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ABSTRACT

Synchronization is an important issue in- cooperative communications. Unlike in
conventional MIMO systems, the cooperative antennas belong to different relay nodes.
Therefore, it is hard for the destination node to compensate multiple carrier frequency offsets
(MCFOs) simultaneously and the conventional space-frequency decoding may not be suited
here. In this paper, we consider the cooperative transmission with MCFOs when the channels
from relay nodes to the destination node are frequency selective fading. The proposed strategy
which takes cues from literature [9] combines two sets of separately synchronized signal to
mitigate inter-carrier interference (ICI). Iterative interference cancellation is deployed to

further improve performance and tolerance of MCFOs.

Keywords — SFBC, OFDM, cooperative communication, multiple frequency offsets,

iterative cancellation.
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Chapter 1

Introduction

In recent years, cooperative communication has drawn much attention in the field of
wireless communication. The advantage of cooperative communication is that multiple
single-antenna transceivers can share their antennas to create a virtual antenna structure.
Therefore, the multiple-input multiple-output (MIMO) techniques, such as Alamouti’s
space-time block coding (STBC), can be generalized for the distributed environment. Spatial
diversity can be employed in such environment [2].

However, unlike in conventional MIMO systems; the cooperative antennas belong to
different relay nodes which have different local oscillators and Doppler spreads and may not
be either frequency or time synchronized, i.e., there exist multiple symbol timing offsets
(MSTOs) and multiple carrier frequency offsets (MCFOs). Therefore, it is hard for the
destination node to compensate either MSTOs or MCFOs simultaneously. In this paper, we
mainly focus on the MCFOs compensation.

Many methods have been proposed in the literature to mitigate the MCFOs problem to
cancel the inter-carrier interference (ICI) as follows. For instance, equalization schemes have
been proposed to combat the MCFOs [3] [4]. However, these methods have high complexity
in inverting matrices. In [5], several data detection and complexity-reducing methods are
compared. In [6], an ICI-self cancellation scheme is proposed with a price of lowing

transmission rate. In [7], a two-branch receiver structure is proposed. A two-step cancellation



procedure which is based on the inter-carrier interference (ICI) cancellation is proposed in [8].
A modified scheme which combines [7] and [8] is proposed in [9]. However, most of the
techniques are only effective in a quite limited range of MCFOs and the performance would
degrade significantly as the magnitudes of the MCFOs exceed the range.

In this thesis, we consider the cooperative communication for frequency selective fading
channels with the MCFOs. The separate synchronizing scheme and a modified SFBC
decoding technique in [9] are further improved. Iterative interference cancellation is also
added to enhance the performance. The new receiver has a superior tolerance range of
MCFOs and may be suitable for applications in asynchronous cooperative OFDM systems.
As an alternative, the newly emerging technique of exploiting the covariance structure of
residual ICI in [20] is also studied for combating MCFOs in both cases of Alamouti coding
and spatial multiplexing.

The rest of this thesis is organized as follows..In Chapter 2, the system model is
described. In Chapter 3, two branch MCFOs cancellation for Alamouti decoding is used. In
Chapter 4, a MLSE with noise whitening is used for Alamouti decoding. In Chapter 5, an
MLSE with noise whitening is used in spatial multiplexing. The conclusions are given in
Chapter 6.

Notations: Superscripts (.)", ()" represents conjugate, transpose, respectively. ||.||, E[.]
denote the norm and the expectation, respectively. And v(k) represents the k-th element in the

vector v.



Chapter 2
System Model

A cooperative communication system with one source node, two relay nodes, and one
destination node in this paper is shown in Fig. 2.1. Each node has only one antenna and the
decode-and-forward (DF) protocol is adopted. In the first phase, the source node broadcasts
the data symbols to all relay nodes, and the data symbols are assumed to be correctly decoded
by all relay nodes. In the second phase, all relay nodes transmit the re-mapped data symbols
which are assumed belonging to the same signal constellation I', such as M-PSK or M-QAM

to the destination node cooperatively.

Relay Node 1

O~ = ®
Source Node\‘ /Des;nation Node

Relay Node 2
| I |
Phase 1 Phase 2

Fig. 2.1 A simple cooperative communication system model.



2.1 SFBC-OFDM

A SFBC-OFDM system is employed at the relay nodes. The data symbol vector

X = [XO X, - Xy, X N_l]T is encoded into two vectors as
¥ " . AT
Xpi = [Xo =X Xy =X, o X _XN—1:| @1
* * « 7 o
X = [ X Xy o Xy X 0 Xy XN—Z]

where Xg; is transmitted from relay node 1, Xg, is transmitted from relay node 2 and &
is the subcarrier index. Then the transmitted signal x,(n) is derived from the inverse fast
Fourier Transform (IFFT) of the encoded data symbol X,(k), ae {R;R,} , which can be

written as

1N1

2wnk
X (n) = \/N J
k=0

X, (k)ex ), —N,<n<N-1 2.2),

where N is the OFDM symbol length, NV is the length of cyclic prefix (CP).

2.2 Received Signal with Multiple CFOs

Due to different oscillators, time invarying multipath channel models are assumed. The
discrete-time model of the received signals at the destination node after removing the CP can

be written as

Y= Y ex fzfj ”)Zh (O, (n—1)+ z(n) 2.3),



where ¢,, a€{R,R,} is the normalized frequency offset given by &, =—=%, AF,

AT

is the frequency offset between the relay node o and the destination node, Afis the

subcarrier bandwidth of the SFBC-OFDM system. The £, (/) represents the channel impulse
response (CIR) of the [ tap, L is the number of multipath. w(n) is the complex additive

white Gaussian noise (AWGN) with zero mean and variance o’ . In order to avoid

inter-symbol interference (ISI), N, > L should be satisfied. The average total power is

_ 2
normalized such that E[Y R }Z;I h, ()] ]=1.

€

In frequency domain, the received signals on two adjacent subcarriers are

&, &,
Yk = GOR]HRl,ka + GORZHRZ,kaH

N-1 N-1
€R1 €R2
+Z Gk,mHRl,mXRl,m == Z Gk,mHRZ,mXRZ,m
m=0 m=0
m#k m#k

W,

& * & *
Yk+1 = GORI HRl,k+l (_Xk+1) + GORZHRz,kHXk

(2.4),

N-l N-1
£ £
+ Z ka—ll,mHRl,mXRl,m + Z G i H X

k+l,m™ " R2,m*“™ R2,m

m=0 m=0
m#k+1 m#k+1
+VVk+1

where H,, a€ {R, R}, is the channel frequency response and W is complex AWGN in

the frequency domain. G/, is the ICI coefficient, which destroys orthogonality between

sub-carriers, caused by multiple CFOs. It can be defined as

1 & j2ran(e, —k+m)
G* =— ) ex 2
k,m N ; p( N
_ sin(z(m—k+¢g,))
Nsin(z(m—k+¢,)/ N)

)
(2.5),

exp(jn(NT‘l)(m—km )



When k=m, G} can be simply defined as G . Then we rewrite (2.4) into vector form

as follows.
Y = GSRIHRIXRI + GSRZ HRZXRZ + W (26)’
where
H,, 0

O Ha 1
H, = . : ’

0 0 - H,

Gy Gy Gy

G&’a Gé’u é’u
Gx=| ’ P e e {RLR

Giffl—l,o Glffa—l,l o Gog v

Finally, perfect Channel State Information (CSI) which is known at destination node is

assumed.



Chapter 3
Two-Branch MCFQOs Cancellation for

Alamouti Decoding

A two-branch cancellation algorithm for SFBC-OFDM and multiple CFOs compensation
is proposed. This algorithm is a further development of that in [9]. The method is
designed for SFBC decoding in asynchronous cooperative systems by combining separately
synchronized signal to extend the tolerance range of multiple CFOs. More details are

described in the following.

3.1 Multiple CFOs Mitigation Algorithm

3.1.1 Separate Synchronization

As in [13], consider that the receiver can estimate individual CFO effectively and have
multiple copies of the received signal compensated for different CFOs. For example,
preambles which are orthogonal to each other for each relay node may be used to facilitate the

estimation of CFOs. Before DFT, the compensated signal can be express as

Vo (1) = exp(~j27e,n)y(n) (3.1),



where 0 <n < N-1 and a€ {R,,R,}. Then, the two sets of separately synchronized signal

in the frequency domain can be written as fm (n)= DFT{)?R1 (n)} and fm(n) = DFT{)?RZ(n)}

and we rewrite it into vector form as follows.

YR] = HRIXRI + (GSRI )H GSRz HRZXRZ + (GSRI )H W
= HRIXRI + GHRZXRZ + WR]

(3.2),
Y,, =(G™)"G™H, X, + Hp, Xy, +(G™)'W
= GHHRIXRI +Hpg, Xgy 7 Wes
Let G=(G™)"G™ G is circular matrix, and it can be arranged as follows
YRl,e =Hg, X, t GAHRZ,eXO + GBHRZ,OX: +Waie
YRl,o = _HRI,OXZ +GCHR2,0X: +GDHR2,eX0 + WRl,o (3 3)
Yioe = Hpp o Xgt GEHRI,eXe = GEHRI,OXZ + Wi
YRZ,o = HRZ,OX: A GgHRl,oXZ + GgHRl,eXe + WR2,0
where
Go,o Go,z t Go,N—z Go,l G0,3 e GO,N—I
GA _ G.z,o G.z,z 2,N-2 ’GB _ G.Z,l G.2,3 GZ,.N—I
_GN—Z,O GN—2,2 GN—z,N—z GN—2,1 GN—2,3 GN—2,N—1
Gl 1 G1,3 G1 N-1 GI,O G1,2 GI,N—Z
Gc _ G‘S,l G?,3 GS,.N—I ,GD _ G.s,o G?,z G},.N—Z
_GN—l,l GN—1,3 GN—],N—] GN—I,O GN—I,Z GN—l,N—z
X, :[Xo X, Xy XN—I]’ X, =[X1 X Xy XN]

note: 1. G, ,G;,G.,G,, all are circular matrices
2.G, =G,



3.1.2 SFBC Decoding

The SFBC decoding algorithm is modified from [7] while the major difference is that our
algorithm processes two sets of separately synchronized signal jointly, inspired by the method

found in [10]. We compose two available sets of received signal, i.e. For the first branch, the

*

. : r . . s T
input vector is I:YRl,e YRZ’()] . For the second branch, the input vector is [YRz’e YRI’J .

Therefore, the signal after combiner can be written as follows and the block diagram is
illustrated in Fig. 3.1.

r H
l~e1 — HRl,e GAHRZ,e YRl,e
r! HRz -G H, Y,

Rl,0

. H

2 H

r, | _| GiHgie Hgy, |:YR2,e }
2 * * *

I, _GCH rao —H

(3.4),

Rl,0

The above is the summary of equations related to the detection of transmit signal. As can
be seen in (3.5), the channel gain on the target sub-carrier does not decrease and the signal to
interference plus noise ratio (SINR) is. not affected. Therefore, it can be expected that the

performance will be better than that of conventional Alamouti-based SFBC combination.

New SFBC decoder

Detection

New SFBC decoder

ICI cancellation SFBC encoder |€¢——

Fig. 3.1 The block diagram of the receiver with proposed MCFOs mitigation algorithm.



(3

r. = (l Hyg, . |2 +|Hpg,, |2)X
+ (HII-{Il,eGAHRZ,e - HRz,oG(T:H;Lo ) Xo
+(HR1. Gy i, + H GyHy ) X,
(H,
=

|HR1e| +|HR2,0| )Xe+Il

e B
W, +H,, W

Rl,e R2,0 RZO)

+

r, =(Hp, GG Hy,, + Hy, (GGHy,, )X,

(HR, GiHg, —Hy, GcHyy, )X,

(Hy, GG H,,, —Hy, G GHy, )X,
+(Hygy G Wy —Hp, G Wy, )

(H GAG \Hy + Hyy (GeGiHy )X 4 1,

C(| HRZ,e |2 + | HRl,o |2)X0 + I2

re2 = (Hgl,eGAGIZHRI,e + HRZ,OGEGZH;{Z,O )Xe
+ (Hgl eG HR2 e HR2 OGEH;I 0 ) Xo

+( HgleG GH R10+HR20G G HRZe)Xo

+

R] ,e WRZe +HR2 OGTWRIO)
= (Hgl,eGAGAHRI,e + HRZ,OGCGCH;{Z,O )Xe +1
= C(‘ HRl,e ’2 + ‘ HR2,0 |2)Xe + Is

r, =(|HR2e I +[Hpgy, |2)X

[

H H
+ HRZ eG R1,

e

( HRI OGZH:QZo)Xe

(HEZ eGH R1,0 +HR1 oG HRZe)Xo

Wi~ W) (3.5).
- (l HRZ,e | + | HRl,o | )Xo +I4

Note: C is a constant, the value will decreases when MCFOs increase, see table 3.1

10



TABLE 3.1 The value of C in different related CFO case

| &1 = €2 | C
0 1
0.1 0.9755
0.2 0.9045
0.3 0.7939
0.4 0.6545
0.5 0.5
0.6 0.3455
0.7 0.2061
0.8 0.0955
0.9 0.0245
1 0

Finally, choosing the best pairs r = [rl r! :IT which the channel gain does not affect by

[

the MCFOs and rearrange the sequence. We can get the equivalent form as follows

1! =(1Hpy [+ Hyy, )X+,
(3.6),

1) =(|Hy,, [F +[Hg,, )X, +1,
r=H,X+I (3.7),
r=H X+H,X +N (3.8),

11



In past literatures, the second term associated with Hpg is treated as the interference part

we observe that when MCFOs increase H,

2

due to MCFOs and should be avoided. However

it is better to consider H, as a part

becomes too large to be treated as interference. Instead,
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Fig. 3.4 A magnitude of the channel Hy when | &, — &, |= 0.4

e
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Fig. 3.5 A magnitude of the channel Hy when | &, — &, |= 0.4
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Fig. 3.6 A magnitude of the channel Hywhen | &,, — &5, |= 0.8
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Fig. 3.7 A magnitude of the channel Hy when | &, — &p, |[= 0.8
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3.1.3 Detection

With increase of the MCFOs, both H; and H, deviate from a diagonal matrix, but the
major power accumulate closely around the diagonal. The Minimum Euclidean distance

decision is used consequently, and it can be expressed as

A

_ ; M (2) #*
£, =argmin| K01

(3.9),

where ¢, denotes constellation point for M-ary modulation, i=1, ..., M, k is the

subcarrier index.

3.2 Iterative ICI Feedback Cancellation

This part introduces iterative ICI cancellation. Consider a parallel interference
cancellation (PIC) scheme at each sub-carrier for data detection to reduce the error floor
caused by multiple CFOs. Iterative interference cancellation is usually used to combat the
multiple access interference (MAI). In OFDM systems, time variations are known to corrupt
the orthogonality of the OFDM subcarrier. In this case, like MAI, ICI occurs because signal

components from one subcarrier spill into other. That is

4 r=0
g Nl N-1
Y(’) — £ O (r-1) £ro O (r=1) 3.10
g Yk - Z Gk,RI;lHRl,mXRl,m - z Gk,RmHRZ,mXRz,m r>0 ( )7
m=0 m=0
m#k mk

where )A(I({l) and )2',({2) represent for the symbol decisions of the r-th iteration. The

decisions with interferences are used as the initial values. As the iteration number increases,

more precise estimates of the transmitted symbols can be obtained.

15



3.3 Simulation Results

In this section, we present some simulation results to illustrate the performance of the
proposed MCFOs compensation algorithm. The SFBC-OFDM system uses Alamouti’s
scheme with two distributed relay nodes. The simulation assumes perfect channel state
information (CSI) known and perfect CFOs known at destination node. The simulation

parameters are listed in TABLE 3.2.

Fig. 3.8 depicts the BER performance wheneg,, =04, ¢,, =-0.4, i.e., related CFO = 0.8
when no channel coding is applied. It shows that the performance is poor without iterative
parallel interference cancellation (PIC): With-PIC, the performance is improved. It is also

shown that proposed scheme can further improve the BER performance when compared with

[9].

Fig. 3.9 compares the BER performance with different MCFOs. PIC with 5th iteration is
applied in both cases. We find that when the relative CFO is larger, the performance is better
than that of [9]. The phenomenon can be explained as follows. At low SNR, AWGN is
dominant over ICI terms, so BER decrease with the increase of SNR. However, when SNR
increases, ICI terms will be dominant over AWGN. Along the way, the ICI terms become
larger as relative CFO increases. Therefore, it can be predicted to further improve the BER
performance. Moreover, The Alamouti diversity can be maintained up to when relative CFO

is 0.8. The tolerance range increases to relative CFO is 0.7.

Fig. 3.10 shows the BER performance versus the relative CFO with SNR = 15 and 25 dB.

This shows the tolerance to MCFOs by deploying our proposed scheme.

16
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TABLE 3.2 Simulation Parameter

Channel Model Rayleigh
Fading

Power Delay Profile Uniform
Number of Taps 4
Number of Subcarriers 128
Cyclic Prefix 16
Type of Modulation QPSK

Number of Total Simulated 100000
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Fig. 3.8 Comparison of BER performance in the case of relative CFO = 0.8.
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Chapter 4
Maximum Likelihood Sequence

Estimation for Alamouti Decoding

In chapter 3, we use Parallel Interference Cancellation (PIC) to further improve BER
performance but encounter a latency issue. Therefore, we try to find other solutions which do
not require iterations and maintain. good performance. Consequently, we study [20] in which
the OFDM signal is detected in doubly selective channels-via an MLSE after whitening the
residual intercarrier interference (ICI) plus noise. The step is to first get the covariance matrix
of the noise plus residual ICI which is caused by Doppler affect. And the covariance matrix
remains almost constant any changing parameters, such as Doppler frequency, SNR, the size
of FFT and so on. Then a fixed whitening filter is devised to whiten the residual ICI plus
noise, and an MLSE detector follows to decode the signal. In this chapter, we try to follow the

approach and apply it to the MCFOs case.
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4.1 Whitening By Inversion of the Covariance Matrix

Now, we rewrite Eq.(3.8) into follows

r =HX+H,X +N

=H, X+H, ;X+H, X +H, X +N

1,offd

4.1),
= Hl,dX + Hz,d X'+ (Hl,ofde + Hl,ofde* +N)

*
=H, X+H, X +Z
where

x ok % A ko ok ok k% 7
* k% * % % % %
* % % * * %k k
£ % K * ¥ * %k
H, = *  koox Hop = * % ok * %
* k% E #

* % % * ok k

% * % * %

H, 4 has the same matrix form which likes H; 4, Hoofra  also has the same matrix form which
likes H osta. This means we handle 2p terms of nearest- neighbor ICI as signal and the outside
terms is the residual ICI. r is the sequence with colored noise Z and Ry is the covariance
matrix of Z. The inversion of the covariance matrix is based on eigenvalue decomposition. Eq.
(4.1) is then transformed into

Ryr=R}H,,X+R}H,, X +R/Z

—_— —_— %{_/
r H] Hz’“ Zw

W

(4.2),
r=H, X+H, X +Z,
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where R;é =UD”U", U is the orthonormal eigenvectors matrix and D is the

eigenvalues matrix.

4.2 MLSE Equalizer based on Viterbi Algorithm

MLSE is one of the most effective techniques for equalization [18]. A MLSE equalizer

determines a sequence s as the most likely transmitted sequence when the condition
probabilityP(y | s) is maximized. Therefore, the maximization of the conditional probability

i1s equivalent to minimization operation of the Euclidean distance [19] and here it can be

written as follows
)A(:argmgn r—HX | (4.3),

MLSE can be implemented effectively by utilizing the Viterbi algorithm which is based on a

state trellis structure is shown in Fig. 4.1, and the constellation point is given by the mapping

0 — 5 14
ey
RN
JN
[l tior-Hie Xt | [l r-HieX |
X3 Xy Xt Xio Xir X X1 Xy Xyl
0 0 O » 0 0 0 » 0 0 O
llllll O 0 1 . e 0 . @ O 0 1 . e 0 . @ O O 1 ® o 0 0 00
0 0 2 0 0 2 0 0 2
0 0 3 0 0 3 0 0 3
3 30 3 30 3 30
...... 3 3 l 3 3 l 3 3 1 e e 0 0 00
33 2 33 2 33 2
3 3 3 » 3 3 3 » 3 3 3

Fig. 4.1 MLSE based detection utilizing Viterbi algorithm with QPSK
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4.3 Simulation Results

As in literature [20]. We choose K= 0, 1. The signal to interference plus noise ratio

(SINR) gain within different K is showed in TABLE 4.1.

_ SINR of pre-whitenig
SINR of post-whitenig

SINR gain

TABLE 4.1 SINR gain in different K value in SD case

K SINR gain
0 11
1 12

Fig. 4.2 to Fig. 4.9 show that the channel magnitude of pre-whitening and post-whitening
in different K condition. In order to easily explain the channel, we choose the cross section of
the 50" row of both channel matrices. Through analysis and simulation, we can say that the
SINR gain increase after whitening, but we need to increase the range to do MLSE in our case.

It would cause the complexity to high so that the implementation is a question.
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Chapter 5
MLSE for Spatial Multiplexing

5.1  Spatial Multiplexing in Cooperative Communication

In this chapter, we try to apply the approach in [20] to the case of spatial multiplexing
(SM). The cooperative communication system model with one source node, two relay nodes,

and one destination node with two antennas is shown in Fig.5.1.

mo [T

P L
Sj\ | D

R2 j

Fig.5.1 A cooperative communication system model in SM case.
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The mathematical derivation is

Y, =G™H, X, +G™H,X, +W,

(5.1),
Y, =G™H,, Xp, +G™H, X, + W,
Yi = G™H, G™H, | Xy + W (5.2),
Y, G™H,, G™H, || Xg, W,
where G™ and G™ is the ICI coefficient, Xy, =[X, X, X, -],
X =[X, X, X, --].Finally, it can be written as follows
YSHX+W (5.3),

where X:[X1 X, X, ]

5.2 Simulation Results

First of all, Fig. 5.2 to Fig. 5.4 shows that the channel matrix of SM in different MCFOs
condition. When the MCFOs become large, the channel magnitude would not concentrate
around the diagonal anymore. Unfortunately, this phenomenon caused by MCFOs is quite

different from what have been observed in the case of Doppler affect.

If we still want to use this method of [20], we have to choose the MCFOs value which
is not too large. Because the MCFOs value is not too large, the channel magnitude will
concentrate around the diagonal. We choose MCFOs value that are within 0.4 and K= 0, 1.
Finally, we calculate the signal to interference plus noise ratio (SINR) gain with different K is

showed in TABLE 5.1. When K = 0, the SINR gain is only 1.04. This means that whitening or
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not will not greatly affect the performance. Therefore, we choose the condition of K =1 to
further the investigation. Moreover, the normalized correlation at K = 1 shows in Fig. 5.5. The
figure shows that the covariance matrix will not remain approximately constant as it does in

the case studied in [20].

Fig. 5.6 and Fig. 5.7 show that the channel magnitude of pre-whitening and
post-whitening. In order to easily explain the channel, we choose the cross section of the 50™
row of both channel matrices. Fig. 5.7 shows that we have to include at least four off diagonal
terms to get the performance improvement. Therefore, the calculative complexity is a

problem.

~ SINR of pre-whitenig
SINR of post-whitenig

SINR gain

TABLE 5.1 SINR gain in different K value in SM case

K SINR gain
0 1.04
1 1.5
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Chapter 6

Summary

6.1 Conclusions

Various compensation schemes of synchronization errors in the cooperative MIMO
system are investigated in this thesis. We used a modified SFBC decoding and detection rule
to improve the performance. Iterative-interference cancellation is used to further mitigate the
ICI and reduce the error floor. Through simulation results it has been show that the BER
performance and tolerance range of MCFOs is superior. The Alamouti diversity can be

maintained up to when relative CFO-1s 0.8.

We also investigate other ways to improve the performance, especially the approach of
using MLSE with whitening proposed in [20]. We apply this method to both the cases of
spatial diversity and spatial multiplexing. However, simulation and analysis show that this

approach may not be suitable for combating MCFOs.

6.2 Future Work

Channel estimation should be taken account instead of perfect CSI known in practical system.
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