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An MLSE Equalizer for Cooperative Communication with
Multiple Synchronous Errors

Student : Che-Sheng Lian Advisor - Tzu-Hsien Sang

Department of Electronics Engineering & Institute of

Electronics National Chiao Tung University

ABSTRACT

In cooperative communication systems, multiple carrier frequency offsets
(MCFOs) due to the varying accuracies of ‘each node’s oscillators and different
Doppler spreads may result in/severe Inter-Carrier. Interference (ICI), which drastically
degrades the performance of BICM-OFDM systems. With proper approximation of the
transmission environment, it is straightforward to obtain an equivalent channel matrix
taking ICI into account. Based on the trellis structure and the fact that ICI energy is
concentrated in adjacent subcarriers, we incorporate an MLSE equalizer into a turbo
decoder to eliminate ICI caused by MCFOs and the Doppler effect; henceforth the full

diversity is achieved, as shown in computer simulations.

Keywords— MCFO, Doppler effect, MLSE, OFDM, BICM, Cooperative Diversity.
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Chapter 1

Introduction

Diversity is an attractive way to combat fading in wireless communications
because it consumes neither time nor frequency resources. However, to implement
diversity schemes, in single-user point-to-point communication systems, multiple
antennas should be equipped in the transmitter and/or receiver, which increase the cost
as well as the size of the equipment. This is.extremely difficult for a mobile station or a
sensor terminal because of their limited size and low-cost requirement; therefore,
cooperative communication has attracted ~much attention in the wireless
communication filed in recent years due to its potentials in the enhancement of
diversity, achievable rates and coverage range. The advantages of cooperative
communication have been proved by Sendonaris who has employed it as a diversity
theory in uplink communication channels [1], [2]. Although both multiple antenna
systems and user cooperative communications can achieve spatial diversity, there is a
major difference between these two, which is the issue of synchronization. For
conventional multiple antenna systems, synchronization is not a problem since all the
antennas in the transmitter or receiver are controlled by on oscillator. However, in
cooperative communications, each relay has its own oscillator. Thus, synchronization
parameters may be different for each relay node and difficult to synchronize or

compensate simultaneously at the destination node.



Several methods of achieving cooperative diversity in asynchronous
communication systems have been considered. For timing errors, distributed
space-time code (STCs) to achieve full cooperative diversity without the requirement
of time synchronization have been studied in [3]-[6]. Frequency synchronization is
another important issue to be addressed. The compensation of multiple carrier
frequency offsets (MCFOs) in cooperative systems appears to be a challenging
problem. Conventional equalization techniques are proposed to combat the MCFOs
[7]-[10]. However, the time-varying channels make the direct equalization
computationally complex [8], [10]. Based on [6], low complexity recursive MMSE and
MMSE-DFE equalizers are designed in [9] to achieve the cooperative diversity for flat
fading channels with both timing érrors and MCFOs. However the full diversity may
not be maintained after the equalizations. For orthogonal frequency-division
multiplexing (OFDM) _systems, another approach to deal with the MCFOs is
combining space-frequency code (SFCs) with subcarrier precoding. In [11], a
cooperative  transmission: - 'scheme combining intercarrier-interference  (ICI)
self-cancellation precoding, which is first proposed in [12] for the conventional OFDM
systems, with Alamouti STC for two relay nodes was proposed, where only half of the
subcarriers can be used for data. In [13], another OFDM technique is proposed for
overcoming both time and frequency offsets, where longer than OFDM FFT size cyclic
prefix (CP) is exploited to mitigate the CFO. Apparently, both methods are not
bandwidth efficient. In [14], a frequency shift SFC is shown to be effective for large
MCFOs, but is only applicable to frequency nonselective fading channels. Aside from
the afore-mentioned asynchronicity, to the authors’ knowledge, multiple Doppler
effects have not been considered in literature for OFDM systems which are very

sensitive to synchronous errors. It is clear that residual MCFOs and mixed types of



Doppler spreads will induce severe ICI and irreducible error floors in bit error rate

(BER) performance.

In this Thesis, we study cooperative (virtual) MIMO OFDM systems with
extensive synchronous errors including multiple timing errors, MCFOs, and Doppler
effects. The synchronous errors, with careful receiver design, can actually improve
diversity gain. MCFOs, in a way similar to the phase roll scheme [15] but without the
requirements of meticulous phase offset design, helps converting space diversity to
time diversity. Similarly the timing error converts space diversity to frequency
diversity, and deep Doppler effects may provide extra time diversity when the channel
undergoes rapid changes. Bit-interleaved coded modulation (BICM) [16] is chosen as
the baseline system due to its_excellent capability of exploiting the diversity gain in

fast fading channels.

Our transmitting scheme. 1s adopted from [17], while the receiver is further
modified. An MLSE equalizer is incorporated into the turbo receiver to compensate the
asynchronous effects in cooperative scenarios. Comparison is made to show improved
performance of the modified system over the original one in [17] equipped with an

MMSE equalizer.

The rest of the Thesis is organized as follows: In chapter 2, we first give the
system model of decode and forward (DF) protocol based cooperative communication
systems, we then describe that transmission and receiver model in time/frequency
domain. In chapter 3 the properties of ICI channel due to MCFOs and Doppler effects

are described. The modified turbo receiver with MLSE equalization is proposed in



chapter 4. Simulation results are presented in chapter 5. Finally, conclusions are drawn

in chapter 6.

Notations: superscripts (+)’, (-}, represent transpose and Hermitian, respectively.
|()], E[(-)] denote the norm and the expectation of (-), respectively. diag(-) is diagonal
matrix with main diagonal (-), the denote [(-)];s is the element in r-th row and s-th

column and < ->y represents the modular NV operation.



Chapter 2
System Model

In this section, we will give the system model considered in this Thesis. The
cooperative communication model is adopted from [17]. Then the transmission model
in frequency domain with MCFOs and Doppler effects is given. Note that
BICM-OFDM is considered throughout the Thesis and perfect channel estimation is

assumed..

2.1 Cooperative communication system protocol

In [18], various cooperative diversity-schemes are developed for a pair of
terminals with relays amplifying the" received signals or decoding and repeating
information. They are referred to these as amplify-and forward (AF) and
decode-and-forward (DF) scheme respectively. Both classes of algorithms consist of
two transmission phases. Fig. 1 illustrates these two phases. In the first phase, the
source node broadcasts to the potential relays. The relays either decode and forward
the received data or simply amplify the received signal to the destination. With the
simplified model commonly used in asynchronous cooperative communications, we
focus on the second phase in this Thesis. Consider an asynchronous cooperative
communication system formed with M relays transmitting the same data stream to the
destination. It is further assumed that each node has only one transmit/receive

antenna.



Destination
Node

Source
Node

Phase 1 Phase 2

Fig. 1. The two phases in cooperative communication systems with three nodes.

2.2  Transmission model

In this Thesis, decode-and-forward protocol and BICM-OFDM system model are
adopted. Fig. 2, show a generic block diagram of a system employing BICM-OFDM,
at the source side the information bits denoted b are first encoded by the outer
convolutional encoder and the encoded bits are denoted by c€C, C being the codeword
set. The interleaver || operates on-K OFDM symbols of encoded bits with the output
denoted by c¢’, then the inner differential precoder with recursive structure [19] is
deployed to enhance overall performance and its output is denoted by d. The resulting
bits are mapped into QAM or PSK symbols. The set of constellation points is denoted
by ¥, as y bits are mapped into one of 27 constellation points according to the mapping
rule. After loading the modulated symbols onto active subcarriers, OFDM signal x is
generated via N-point IFFT and CP is inserted. The performance depends on the size of
interleaver that is yKN bits. Note that the encoded bits are interleaved across several
OFDM systems and it is called time-frequency interleaving. The time-domain

transmitted signal at Relay Node a can be written as

N-1 27mnk
xa(k)zﬁzxa(n)ej v ,-N,<k<N-I (1)



where X,(n) is the modulated symbol at the n-th subcarrier, N is the OFDM
symbol length, N, is the length of CP, k is the sampling index, a€{1,2,...M} 1is the
relay node index, and M is the number of relays. Assume the CP is longer than the

largest channel delay spread plus timing error so that ISI can be ignored.

2.3  Receiver Model

In this subsection, time varying multipath Rayleigh fading channels are considered,
and the discrete time baseband equivalent received signal at the £-th sampling time can

be expressed as

=D N S (), (k1= 1,)+ Z (k) (2)

a
a=1 1=0

where ¢, and 7, represents ‘the;normalize CFO and the timing error between
destination node and the a-th relay node. Let 4,(k,/) represents the /-th path gain of the
multipath Raleigh fading channel from the o-th relay to the destination. The

wide-sense stationary uncorrelated scattering (WSSUS) channel [20] is assumed with

E[h) (k,1)h, (m,l')]zafr(q)é'(l—l') 3)

where o denotes the variance of the /-th tap gain with normalized average power

2]:21”:10-,3 =1, L is the number of multipath, »(g) denotes the

B 2 b (1




normalized tap autocorrelation ( #(0)=1 ), and d(/-/") is the Kronecker delta function.

Moreover, assume the paths are subject to Rayleigh fading, so that [7]

r(q)=J,2nf,(k—m)T) (4)

where Jy( - ) denotes the zero-order Bessel function of the first kind and f,, is the
Doppler frequency of the a-th relay node, 7 represents one OFDM symbol time, x,(k)
is the transmitted signal of the a-th relay node, and z(k) is additive noise, which is
independently and identically distributed (i.i.d.) complex Gaussian random variable
with zero mean and variance 2. Consider the model in frequency domain by taking
the N-point DFT to y(k) in (2). The p-th OFDM symbol in the frequency received

signal can be written be

R, 2F(0)
M

H
ZF E.oH, FX, +Z;

M 5)
= ZTOAPGO‘»PXP + ZP

where R, £[R v, »Roy sises Ry oyo]” s an N1 frequency domain receiver vector,
N,=(p-1)N denotes the starting index of each OFDM symbol, F=1/N exp{j2znk/ N}
is NxN the IDFT matrix with (n,k), the entry [F],, = I/Wexp {2n(k—1)(n—1)/ N},

n=1,2,..,N, X, = Fx(k) and Z,= F"z(k) are the frequency domain transmitted data

and additive noise, respectively, where X, and Z, are an KNx1lvector. Since FFT is



unitary, the entries of Z, are still white complex Gaussian variables with mean zero

and variance .

Source Node

'
ion | C c X X
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The o —th Relay node
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e
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A

Fig. 2. The block diagram of the proposed scheme for asynchronous cooperative

communications.



Chapter 3
The Property of ICI Due To CFO
and Doppler Effect

With static channels, H is circulant. Hence Ga7p=FHHa7pF, where G, is diagonal.
For typical OFDM systems, the received signals are equalized by the one-tap equalizer
per subcarrier. However, for time-varying channels, H shown in (7) is no longer a
circulant matrix, thus G is no longer diagonal. The off-diagonal entries of G can be

written as [17]

N-1 L-1 27k (s—r) 27sl

[Ga’p]r’s=%ZZhQ(Np+k,l)ej Nl (8)

k=0 /=0

The off-diagonal elements of G represent the ICI coefficients caused by Doppler

effect.

Next we consider MCFOs. T,, 1is defined as FHEa,pF, where

2me,N, 2me, (N ,+1) 27me, (N,+N-1)
J J J
— A5 N N N 1 1 1
E,, =diag(e ,e yeeer € ) is an NxN diagonal matrix

representing MCFOs. T, can be called as an ICI matrix due to MCFOs since when
£.#0, the off-diagonal elements of T, represent ICI coefficients and can be expressed

as [17]

10



N— 27(N,+k) (&, —r+s)

1
S
[T, )= 2€ N
P AT, N p 9
sin(z(e, —r+5)) m(l%)@a—w) ©)
Nsin(w)

The overall ICI matrix as G, =7, G,,- ICI can destroy orthogonality between

a,p-a

subcarriers and OFDM systems in time-varying channels tend to suffer from severe

performance degradation. This problem ranks as our top priority to be solved.

It is common to approximate G as a banded matrix with the most significant
elements around the main diagonal, and all elements elsewhere are close to zero. In
other words, choose D as the bandwidth and ignore the entries outside the band, the

approximate matrix G ‘is then (see Fig. 3):

(10)

_ 0, D<|r-s|<(N-D),
[G]”:{ <IS{EN-D)

[é] elsewhere.

r,s2

Fig. 3. Structure of approximated ICI matrix. The Blank parts are zeros.
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h,(N,.0) 0 h,(N,.2) h,(N,.1)
h,(N,+11) h,(N,+1,0) h,(N,+13)  h,(N,+12)
: h,(N,+2,1) : :
H, = h,(N,+L-1,L-1) :
0 h,(N,+L,L-1) 0 0
0
I 0 0 « h, (N, +N-11) ha(Np+N—1,0)_

(7

Intuitively, ICI terms due to MCFOs and Doppler effects are mainly caused by
adjacent several subcarriers. For a given N, the approximation error depends on the
value of normalized CFO ¢, and D. The smaller the ¢,is, and the larger the D is, the
smaller the approximation error is. Besides. the banded structure of ICI matrix, we will
also take advantage of the fact that G  is a Toeplitz matrix, and the residual ICI is

modeled as equivalent Gaussian noise.

From the perspective of ‘frequency-domain, the received data vector in the
absence of noise comes from the circular convolution of the transmitted data vector
with the ICI channel caused by the MCFOs and Doppler effects, and the channel
length is O=2D+1. This observation implies that an MLSE equalizer in the frequency
domain may be able to compensate for the performance loss caused by ICI. As a result,
a turbo decoder incorporated with such equalizer shown in Fig. 2 is proposed. More

details will be presented in the next section.

12



Chapter 4
MLSE Based Equalizers

In this section, we explain the design of the MLSE equalizer in the frequency
domain and the overall receiver. The iterative receiver consists of a Soft-Input
Soft-Output (SISO) MLSE demapper/equalizer and Maximum A Posterior (MAP)
decoders for both the precoder and the convolutional encoder. The soft outputs are
typically represented by the log-likelihood ratio (LLRs). The signal detection in the

demapper/equalizer is carriedout with MLSE.

The task of the equalizer is to estimate the transmitted X based on the received
observations R. more specifically, the maximum likelihood sequence estimation is to
choose that sequence of symbols X={x,xs;...,xx} that maximizes the likelihood of the
received sequence of observation R={Rj,R,,....Rx}, i.e., maximizes the joint
conditional probability the P(R|X). the obtained sequence is the optimal solution and
procedure is referred to as MLSE. There exist basic approaches to implement an

MLSE equalizer in [21].

The states at the k-th stage of the associated trellis diagram are related to the Q-1

most recent transmitted symbols, i.e.,

Sp = (x<—D+k>N s X Dikt1sy 2 Ko Xepipois, ) (1 1)

13



Thus, each state corresponds to one of the 2"¢™"

possible vectors that can be
formed from Q-1 symbols. There are 2’ allowable transitions that emerge from a state
sx and terminate at 2 different states s4+;, leading to a total of 27? transition branches
connecting two successive states (sy—si+1). Each transition is associated with a cost,
contributing to the total cost of a path along the states. The cost of the i-th transition

between s; and s;+; exists transition probabilities is called a branch metric, connecting

two specific consecutive states (sy—Si+1), 1S given by

1 _
7:(s; = 8,)=——| R, —GX[ (12)
20

z

Note that each state has 2’«incoming branches except a few stages in the beginning
and in the end. Each incoming branch is due to the advent of a new symbol. Of the 2’
incoming branches, only the one connected, and-the new symbol metric I'(sy) is

calculated that formulation represent

F(s0) = (5,047,050 = 500)+ 3 L0k (d) A7 () (13)

n'=1

where 27 (+)is priori bit LLRs by the SISO outer decoder and 1"(x) is

represent the constellation point x of the value at the »’-th bit. That retained path is
referred to as survivor path. After all states of the trellis have been gone through, the
smallest state metric be found and trace back that the X is obtained. Fig. 4 shows the
trellis diagram for two-tap complex channel in frequency domain when the 4-QAM

signaling scheme and Q=2 is adopted.

14
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R —gos*(1+ )+ g ¥ (14 /)

I+ = > 4]
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-1-3 e -1-]
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k=1 Sk Skt1

(a) (b)

Fig. 4. (a) Show the trellis diagram for 2’ allowable transitions from a state s, and
terminate at 2” different states s4+;. (b) The cost of the i-th transition between s; and

Sk+1 €xists transition probabilitiesis called a branch metric only the one connected.

The LLR of a bit d'is defined as

LayzitE o) (14)

Thus MLSE output bit LLRs is transformed by symbol metric.

Lyyg(d})=In Y, P(R(k)|G,X)

Xey!

~In > P(R(k)|G,X), (15)

Xex

- LIA’/ZSE (d; )

where d,; represent n-th bit at k-th transmit subcarrier is mapped, y, represent

constellation point set of n-th bit is b €{0,1}.The inner and outer decoder are adopting

15



a maximum a posterior probability (MAP), output are the bit log likelihood ratio and
log-MAX algorithm is usually applied for lower computational complexity. A trade-off

between complex and performance can be achieved by different choices of D, K, and .

The complexity is concerned in the receiver, the computational complexity of MLSE
is O (IN2"@") where I is number of iteration and MMSE is O (N°) in one OFDM
symbol, the MLSE is over the MMSE when using high order modulation or choosing

large D.

16



Chapter 5

Simulation Results

To demonstrate the effectiveness of the MLSE equalizer approach for cooperative
communication system with 10> Monte Carlo simulations, we compare the Bit Error

Rate (BER) performance between the MLSE equalizer and MMSE equalizer.

We consider a BICM-OFDM system with N = 64, CP length = 8§, and 4-QAM
modulation. A two-path« wide-sense stationary: uncorrelated scattering (WSSUS)
Rayleigh fading channel (generated using Jakes Model) between any relay nodes and
cach relay are equal power, the convotional code uses G(D)=(1+D? 1+D+D?) as the
generator polynomial, and G(D)=1/(1+D?) is the generator polynomial for the precoder.
One frame consists of 10 OFDM symbols. Furthermore, perfect estimations of MCFOs
and channel matrices are assumed. The diversity order of BICM-OFDM for

cooperative communication is addressed in [17].

17



Fig. 5 shows the BER performance versus SNR for the comparison between
conventional MMSE equalizer, traditional 1-tap equalizer and the MLSE equalizer in
synchronous impairments.

For the simulation, normalized Doppler frequency f@=0.001 is employed at both
relays, the normalized MCFOs are 0.2 and -0.2. With the large MCFOs, the 1-tap
equalizer suffers an obvious error floor. In [17], the author use an MMSE equalizer to
combat ICI, but an SNR loss occurred. On contrast, the MLSE equalizer not only
successfully compensates for the ICI but also obtain an SNR gain about 3dB. The
benefits of SNR gain, we can via SINR to explicit explanation and the derivation in
appendix. The optimal solution is joint processing of demodulation and decoding is
considered, which lead to approach low: bound. The low bound is ideal cancel
intercarrier-interference is> obtained. Notice that with both equalizers the system

achieves full diversity.

Fig 6 shows the results for the two relay nodes and three relay nodes. It can be
seen from the figure that as the number of relay increases in the systems, the diversity

order of distributed BICM-OFDM increases up to the maximum diversity of

H
min{MXrrXL,dsee}, Where T is rank of E[HH ]. is addressed in [17]. It can be

observed that the tree relays case has a diversity order of 5 and the BER curve is steep.

In Fig. 7, all the realistic synchronous impairments are considered. The timing
errors is [0 3], normalized Doppler frequency is 0.1 for both relays and MCFOs is [0.2
-0.2]. In our proposed the performance show efficiently collects the diversity form time

diversity due to the Doppler effect, frequency diversity due to timing error and special

18



diversity converted to time diversity due to MCFOs. It observed that the diversity is

more than four.

BER

| —©— Tradtional 1-tap equalizer lteration=>5 |-
|| —*— MMSE equalizer Iteration=5
1074 A MLSE'‘equalizer D=1 Iteration=5
i —&— MLSE equalizer D=2 Iteration=5
sl Lower bound
10 T T T L T
0 2 4 6 8 10

SNR

Fig. 5. BER comparison between MMSE equalizer, 1-tap equalizer and MLSE

equalizer in the cooperative communication.
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Fig. 7. The BER for cooperative communication under time error
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Chapter 6

Conclusions

BICM has the potential to improve performance with relatively ease in many
OFDM wireless communication systems. In this Thesis, it is shown that, with proper
receiver design, the BICM-OFDM can be effective to combat synchronous errors as
well as harvest potential diversity gain in cooperative communications. Typical
BICM-OFDM systems suffer error floors due to ICI caused by MCFOs and Doppler
effects. To deal with such a problem, we propose an MLSE-based frequency domain
equalizer combined with a turbo decoder to break the error floor. The proposed
approach has BER approaching the performance bound, and it is flexible in a way that
extension to more relays.-for improvement in diversity gain is straightforward. The
complexity is a big problem in the receiver if D is greater than three, and future

research in the complexity reduction will be considered.

21



Appendix

The received signal in frequency domain can be written
R=GX+Z (16)

As the derivation in [22], it is derive the MMSE equalizer as
w=G"(GG" +1/SNR)™ (17)

After the MMSE equalizer we can rewritten as

R==wR~ X + wZ (18)
& ——

signal power  noise power

The SNR of MMSE equalizer is obtained form (18) in high SNR

2 2
O (o)

SNRyfvse Sl O 19
O T B ot 4o (19)

The received signal can be decomposed signal part and interference & noise part

for MLSE case

R= GX + (G-G)X+Z (20)

signal power.__. .
gnatp interference and noise power

The SNR of MLSE equalizer is obtained form (20)

E[GG" o’ _ 09507
E[(G-G)G-G)']+a’ 0.05+07

SINRMLSE: (2 1 )
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