
each k, M is reduced to

M:diag{%,%,---,%}. (4.35)

1 03 OM

where 62 = (1/02) + (1/Var{e;})

4.6 Numerical Results

A wireless OFDMA system with a bandwidth of 10 MHz and 256 subcarriers is con-
sidered, and a length-16 CP is used. QPSK modulation is used in all subcarriers, and
the interleaved subcarriers allocation is performed among different users to exploit the
frequency diversity. A Rayleigh fading channel is considered for each uses, as shown in
Table4.3.

The estimator proposed in [13] (a differential frequency offset estimator based on a
training sequence comprising two identical replicas) is used as an example to illustrate

the performance improvement with knowledge of the frequency offsets. Note that
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Figure 4.30: Performance comparison between conventional estimator and the proposed
estimator.

the performance of any conventional algorithm can be improved by exploiting this
knowledge.

Figure 4.30 shows the performance improvement in the conventional estimators
with (4.33) or without (4.33). In this simulation, all the users are assumed to run at
the frequency offset tracking phase, and a larger ¢ implies a higher estimation error
in either the conventional estimator (that without using the frequency offset variance)
or the proposed one (that with the frequency offset variance). A performance floor

always appears at a high SNR in either the conventional estimator or the proposed one
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Table 4.4: Subcarrier Allocation in OFDMA Uplink Transmission with New Accessed
Users (Bandwidth = 10 MHz, DFT Length = 256, CP = 16)

Number of Users in Tracking Phase 16
Number of Subcarriers Allocated 224
Number of Guard Band Subcarriers 32
Subcarrier Allocation Interleaved
Normalized Frequency Offset in Tracking Phase Uniformly distributed in (—¢,€)
Number of New Accessed Users 1;2;3; 4
Normalized Frequency Offset of New User Uniformly distributed in (-1.6,1.6)
Training Sequence Used Like in [13]
Maximum Multipath Delays (us) 0.8
Initial Phase Uniformly distributed in (0,27)

due to the unreducible MAI. The estimation accuracy in the conventional estimator
can be improved by exploiting the knowledge of the variance, and this performance
improvement becomes larger as the SNR increases. For example, when € = 0.1, the
performance improvement of an algorithm with variance knowledge over one without
can be up to 3dB at a high SNR.

In an OFDMA uplink, the users may dynamically access or depart from a base
station. A new accessing user may have an instantaneously large frequency offset,
causing a heavy MALI to its frequency-domain neighbors. Table4.4 shows a scenario
of the base station, where 16 current users are running at the tracking phase, and
this simulation considers the case that only one new user is starting to access the
base station. The new user has an initial frequency offset of 1.6 times the subcarrier
spacing. Note that the integer frequency offset in the new user should be estimated
and corrected by using an acquisition algorithm, e.g., as in [13,144].

The performance degradation of the frequency offset estimation in tracking users,
due to the large frequency offset of the new accessing user, is shown in Figure 4.31. A
considerable performance degradation appears in the conventional estimator (without

variance knowledge); the proposed estimator with variance knowledge is more robust
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Figure 4.31: Performance comparison between conventional estimator and the proposed
estimator when there is one new user accessing the base station.

for combating the instantaneously large MAI. For example, at a SNR of 10dB, the
variance error in the conventional estimator is about 1.13 x 1073, and this error can be
reduced to about 1.65 x 10~* in the proposed estimator.

A much heavier MAI is generated if there are multiple new users simultaneously
accessing the base station, as shown in Figure 4.32, where the simulation parameters
are also defined in Table4.4. This simulation keeps SNR = 10 dB unchanged, and one
to four new users access the base station. In this case, the instant interference on

the existing users is mainly contributed by these new users. The proposed estimator
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Figure 4.32: Performance comparison between conventional estimator and the proposed
estimator when there are multiple new users simultaneously accessing the base station.

considerably outperforms the conventional estimator. For example, with two new users
accessing the base station, the variance error for the conventional estimator is about
4.16 x 1073, and that for the proposed estimator is about 2.9 x 1073, For the case of
four new users, the variance error for the conventional estimator increases to about
4.7 x 1073, and that for the proposed estimator is 3.08 x 1073.

Thus far, the frequency offsets for different users were assumed to be uniformly
distributed RVs. In real systems, the actual distribution may be not uniform, and,
hence, a uniformly distributed RV mismatches the distribution of ;. However, the
exact distribution may be well approximated by a uniform distribution. For example,
assuming that the actual distribution is Gaussian with &, ~ N'(0,02), the probability
of &, being outside of the range (-v/30.,v/30.) is P{|5k| > \/505} ~ (0.0833; i.e., most
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of the realization of ¢, falls into the range (—\/gae, \/gae). Since a uniform distributed
RV with a range (—\/506, \/gae) can also result in a variance of 02, we can set € = \/ga6
and use this uniform distribution to approximate the actual distribution. For OFDMA
uplink frequency offset estimation with the proposed estimator, o, is first estimated
by using (4.32), and then set ¢ = /35, [or directly use (4.33)] to approximate & as
an uniformly distributed RV in (-¢,¢). Figure 4.33 compares the performance of the
conventional estimator with or without variance knowledge when all the user frequency
offsets are 1.i.d. Gaussian RVs. The simulation results show that &, ~ AV(0,02) can be
well approximated as a uniformly distributed RV with € = /30, and that at a high
SNR, the prior variance knowledge can provide a performance improvement of about

3dB.
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Figure 4.33: Performance comparison between conventional estimator and the proposed
estimator by using a uniform RV to approximate the Gaussian distributed frequency
offsets.
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4.7 Conclusions

This chapter has discussed the OFDMA uplink frequency offset estimation, and the
performance degradation in the estimation due to MAI has been analyzed. The vari-
ance of the frequency offset of each user may be estimated through MAI analysis. This
estimate of the variance of frequency offsets helps to improve the robustness and accu-
racy of the frequency offset estimation. For an OFDMA uplink with all the accessed
users running at the tracking phase, the frequency offset of each user can be assumed

to be an i.i.d. RV with zero mean and a variance of o2, and a uniformly distributed

€

RV can be used to approximate the actual distribution of the frequency offset. The

simulation results prove the validity of this uniform approximation.
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Chapter 5

OFDMA Uplink Frequency Offset
Estimation via Cooperative

Relaying

Frequency offset estimation for an OFDMA uplink for AF relays and a new type
of relay called decode-and-compensate-and-forward (DcF) relays are studied in this
chapter [145]. Multiple relays are considered, and the relay with the best S - R
channel is chosen to perform re-transmission, where S and R represent the source and
the relay nodes. Power allocation between S and R can be adaptively adjusted to
optimize the cooperative scheme in terms of frequency offset error variance. When CSI
is available at each mobile node, a scheme where the relays adaptively switch between
the cooperative and conventional (no relaying) transmissions is proposed to optimize

the frequency offset estimation.

5.1 Introduction

In the literature, many relay studies focused on flat-fading channels, where single-
carrier systems are of interest [39,146,147]. However, the use of relays in frequency-
selective broadband channels is important as well. A popular solution against frequency-
selective fading is OFDM. Cooperative OFDM relay networks and cooperative OFDMA
are, thus, increasingly important.

As is common to all OFDM-based systems, cooperative OFDMA systems are also
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sensitive to frequency offsets, which generate ICI and MAI. Although the frequency
offset estimation in OFDMA has been widely investigated [97,98,133,148], these con-
ventional algorithms may perform poorly in fading, especially when the subcarriers
allocated to one user are too few, and all these subcarriers are in a deep fading si-
multaneously. The impact of fading can be alleviated by using cooperative relay-
ing [36,147,149,150]. The frequency offset estimation for cooperative OFDMA systems
is thus motivated.

When the frequency offset is only induced by the mismatch between the transmitter
and receiver oscillators, both the S - R - D and S — D links have the same frequency
offset. The relays can operate in either the conventional AF or the new DcF mode. A
DcF relay estimates the frequency offset between the source and itself, and modifies the
training sequence retransmitted to D. In this way, both training sequences transmitted
over S - D and S - R — D links have the same frequency offset. Thus, using these
two transmissions, D can generate two frequency offset estimates, which can be linearly
combined to minimize the MSE. The training-sequence and/or pilot-aided frequency
offset estimation is considered. The proposed scheme can improve the performance of

conventional training/pilot-based frequency offset estimation algorithm.

5.2 Cooperative OFDMA Uplink Signal Model

The total number of subcarriers is assumed to be N, and each node is allocated N,
unique subcarriers. The subcarriers allocated to node a is denoted by the set G,. F,
is an N x N, submatrix of IDFT matrix F for node a.

In the following, S represents the source node and Ry, k€ {1,..., M}, represent the
kth relay, where M > 1 is the total number of relays. For each (S, D), esp =€sr+€rp
is satisfied, where ¢,, represents the frequency offset between nodes a and b. The
proposed DcF mode works as follows. If R can estimate egg with a high accuracy

based on a received training sequence, it can re-generate the training sequence by
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12mtkég R

multiplying the kth sample of the training sequence with e™ ¥~ (£gg is an estimate
of ésgr), and then forwards the resulting training sequence to D. Since the frequency
offsets observed through S — D and S - R — D are identical (i.e., equal to €sp),
node D has two copies of the same training sequence with the same frequency offset.
In this way, the relay transmission helps the frequency offset estimation process at
D. Since a two-time-slot period is required in the proposed scheme, it doubles the
overhead requirement as compared to the conventional scheme. However, the power

consumption in the proposed scheme is the same as the conventional one.

5.2.1 Channel Model

For a pair of nodes a,b € {S,Ry,..., Ry}, a frequency selective quasi-static fading
channel with channel response hap, = [hab(()), hap(1), .. hay (L — 1)]T is assumed. The
maximum channel length for any (a,b) is L,,. G, represents the subcarrier group
allocated to the bth node. The N, x N,, frequency channel response matrix is given by
Hy = diag {Hap(91), Hap(92), - - - s Han(gn, )}, where g; € Gy, 1 € i € Ny, and Hyp(n) =

Lin-1 n
» h%b(d)e’ﬂN “ is the channel frequency response at the nth subcarrier. For each
d=0

1 <k < M, the following assumptions are made for the channel coefficients:

Lin-1
L. hg,s(i) ~ CN(0,0% (i), where 3 o2 (i) = 1; Hgs(n) ~ CN(0,1), where
i=0
n € Gy.

L1
2. hpr,(i),hps(i) ~CN (0,07 (7)), where ;0 0} oo(i) = Ly <1; Hpp, (n), Hps(n) ~
CN(0,L,).
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5.2.2 The First Time Slot

In the first time slot, the received signal at node D and the relay Ry can be represented

as
interference
Yp1=EspFsHsp®s1Xs1+ Y. EppFr,HrpPr, 1 Xr1+Whpi, (5.1a)
~~ Ryp+S
Vspa VR, D1
Ep,1
interference
Yr,1=Esg FsHop, P51 X1+ Z Err FrHprr ®Pr1Xg1+Wg, (5.1b)
R;=S,Ry,
Vg1 VRr,,Ry,
ERy,1
. X 12meqp 12meab(N-1)
where Yp ;1 and Yg, ; are N x T" matrices, and Ey, = dlag{l,e N o ,...,e N }

We assume that the oscillators of the mobile nodes should be calibrated with the
oscillator of the base station and, therefore, that each e,p,z € {S,Ry,..., Ry}, can
be approximated as an i.i.d. RV with mean zero and variance o2 (but not necessarily
Gaussian). Since egp = €gg, + £, p holds, we have Var {e,p} = 02 and Var {egp, } =
Var{esp —epr,p} = 202, z € {S,Ry,..., Ry }. Identical power is allocated to each pilot
subcarrier. We also assume that aN, P is allocated to node S in the first time slot, and
that in the second time slot, the relay uses the remaining power, i.e., (1-a)N, P, where
P represents the average power of each subcarrier, and 0 < a < 1. Therefore, ®5; =
Pr1= VaPl ~, are N, x N, diagonal matrices with each diagonal entry representing
the transmit power of one subcarrier of nodes S and R;, respectively, in the first time
slot. X411 =[%41(0),...,%,1(7-1)], which is an N, xT matrix (T'=1,2,...), represents
the transmit matrix of node a, and we assume that [Xg 1 |mn ~ CN(0,1). W, and Wp
are N, x T matrices of AWGN with {W,[m], Wp1[m]} ~CN(0,02).

Using the similar process of the SINR analysis in Chapter 4, the effective SINR at
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nodes D and Ry is given by

E{trace (FIVsp 1 X, XE, VE, Fo}}  aPB-E{vsp}  L.,aPp
Ysp,1 = E{trace {FEED,Eg,lFsH - LHWQJ\;uJEQP + Nyo? - cuw2§2aP + 0'3}7
(5.2a)
E{trace{FI'Vsp, 1 X5, X{, VY, (Fo}}  aPBy-E{vsg,) = aPp
TSRS T frace (FUE R ER FL))  ZNadal [y gp  ZEral | p
(5.2b)
where vgp = trace{HSngb}, B, = (1 3 7T23052 " W;g?) and [y = (1 _ 27?32)052 . 7r45a?)

Assume that the subcarriers allocated to each node are not contiguous, and the
distance between any two neighboring subcarriers is assumed to be large enough to
make the correlation between them be negligible. Therefore, each vg;, is a central chi-
square RV with 2N, degrees of freedom [2, page 41]|. From |2, page 42|, for a threshold
Ty, > 0, the probability that vg, < N, - T}, is given by

Nu=l (N .T.\k
P{vsy < Nu-Ti} = 1-ein ) NuTh)*

(5.3)
k=0 k!

For a larger N,, a smaller outage probability P,.{vs, < N, -T},} is obtained, i.e., a more

robust wireless channel is obtained, as shown in Figure 5.34.

5.2.3 The Second Time Slot

In the second time slot, suppose that all nodes have CSI. Only one relay is chosen
for re-transmission. The active relay Ry may be chosen by maximizing the composite
channel gains:

R, = argRllr.l.gl}l{gﬂl{ngl, e VSR ) (5.4)

It was proven by [151] that the opportunistic relaying strategy by using the “best”

relay to perform re-transmission is optimal in terms of outage probability. The PDF
1

= mVN“_le_”. The PDF of vpax = max{vsg,, - --,Vsry, |

of vggy is given by f(v)
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Figure 5.34: Channel outage probability as a function of N, in OFDMA.

Ny-1 m _
—Vmax %: Ymax I/gg:x 1 G_Vma" .
———— — and the expectation of v,y

is therefore f(Vmax) = M(1 -e mio ™ (N, - 1)1’

is derived as

. - M=1 07 — gy (NumD)(M—F) g,i"’(O)
Vimax = fo Vinse (Vi) Qi = M. kzo ( k ) 2 (M -ER(M-k-1)1
(5.5)
Nu=1 pm \MF dm
where gp(x) = % , and g,f;")(()) = #@)b_o represents the n-order deriva-
m=0 .

tive of gp(z) with x =0.

The PDF of vya as a function of M is shown in Figure 5.35 with N = 1024 and
N, =16. Figure 5.35 shows that the peak of f(max) shifts to the right as M increases,
and that, accordingly, V. increases as M increases. For example, when M = 2, V. =

18.2; if we increase M to 8, we have Dy, = 22.1, and Vp,.= 23.8 if we further increase
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Figure 5.35: PDF of vy, in cooperation OFDMA uplink transmission.

M to 16. For a constant N, since a larger M implies a higher spatial diversity gain,
we can finally improve the robustness of the training sequence transmission and, as a

result, reduce the frequency offset estimation error.
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AF Mode

In the AF mode, R, simply re-transmits the received training sequence to D. The

received training sequence at node D in the second time slot is

AF H
Y55 = psr. Er,pFsHpr,p®Pr, 2F§ Y 1+ Y, EgpFrHp p®Pr, 2Xgr, 2+ Wpy

Rr+S,Rs
_ H X7AF
= psr.Er.pFsHr, pFgVsr, Xs1+ Wph,
Vihp.2

(5.6)
where

W%Fz = PSRSERSDFSHRSD@RSQFg Z Vr e Xp1+ pSRSERSDFSHRsD(I)RS,ZFgWRS

R;#S,Rs
+ > EgpFrHp p®Pr, 2Xg2+Wpp,
Ry+S,Rs
(1-a)P : Co
Pr o= TI N, Tepresents the power consumed in R, for re-transmission in the
: Ny . .
second time slot, and pggr, =/ ———= + N,02 represents the amplifying coefficients
CKI/HI&X
of R,.

The received SINR is given by

A _ E {trace {FEVQEDQXSJX&(VégD,z)HFS}}
’ E {trace {FZ WAR(WAF)IFg} )}
LuCV(l - O‘)PQBlﬁﬂE {DmaXVRSD}

2L,aP7r2Nyo2 2 Ly (1-a) P2 N, 02) 2 !
e “€+Nuaw+(“ 7=+ NyoZ | sr,

(5.7)

2L,aP12N, 02
3

where Egp, = Ly,aPBolmax + + Nuai.

DcF Mode

In this mode, the relay first identifies the received training sequence, and then re-
generates this training sequence and re-transmits it. After performing the demodulat-

ing and decoding, the node R, should estimate egg,; i.e., sr, 1 = €sr, + €snr, 1, (EsR. 1
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represents the estimation error of g, 1), and then uses £gg, 1 to pre-compensate for the
frequency offset between S and R, to re-generate the training sequence. The received

training sequence at D is

YD =Eg, pFsHpp®p 2-FIEsp Fs X+ Y. Ep,pFr,Hpp®r, 2Xp, 2+ Wpo,

~~ Ry+S,Rs
VShp,2
Wi

(5.8)

A~ 12mé s, 12TES R, (N-1)

where Egp, = diag{l,e et ... ,€ . }
The average SINR in the node D is
Dk _ E {trace {KPF}} _ (1-a)Ppi-E{vg.p} (5.9)

E{trace {FEW[D)CQF (W[D)CQF)H FS}} B w + NuUfU’

A~ A H
K DcF _ HY/7DcF HypH DcF
where =FgV SRD,QESRsXst Egpr, ( v SRD,Q) Fs.

5.3 Frequency Offset Estimation in the Coopera-
tive Scheme

The training sequences received in the first and the second time slots can be used by D
to estimate frequency offset. The first time slot frequency offset egp can be estimated
as £gp1 = Esp+esp 1, where egp ;1 is an estimation error. From [13,148], for an unbiased
estimator €gp 1, the CRLB can be represented as

1

- 5.10
Az -vspa (5.10)

Var{espi|lvsp} >

where Ap is a positive coefficient specified by the structure of the training sequence
Xg. For example, if the training sequence proposed in [13] is used, it can be shown that
Ar =472 N,. Similarly, the frequency offset estimation at node R, can be represented
as €sr,1 = €SR, + €sr,,1- For an unbiased estimator, the CRLB is

1
Ar - Vsro1

(5.11)

Var {egr,,1|Vsr, } >
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The frequency offset estimation in the second time slot depends on the relaying

mode. Denote Egr,p2 = €sp + €sr,p,2 as the estimate of egp in the second time slot.

The CRLB for the AF mode is given by

1

_ 12
Ag - yF (5.12)

Var{esr,po|Vsr,  Vr.p; AF} 2

In the DcF mode, the estimation error egp, ; will be accumulated and propagated

to the final result, and the CRLB is given by

Var {esr,p2|Vsr.,Vr,p; DcF} = Var{esp, 1|Vsrs } + Var{er.p2o|Vr.n}

YSRs, 1 V2
Since the frequency offset estimates in both the first and second time slots are
conditionally unbiased with mean gp, these two estimates can be combined to improve
the estimation accuracy. From [122, chapter 6], the estimation results in a two-time-slot

period can be combined to be

€sp = MEsp + A€sr, D2 = €sp + A1€sp,1 + A\2€SR, D 2, (5.14)

€SD
where A\; and Ay are two non-negative coefficients, and A\; + Ay = 1. egp1 and egg,p2

are uncorrelated. The variance error of £5p is given by

Var {€SD|I/SD, VDR, VRSD} = )\%V&I‘ {eSD,1|VSD} + )\%V&I‘ {€SR5D,2|VSR57 VRSD} . (515)

In the AF mode, for a given « and (vsp,Vsr.,Vrsp), the optimal A\; and Ao, i.e.,
AF

YsD,1 Y L. )
AME = P and ApF = ——2 —are used to minimize the variance of egp
opt Yspa + 73" oPt Ysp,1 + 75T
9 2 b 2
as

1
Ar(vspa +74F)

. .\ AF AF
Var {€SD|O <a< 1, Vsp,VSR.,VR:D; )‘1,opt7 )‘Q,Opt} >

(5.16)

1

In the DcF mode, when APSS, = 5 and
’ ¥5D,1(VsRs,1+775)
+ DcF
YSRs,172
DcF
Ysp,1(Vsr.1 + 75 ") .. . )
/\53{; = . 2 , the minimum variance of egp can be obtained

Do DeF
Ysroa Vs +vsp1(Ysroa + 73 )
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as

1

. . \DcF DcF
Var {esp|0 < a < 1;vgp, Vg, , Vi, 3 AL one, ADor | >

(5.17)

Vs Rs, 175

Ser i DoF
YSRs,1+73 ¢

AT(’YSD,l +

Both (5.16) and (5.17) are functions of @ and can be minimized by using the optimal

«. However, the optimal o depends on whether or not the base station sends CSI to
the mobile nodes. With feedback, the mobile nodes can adaptively optimize o based

on the current (vsp,vsr,,Vr,p) values. If the base station does not feedback CSI, «

can be optimized based on only the statistical information of (vsp,Vsg.,Vr.D)-

5.3.1 Without CSI Feedback from the Base Station

In this case, the optimal o should minimize the expected variance error as

1
AF -
o = arg min E, , (AF 5.18a
W T P 0cact {AT(VSDJ + v?F)} (4%) (3:180)
i 1
anel = arg min E, o [ (DcF) (5.18b)
- Ar(yspa + P

for the AF and DcF modes, respectively, where the expectation is performed with
respect to (Vsp,Vsr,,Vr,p). By taking the partial derivative of (5.18) with respect to
« and setting the result to zero, the optimal « for either the AF or DcF mode can be
achieved by resolving the function, if the closed-form solution is available. Actually, we
can also find the optimal « that maximizes (5.18) numerically. The numerical method

is used in the later simulation.

5.3.2 With CSI Feedback from the Base Station

The optimal a derived in Section 5.3.1 does not change as the current channel changes,
so that neither iy, nor aygt is always optimal in each channel realization. If the base
station sends the current CSI to the mobile nodes, a lower variance error can be achieved

by adaptively optimizing « based on the current CSI. For a given (vsp, vsr,, Vr.p), the
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adaptively optimized « is given by

1
AF _ -
Qpp = arg min {AT(’YSD,l - ’y?F)} . (AF) (5.19a)
1
DcF _ :
apfy = arg min v (DcF) (5.19Db)
AT(VSD,I + 7SRSJJW]QDCF)

for the AF and DcF modes, respectively.

5.3.3 Adaptive Switching Between Cooperative and Conven-

tional Non-Cooperative Transmissions

A hybrid cooperative scheme is proposed to adaptively optimize the transmission,
as shown in Figure 5.36. The basic idea is: for a given (M,o02, SNR), if there is
an « (0 < o < 1) to make the cooperative transmission outperform the conventional
transmission or vice versa, the transmitter switches accordingly. Since the base station
may either send CSI to the mobile nodes or not, the cooperative transmission may
be performed in two cases: (1) if the base station does not feedback CSI, the second
switch should be switched to “21” to perform “Without Feedback” cooperation. ail
(or apst) will be used for the AF (or DcF) mode; and (2) if the base station sends
the CSI to the mobile nodes, the second switch should be switched to “22” to perform
“With Feedback” cooperation, and apf (or aRg") should be used for the AF (or DcF)

mode in this case. An information-sharing scheme should be performed between S and

R, to guarantee that an identical o will be used by them in the same transmission.

5.4 Numerical Results

An OFDMA uplink system with IDFT length of 1024 is simulated. A CP of length
64 is used. An equal allocation of subcarriers per node is made. The number of relays

is M. Frequency offsets are assumed to be i.i.d. RVs with mean zero and variance

2

o2. The algorithm proposed in [13] is used to verify the performance improvement
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Figure 5.36: Adaptive cooperation in OFDMA uplink frequency offset estimation.

obtained by using cooperative relays, i.e., ' = 2. The training sequence is known to
all the nodes.

Figure 5.37 compares the variance of errors of the proposed cooperative scheme as
a function of o and that of the conventional estimation (o = 1), where SNR = 20
dB and M = 16. When ¢? = 1072, the AF and DcF cooperative schemes outperforms
conventional estimation when 0.11 < o < 1 and 0.65 < a < 1, respectively. When
02 = 1073, the corresponding ranges of o are 0.13 < a < 1 and 0.56 < « < 1, respectively.

For each a, the AF mode always outperforms the DcF mode. From Figure 5.37, the
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Figure 5.37: Cooperative frequency offset estimation as a function of a without feed-
back from the base station.

optimal «, L.e., oty and o can easily be found. For example, 02 = 1072, we have

ok = 0.53 (with a variance error 2.85 x 107°) and absf = 0.81 (with a variance error

3.42 x 1079).

Since the power allocation between S and R can be adaptively optimized in each
transmission if the CSI is available to the nodes, the performance gains can then be
further improved. For example, in Table 5.5, with SNR = 20 dB and o2 = 107!, the
performance improvement of AF (or DcF) mode over the conventional scheme is 2.2 dB
(or 0.4 dB) if the base station does not send CSI. If it does, the performance advantage
increases to 4.9 dB and 1.7 dB for the AF and DcF modes, respectively.
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Table 5.5: Performance Improvement in the Proposed Cooperative Scheme With and
Without Feedback from the Base Station over the Conventional Non-cooperative Al-
gorithm

Without Feedback; M=16
SNR 20dB 30dB
o 10103101010 107 ] 1072 ] 107!
AF | 1.19 | 1.21 [1.669 | 2.217 | 1.533 | 2.072 | 3.473 | 3.236
DcF [ 0.492 [ 0.438 | 0.401 | 0.412 | 0.454 | 0.529 | 0.427 | 0.471

With Feedback; M=16
SNR 20dB 30dB
o 10103101010 107 ] 1072 ] 107!
AF [ 2535 ]20.17 | 10.48 | 4.95 [ 19.97 | 10.58 | 5.56 | 3.48
DcF | 15.86 | 15.55 | 6.66 | 1.75 | 15.56 | 6.65 | 1.73 | 0.6

Table 5.6 evaluates the performance of the proposed scheme as a function of M
when the base station sends CSI to the mobile nodes. In this simulation, for each
M, the variances of estimation error for aff (for the AF mode) and aRg" (for the
DcF mode) are evaluated. In either the AF or DcF mode, the variance decreases
monotonically with M. As mentioned above for Table 5.5, a performance advantage
over the conventional scheme can also be achieved in the cooperative scheme with
feedback. The AF mode still outperforms the DcF mode. For example, when o2 = 102
and M = 16, the variance error achieved in the DcF mode is 1.098 x 1075, but that
achieved in the AF mode is 4.56 x 1076, We can explain this finding as follows: in the
interference-limited cooperative transmission, the interference due to the frequency
offset in S - R, link is twice that of either the S - D or Ry, — D link. In the DcF
relaying mode, R, should estimate egp,, and the estimation error will be accumulated
and propagated to the final result. When the frequency offset is large, the error in
R, will dominate the overall variance error, as given by (5.17). However, this error
propagation from R, to D can be mitigated in the AF mode.

The BER performance of the proposed cooperative scheme with CSI feedback from

the base station is evaluated in Figure 5.38. The subcarrier modulation is either QPSK
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Table 5.6: Performance Improvement in the Proposed Cooperative Scheme with Feed-
back as a Function of M

Transmission Mode Variance Errors: N=1024, N,=8, £, = 1071, SNR=20dB, ¢ = 1072

Conventional M 2 4 8 16 32

Transmission | Error | 5.15x 10 | 5.15x10™ | 5.15x107° 5.15x107° 5.15 x 107

AF M 2 4 8 16 32

Relaying Error | 4.603 x 107° | 4.585x107° | 4.572x107° | 4.562x107° | 4.554 x 107°

DcF M 2 4 8 16 32

Relaying | Error | 1.134x 107 | 1.121 x 107 | 1.109 x 107 | 1.1089 x 10~ | 1.1087 x 10

or 16-QAM. The AF mode always outperforms the DcF mode in terms of BER if there
are frequency offset errors, and this gap increases as the SNR increases. In both
relaying modes, the BER performance improves with M. However, the performance
improvement in the AF mode is more than that in the DcF mode. We can explain this
finding as follows: in the AF mode, frequency offset estimation error is dominated by
the effective SINR of both the S - D and S - Rs — D links, and more relays reduce
the SINR degradation due to the frequency offset error. Whereas the frequency offset
estimation error in the DcF mode is dominated by the estimation error accumulated
in the relay, and hence more relays yield diminishing returns on the amount of SINR

improvement.

5.5 Conclusions

This chapter discussed the improved OFDMA uplink frequency offset estimation by
using cooperative relaying. A new DcF relaying mode was developed. The idea is
to adjust for the frequency offset in the S - R so that both S - R - D link and
S — D link have the same frequency offset. The training sequence received in both
S —- D and S - R — D links can then be used to estimate the frequency offset, and

the two estimates can be linearly combined to minimize the variance error. Further
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Figure 5.38: BER by using the proposed cooperative frequency offset estimation with
feedback from the base station.

improvement is possible by adjusting the power allocation ratio between the source
and the relay. When CSI is available, the relays can adaptively switch between the
cooperative and conventional modes, and this proposed adaptation yields gains 4.95
dB and 1.75 dB over the conventional non-cooperative scheme for the AF and DcF
modes, respectively, in low SINR. Although the DcF mode outperforms the AF mode
in terms of channel capacity and BER with the same frequency offset, the AF mode
obtains the performance advantage over the DcF mode by considering the frequency
offset estimation, because the frequency offset error in the DcF mode is higher than

that in the AF mode. At high SNR, the AF mode outperforms the DcF mode by about
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4.1 dB for QPSK, and this gap is 7 dB for 16-QAM.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, new channel and frequency offset estimation algorithms and their per-
formance for several OFDM systems have been investigated. These were proposed in
Chapters 2 to 5.

Chapter 2 discussed channel estimation for AF and DF relaying cooperative OFDM
systems with frequency offsets. A two-time-slot cooperative channel-estimation proto-
col was proposed. Pilot designs for AF and DF relays were derived with the goal to
eliminate IRI. For a given channel order L, the maximum number of AF and DF relays
was constrained to be | N/(2L - 1)] and | N/L|, respectively. In the presence of both
frequency offset and channel estimation errors, the PEP of an orthogonal block code
in the proposed cooperative transmission was derived. The optimal power allocation
between the source and relays was also derived to minimize the PEP. The PEP perfor-
mance comparison of AF and DF relays was made with the different number of relays
and channel orders.

Chapter 3 focused on the BER evaluation of MIMO OFDM systems. The frequency
offset and channel estimation errors, which are unavoidable in practical systems, were
considered. By analyzing the interference between subcarriers and antennas, the SINR
was derived. The approximate BER was derived for multiple-antenna reception with
EGC and MRC. Simulations demonstrated the accuracy of the theoretical analysis.
The results give insight of the impact of the frequency offset and channel estimation

errors on the system BER performance.
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Chapter 4 discussed the frequency offset estimation in the uplink OFDMA. A gen-
eral subcarrier allocation scheme was considered. In this scheme, each user subcarrier
group need not to be contiguous. The key idea is to improve the accuracy of frequency
offset estimation by exploiting the estimated value of the variance of frequency offset.

By analyzing ICI and MAI, which occur in multi-user accessing the OFDMA sys-
tems, the CRLB for the variance of frequency offset estimation of each user was first
derived and further expressed as the function of the SNR. An estimation of the vari-
ance of the frequency offset was derived as a function of SINR and SNR. For uniformly
distributed frequency offsets, an estimation of the range of frequency offsets was de-
rived. Based on this estimate of the range of frequency offsets, the accuracy of existing
algorithms can be improved. Successive interference cancelation (SIC) frequency off-
set estimator was considered. With the knowledge of the range of frequency offsets,
new versions of the SIC-based frequency offset estimation algorithm, as well as differ-
ential estimation algorithms, were derived. The improvement of the frequency offset
estimation was confirmed with simulation results.

Chapter 5 also considered the frequency offset estimation for an OFDMA uplink,
but with cooperative relays. The accuracy of frequency offsets was improved by using
the cooperation of the system. Two types of relays were studied, AF relays and DcF
relays. The destination first generates the frequency offset estimation of the transmis-
sion from the source in the first time slot, and then the transmission from the selected
relay in the second time slot. The two frequency offset estimations were combined to
minimize the frequency offset estimation MSE. When CSI is available at each mobile
node, power allocation between the source and the relay can be adaptively adjusted
to optimize the cooperative scheme in terms of the variance of frequency offset esti-
mation error. A scheme, where with the CSI knowledge, the relays adaptively switch
between the cooperative and conventional transmissions, was proposed to optimize the

frequency offset estimation. Although the frequency offset estimation accuracy in the
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DcF mode is somewhat worse than the AF mode, both modes outperform the conven-
tional transmission. However, DcF relays outperform AF relays in terms of channel

capacity and BER.

6.2 Future Work

Frequency offset and/or channel estimation for OFDM systems has attracted great
interest in the wireless communication community. The trend of combing OFDM with
other advanced techniques brings forth many challenges. The following are several
possible research topics.

The thesis has investigated channel estimation for cooperative OFDM. The number
of pilots needed for channel estimation was found to increase with the number of relays.
Thus, when the number of relays is large, more pilots are required, resulting in a reduced
data throughput. Channel estimation techniques should be developed to reduce the
number of needed pilots, and some signal processing knowledge maybe used to short
the channel, while keep or even improve estimation accuracy.

Blind or semi-blind channel estimation methods can increase the system through-
put because pilots are not used. These techniques have been intensively studied
for conventional (i.e. non-relaying) systems. They may be extended to cooperative
OFDM/OFDMA systems. Frequency offset estimation by using such techniques is
also worth studying.

The cooperative systems that have been considered in Chapter 3 and Chapter 6 can
be categorized as one hop relay networks. Other cooperative networks include two-way
relay networks and multiple hop networks. Frequency offset and/or channel estimation
for these networks, especially when combined with OFDM, is challenging and can be
investigated.

This thesis only discussed channel estimation for slow-fading channels. However,
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along with the popularity of the wireless systems, higher velocity of mobiles are ex-
pected, which results in time-varying or doubly-selective channels. Channel estimation
techniques for OFDM systems operating in time-varying channels can be developed.

In cooperative systems, due to each node has its own oscillator, the frequency dif-
ference between each node exists, i.e., multiple frequency offsets are generated. These
multiple frequency offsets indeed make the system complex and the estimation of fre-
quency offsets hard. The system model in the presence of frequency offsets is expected
to be built based on cooperative protocols. The impact of frequency offsets thus can be
analyzed later. The frequency offset estimation is expected to explore the inner struc-
ture of the cooperation protocols. Other methods to mitigate the frequency offsets for
cooperative OFDM systems, such as frequency offset mitigating codes and designing
data detection algorithms with frequency offset estimation errors are also of interest.

In Chapter 3, the transmission power on each relay is assumed to be same. However,
each relay might have its own power limitation. The channel estimation with the power
limitation of each relay meets the practical scenarios.

Time synchronization is required to identify when individual OFDM symbols start
and end. The symbol-level time synchronization defines the DFT window; i.e., the
set of samples used to calculate DFT of each received OFDM symbol. Although,
time synchronization has been intensively investigated in non-relay OFDM systems, in
cooperative systems, due to the physically distributed relays, the time offset might be
quite large. Time offset estimation and mitigation can be investigated for cooperative

systems.
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Appendix A

DZ].?m in Chapter 3

)

A.1 Dy, for Without Combining

Without loss of generality, the signal transmitted by the i-th transmit antenna is

assumed to be demodulated at the k-th receive antenna. For each (k,i,n), ‘H ,S?
has a probability density function (PDF) f(H) = 2H -e~#*. When m > 2, Df;m can be

represented as

2m—1
D= | ( wk,z-(n\H,gj?)) f(H)dH

m-1 m—
0 (uH?+v)m 2

:(m—%)w(m%)foo h(m=3) g=h U o(m=3) foo B (m=3) o= i (A1)
I L N T
w(m 2) Dk w(m 2 f B(m=3) - _hmRe
Sam=) P T im Db Gy
where h = H2. (A.1) can be further derived as
pr, - ZmD) e w0 fwmdh
Tpm=3) T (m=3) Jo (Mmy)(mf%)
S e sthy e b,
i(m =3y T E =3y Jo (uh + )™ D)
=(m=3) fw R(m=3) g—h W (A.2)
p2(m=3) Jo (ph +v) -3
zf
w(m-3) wv wo(m=3)
R e R T T I



From the last step of (A.1), D¥ _, can be represented as a function of Df  _, and Z}:

3 m- m-3
Dfml_?ﬂ(m—_g)'Dﬁmf2 W( 2 f h( 2)6 5 dh
p(m = 3) p(m=3) (ph +v)m2)
X (-2) (A.3)
w(m - 5) . Dk - w 2 k;
p(m=3) T p(m=5)
By resolving (A.3), ZF can be represented as
Zk:w(m_%) Dfm2 (m_é) Dzml (A4)

w(mfﬁ)

By replacing Z* in (A.2) with (A.4), Dfm can be finally simplified as

U op(m=3) T 2 (m=3) T 2 (m-3)
w(m-1 w(m -3 2
- ( ;).D'ﬁml 2 — 3 'Dﬁm—l ( 2) Dfml_w_ Dfm2 (A.5)
p(m—3) p*(m—3) n(m=-3) 2
w[(2m-3)u+v w?
Iy
p*(m=3) f

A.2 _DﬁgcfbrIMECl

Without loss of generality, consider the demodulation of the signal transmitted by the

i-th transmit antenna. Define

VP = %(ﬂ Var{ (”)}+E{|A)\(”)

+E{Aém
e e

}+ﬁ):my (A.6)
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Nr
and HEGC = Zkzl

(n)
Hk,i

. Like in Appendix I, when m > 2, DESC can be represented as

2m—1
Dggczfo (\/yf(n\ﬂij,...,ﬂ](v’gi)) f (Hpac) dHege

m—1 2m~1 2N,—2 H2
Nl | S T
(M( EGC ~ T 4_)+’/)

_(m+Nr_%)(20%Gcw)(m%)—/°° R(m+Nr=3) g=h dh
A= -D o (anaom) D

(QU%GCw)(m_%) o h(m+Nr—%)e,h
™ 3 | 3 dh
fi(m = 5) (N, = 1)1 Jo (ﬁh+,;E)(m*2)
_1 e N._B)
_20fqcw(m+ N, -3) pEGC _ (202, @) ™2 oo pmENe—d)e-h
= = 3 *HMim-1 ~ e N —1)! N D) ,
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(A.7)
N, (N, -1 H?2 N,1)2 )
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(A.7) can be further simplified as
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From the last step of (A.7), DEGC can be represented as a function of DESC, and
ZEGC;
3 s
DESC, — 20g0@ (m + Ny~ 3) EGC _ (20fcc@) ™2 f°° —
1;m— ~ nm= 7 -3
fi(m~3) a(m=3) (N, =) Jo (4 pB)0m5)
m_3
_ 2080w (m+ N, - 3) . DEGC, _ (208g@) ") . 7BGC
i(m—3) 2 G (N, )1
(A.9)
By resolving (A.9), ZFSC can be represented as
EGC _ 20%qc@(m+ N, - 2)(N, - 1)! - DESS, = fi(m - ) (N, -1)! - DESS, (A.10)
Z (203 0@) ™) . .
By replacing ZF9C in (A.8) with (A.10), DESC can be finally simplified as
DEGC _ 20pc@(m+ N, - 3) . DEGC 4 2056w D" . DEGC,
& A= D - v
(20860@) ™2 EGC
(- (N, - 1)
_ 2056c@ [(2m + Ny - 4)A(N: = 1)1 + DF] . DEGC _ (20%Gc@)*(m+ N, - 3) . DEGC
i (m=3)(N, - 1)! o > (m=3) -
(A.11)

A.3 D%RC for MRC

Without loss of generality, consider the demodulation of the signal transmitted by the

2
i-th transmit antenna. Define Hygrc = o |H ,Sz) . When m > 2, DMRC can be
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represented as

2m-1
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where h = HZno and oM = vM — (N, - 1). (A.12) can be further simplified as
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From the last step of (A.12),

DMRC can be represented as a function of DMRC

and

m iym—2
ZMRC;
DMERC _ e Va(m+ N, -3) DARC 2N (N 1) 5 (m=3) foo p(mNe=3) b
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By resolving (A.14), ZMRC can be represented as
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! 2Nrw(m7%) ’
By replacing ZMRC in (A.13) with (A.15), Di\;/[nljc can be finally simplified as
DMRC _ w(m+ N, - %)e*(Nrfl) pMRC wirM e~ (Nr-1) pARe
b a(m=3) Lt G- (N, -y
3 2Nre_(N7"_1)w(m7%) ) MRC
p2(m = 3)(N, - 1)!
@ (m+ N, - e D . DMRC
2 3 im—2
p*(m—3)
_@w[@m+ N, - p(N, - D+ oM pe @w?(m+ N, = 3)e~ (Vo) . DMRO
- i;m—1 iym—2-
p2(m = 3)(N, - 1)! p2(m = 3)
(A.16)
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Appendix B

Appendix for Chapter 5

B.1 Analysis of FIM

The covariance matrix C can be rewritten as

C-= ;E{(Yk —si) (V=) b+ 2 Y E{(ye—se) (i)}

k k%l

Z

(B.1)

Zy,

=Z(Ck+Zk),
k

where C;, = E {(yk —si) (yr — Sk)H}, and Zjy = E{(yk -s;) (v - SZ)H} is the MAI
matrix of the k-th user, which is contributed by the I-th user. For the nonzero frequency

offsets, > Zj; # On. We can decompose C as
k+l

2 2
where U is a N x N Unitary matrix, Dy = diag{0,--, A\p.1, A, -+, 0 with Ag;
representing the i-th eigenvalue of Cy, and D, = diag {0, -+, 2k 1, 2k, o+ 0 with 2z,
representing the i-th eigenvalue of Zj;. The index of zj; is identical to that of Ay,

for each i. Therefore, C~! can be represented as C~! = ZU(Dk +]~)k)_1UH, where
k

~ -1 .
(Dk + Dk) = diag {0, -+, (Ae,1 + 26,1) 71 o Aoy + 2rng, ) 5o, 05

We also have

8_C_ 8(Ck+Zk) +28(Cl+Zl)
ey, Oey, = Ock
o(A (A
- U-diag{0, -, ( k,1+2k,1)’_”7 ( k,Nk+Zk,/\/'k)’_”7O .UH (B.3)
&c:k &c:k
+Y U - diag{0, -, 0N + ZU)’...’ 0Ny + Zlv/\/l)’...,o .UH.
Ik ey, Oey,
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Note that Z; is the MAI contributed by users other than k& and is not a function of e;
therefore, 0Z/0e). = On. C; is also not a function of e, so dC;/dey, = On. From the

above discussion, we have

85k - c%k 1k 85k

. ONe1 O\
:U-d O’ 2 XN 2 k’...,O}.UH B4
o {0, Oz, 0k, (B-4)
. 82’11 8,2”\/
+ > U-dia {0,---,_”...7 : l’...70}.UH_
lgl;; & Oey, Osp,

When [ # k, the kl-th element of FIM can be represented as

./\/ 8)\]671' 8zk,i N 8)\1’]' 821’]' N 82zn,p

[A]kl — i Oep,  Ogy ; + Xl: Oe;  Oeg + Z i Oe,O0g; ’ (B5)

= (ki + k) j=1 (Mg +21,5)? n#k,l p=1 (Anp + 2np)?
and the kk-th element of FIM is given by
YR 0215\
N Oe : N ?ﬂ
[A]kk:ZMJFZZM (B.6)

S Qi+ 2e)?  Gm (g +25)

B.2 SINR Analysis

Without loss of generality, suppose that M users accessed a base station, and the k-th

user is selected as the user of interest. The average SINR of user £ is

2
Hn. _sin(rer)
SINR E{Hgl‘CHQ} _ E{ne%k VPxi[n]H] Nsm(”j;vk) }
: . (B.7)
E{|Xel2) + E{[w:l2) E{ S L) + T () }E (e}
neG k

where

L= ¥ VAol .
Ve[ ]
and

()= > 3 /Poclil ”“;j;j;)]]. (B.9)

1=1,l#k i€G; Nsm[ ~
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E|Fiw[n 2 E 2
We also assume that E{|x;[m]|*} =02 =1, and o2 = H ul ]H2 = “WH2
N N
7r(z'—n+5l)] N
— |

Note that sin[7(i —n +¢)] = (-1)""sin(7g;) = (-1)""7g;, and sin[

sin [W(Z]\_f n) ], when ¢; «< 1. Therefore, we have

\/7Xk stm [7(i—-n+ep)] 5 (-1)"V/Px[i]Him

_’Z:k(n ; .€k7
ZeGk . Nsi [W] ieCmaisn Nsm[”(?\,n)]
M (1)
(B.10)
and
M B sin[r(i-n+e)] Y (- VPxi[i]H,
Tuan{n) = = 1zl:¢k zG: FoclilH N sin [—”(l "+El)] - 1:121;1{ zG: Nsm[ﬁ(Z ")] .
1€G N bR 1€y N
ni(n)
(B.11)
Then,
_ 2
> [VPxi[n]Hp[ B |2k
neGk Nsm( ~ )
SINR;, = (B.12)

M
m(n)-ex+ % m(n)-
I=11k

- .
2
nZkE{ e }+E{HFkHwH2}

Note that ni(n), as well as each n.(n), is a RV with mean zero. If we assume that

E{xi[n]x;[m]} =0 for k [ or n # m, the average interference of the subcarrier n is
2
m202K,
E{ } => e (B.13)

i=n N2 sin? [w]
12 . :

where Kk, = E {‘\/FH ! ‘ } When N is large enough, and almost all the subcarriers are

allocated, we have Y., (1/N?sin® [ (i - n)/N]) 2 ¥, (1/72(i —n)?) = 1/3, and

M
nk(n) - ex + Z m(n) - e
1=1,l+k

SINRk =

SNRg (1 _ mo? 7T4(74)
+1 ’

oSNy 3 20 (B.14)

E{r,
where SNRy, = {/Z ; represents the average received SNR of the k-th user and o2 is
O-U)

the variance of the frequency offsets.
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