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Application of LLR on Cooperative Communications
- for Wireless Relay Networks
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ABSTRACT

Decode-and-forward cooperative communications protocol (DFP) allows single-antenna users in wireless medium to obtain the
powerful benefits of multi-antenna systems without physical antenna arrays. For this protocol, so far the relays have used SNR to
evaluate the reliability of the received signal before deciding whether to forward the decoded data so as to prevent their unsuccessful
detection. However, SNR only characterizes the long-term statistic of Gaussian noise and thus leading to inaccurate assessment. Therefore,
we propose using log-likelihood ratio (LLE) which accounts for the instantaneous noise in the received signal as an alternative to SNR. A
variety of simulation results reveal the significant superiority of the LLR-based DFP to the SNR-based DFP regardless of threshold level
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and relay position under the flat Rayleigh fading channel plus AWGN (Additive White Gaussian Noise).

Key Words : DFP, LLR, Rayleigh Fading, AWGN

1. Introduction

Signal fading due to multi-path propagation is a
serious problem in wireless communications. Using a
diversified signal in which information related to the

same data appears iIn multiple time instances,
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frequencies, or antennas that are independently faded
can reduce considerably this effect of the channelfl].
Among well-known diversity techniques, the spatial
diversity has received a great deal of attention in
recent years because of the feasibility of deplpying
multiple ‘antennas at both transmitter and receiver{2].
However, when wireless mobiles may not be able to
support multiple antennas due to size or other
constraints[3], the spatial diversity is unobtainable. To
called
cooperative communications, was born which allows
of

in a

overcome this restriction, a new technique,

some benefits
that

single-antenna mobiles to gain

transmit diversity. The main idea is
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multi-user network, two or more users share their
information and transmit jointly as a virtual antenna
array. This enables them to obtain higher diversity
than they could have individually. The way the users
share information is by tuning into each other’s
transmitted signals and by processing information that
they overhear. Since the inter-user channel is nbisy
and faded, this overheard information is not perfect.
Hence, one has to carefully study the possible
cooperative protocols that can exploit the benefits of
cooperative communications at most. Among three
basic cooperative protocols[3], decode-and-forward
protocol demonstrates the most reasonable trade-off
between implementation  complexity and BER
performance. So, it is extensively discussed in the
literature[4-10].

Basically, DFP has two ways to process the
received signal at the relay in a wireless relay
network. First, the relay always decodes and forwards
the decoded data to the destination[4-5]. This way,
which is referred to as MI in the sequel, is simple
but causing the adverse effect on the eventual
detection of the symbols at the destination if the relay
fails in detecting the signal from the source. To
overcome such a situation,[4-5] proposed DFP with
thresholding based on the signal-to-noise (SNR) or

the square amplitude of path gain. We refer it to as

MZ2-SNR where only the received signal lying above

the preset threshold is decoded and retransmitted to
the destination. It is shown that M2-SNR outperforms
M1{3]. Nevertheless since M2-SNR only relies on
fading level to decide the retransmission without
accounting for the noisy level, it reflects partially the
characteristic of the received signal. In this paper,
LLR instead of SNR is used to assess the quality of
the received signal more reliably in that both noise
and fading are taken into account. This proposed
method is named M2-LLR. In fact, LLR is mentioned
much in literature, especially in [11-12] where it is
employed for the optimum receive antenna selection
and its advantage over SNR is proved mathematically.
Therefore, our work here is considered as the
application extension of LLR in a different scenario:
cooperative communications.

The rest of this paper is organized as follows.
Section 2 summarizes the conventional versions of
DFP to point out their disadvantages which are
solved by the new LLR-based DFP. Then section 3

presents simulation results to verify the validity of the
proposed protocol and finally, the paper concludes in
section 4.

2. Proposed LLR-based DFP

Consider a wireless relay network consisting of
single-antenna terminals: a source (S), a relay (R)
and a destination (D) as shown in (Fig. 1). Assuming
that the channels between terminals experience slow
frequency-flat Rayleigh fading; that is, they are
constant during one-symbol period but change
independently to the next. To capture the effect of
path loss on BER performance, we use the same
model as discussed in [5] where the variance of a; is
given by Ag2=(dsg/dy) with dyj and a; being the
distance and the channel coefficient between
transmitter { and receiver j, respectively and n being
the path loss exponent.

For convenience of presentation, we utilize discrete-
time complex equivalent base-band models to express
all the signals. In addition, we assume perfect channel-
state information at all the respective receivers but
not at the transmitters. The general DFP consists of

two phases.

2.1 First phase
In the first phase, S broadcasts a BPSK-modulated
symbol a and so, the signals received at B and D are

given by
Ysr =gy Ega+ng (D
Ysp =QspyEga+ng, (2)

where y; denotes a signal received at the terminal j
from the terminal i, n; a zero-mean unit-variance
complex additive noise sample at the terminal j, E; the
average symbol energy (ASE) of the terminal .

There are two conventional ways to process the
received signal at R according to DFP:

Olsr Olrp

O 0

Asp
(Fig. 1) Relay network model



Method 1
For MI, R always recovers the original data by
maximum likelihood (ML) decoding as

a= Sign()’k) (3)

where sign(.) is a signum function and
* 2
Yr= Re(aSRySR): |as1z' JEsa+n, (4)

.
with nRZRe(aSRnSR) is a Gaussian r.v. with

zero-mean and variance |0’SR|2/2, given channel
realization; Re(.) is a real part.

Although M1 is simple, if the detection at R is
unsuccessful, the cooperation can be detrimental to the

eventual detection of the symbols at D.

Method 2

This method forces R to evaluate the quality of the
received signal and check whether it satisfies the
preset requirement. If this is the case, the relay
detects and forwards the restored data to D.
Otherwise, it keeps silent in the second phase.
Therefore, the problem of error propagation in M1 is
avoided. So far, only the signal-to-noise ratio (SNR)
or the square amplitude of the channel coefficient
""SRIZ
in DFP.

The instantaneous BER at R for BPSK transmission

is computed from (4) as

P =0 \2E o) )

where @(.) is a Q-function.

is for use in assessing the reliability of a signal

Since P.-sr can also be calculated in term of LLR
in [11], the preset requirement is adopted according to
the error probability P-r.

For M2-SNR, the condition for R to transmit @ in

(3) in the second phase is
2
P gsP; or |aSR, 2T, (6)

where I, = (erﬁnv(l -2F, ))2 /Es becausel)

b NPT )L e BT

(6) shows that the retransmission of R only
depends on instantaneous fading level regardless of
instantaneous noisy level in (4). Therefore, it reflects

1) erfinv(.) is the inverse error function easily calculated by Matlab
software; erf(.) denotes the error function.
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partially the characteristic of the received signal and
thus in several cases the condition in (6) does not
guarantee for R to detect the signal reliably at a
priorly desired degree. For example if ag=+I1 is
transmitted, then the large negative values of np can
still cause the sum in (4) to be negative (equivalently,

wrong decision is made) even though |0‘SR|2 is
extremely larger than 7, As a consequence, we
propose using LLR as [11] to account for the noise
term in (4).

(4) yields the conditional probability density

_Grmxﬁ&q

e,q{
a,|aSR|2\/E)=

( Aol 12
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Y2l /2
Ay
Y, )
Ysr Re() 2 = Sign(yg)
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(Fig. 2) Signal processing at the relay for (a) M1, (b)
M2-SNR, (¢) MZ-LLR

Assuming that @ = -1 or +I is equally likely, its
a-posteriori LLR is given by

p e Pla= el VE )
p(a = —1|yR, aSR|2\/—Esv)

—In p(y,Ja:l, aﬂf@)
P(JRI":—LI%RF\/ES‘)

! 1{ GR—|aSR|2JE<1>T]

Vel 12 2asl 12
=In S
1 expl - (VR _|0‘3R| \/E—s(_l))z
\/27[|aSR|Z /2 2|aSR|2 /2

=4yR\/E7S (7)

It is well-known that the sign of A is the hard
decision value, and its magnitude is a good measure
of the reliability of symbols. Moreover, BER in term
of A is also derived as [11]

1
P = e——
e-SR l+e|A| (8)



604 SEM2(SR=Z A C HI13-CH MIS=(2006.10)

For M2-LLR, R sends a in (3) in the second
phase when

P sR=—1—S-P : |A|zln[L—1j=A0

TR L A T or P, (9)
From (7)-(9), we realize that the proposed method is
different from MZ2-SNR in that it accounts for both
fading and noise terms in (4) and A provides the
reliability information of the maximum a-posteriori
probability decision which minimizes the error
probability. Therefore, it is expected that it will result
in a better performance than M2-SNR.

2.2 Second phase

In the second phase, that the relay to send a in (3)
to D or not depends on the signal processing way in
the first phase?. Assuming that R assists S in data
transmission, the signal arriving at D is of the form

bezaRD\)ER&+nRD (10)

For a fair comparison, it is essential that the total
consumed energy of the cooperative system does not
exceed that of corresponding direct transmission
system. This is a strict and conservative constraint;
allowing the relays to add additional power can then
only increase the attractiveness of the cooperation.
Therefore, complying this energy constraint requires
Es=Er=E7/2 where Er is total ASE of the system
which is also the ASE of the source in case of direct
transmission. '

Now D combines the received signals from both
phases based on MRC (Maximum Ratio Combining) to
detect the transmitted signal a

a= sign(RLe(a;DySD +Qpp Ve )) (1

Using (2), (10) and the fact that Es=Eg to rewrite
(11) as

a= sign(\/Eis-(JaSD’za + Iamlzé)+ n)
= signlyEs el + el 1) 2

Here 7 :Re(a;onso +a;w":w) is a Gaussian r.v.
with zero-mean and variance (lasp/*tlarol®/2, given
channel realizations; €= -1 means that the relay made
the wrong decision on the symbol a and otherwise,
e=1.

2) If (6) or (9) is satisfied, the signal restoration at D is based on (11).
Otherwise, the term yrp in (11) is considered as zero.
D can detect the presence: of the signal from R by measuring the signal
strength in the second phise.

3. Simulation results and discussions

An asymmetric network geometry 1is examined
where the relay is located on a line between S and D.
The direct path length S-D is normalized to be 1. We
also denote d as the distance between S and R. In all
presented results, the path loss exponent 5 = 3 1is
under investigation.

Monte-Carlo simulations are performed to verify the
effectiveness of the proposed protocol. (Fig. 3) depicts
the BER performance of different transmission modes
for Per = 0.1 and d = 0.6. It is observed that no
matter which version of DFP is used, the cooperation
significantly improves the BER performance in
comparison with the direct transmission with E7 gain
of about 8dB and 11dB at the target BER of 107 for
M2-SNR and MZ-LLR, respectively. These results
are obvious because the cooperation benefits from

diversity gain as well as from path-loss reduction.

When R is near S, the quantity ’asn|2 is usually
large due to small path-loss, leading to the first term
in (4) to dominate the remaining term. Therefore in
such case, M2-SNR and MZ2-LLR obtain the same
performance. This is illustrated in (Fig. 4) for d=0.3.
Moreover as d increases, the above property is no
longer correct and now, the noise term ng dramatically
affects the sign of the expression (4). As a result,
MZ2-SNR performs worse for d=0.5 and 0.7. The
performance degradation occurs similarly for MZ-LLE.
However, since M2-LLR evaluates the reliability of

2
the received signal based on yg, not on |a5R| and ng
individually, its performance is superior to M2-SNR.
Specifically, M2-LLR achieves a total energy gain of
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(Fig. 3) BER comparison among direct transmission, M2-SNR,
M2-LLR
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(Fig. 4) BER comparison between MZ2-SNR and MZ2-LLR via d

2dB over M2-SNR for d=05 and 0.7 over the whole
range of Er.

The influence of the threshold on BER performance
of M2-SNR and M2-LLR is shown in (Fig. 5) for
d=0.8. It is well-known that if the threshold (T or A
0) is so large, then the diversity order is reduced since
the probability that the relay retransmits the source
data is small. Also, the small threshold (T, or Ap)
increases the percentage of incorrect detection at the
relay and thus decaying the performance of the
receiver. This remark is once again shown in (Fig. 5)
for both M2-SNR and M2-LLR. Moreover, we expect
the optimal threshold values but unfortunately, so

a=0.8

—+— M1 S
-~ M2:SNR-P, 1=0.1
10 - M2ALAP, 1=0.1

——— M2:SNR, (=0.01
5 ~ = -M2ULRP, =001

£, (08)
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d=0.8

—t—M1

——  M2:SNR-P, 1=0.001
 M2URP, =0.001

—aee. M2:SNR-P 1=0.0001
— » -M2-LLR-P, 1=0.0001

(Fig. 5) BER performance via thresholds
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difficult to find out wunless through exhaustive
experiments.

(Fig. 5) also demonstrates that M2-LLR performs
considerably better than M1 for any value of Er and
the investigated threshold. Nevertheless, MZ2-SNR is
really superior to MI when E7 is high. This is
consistent with the remark in section 2 about the
performance of evaluating the reliability of the
received signal through SNR and LLR. For large
values of Er, M2-SNR really performs well because
of the dominance of the first term in (4) over the
second one. Otherwise, the noise term np plays an
important role and the wrong decision can be made if
ignoring it. Therefore, M2-LLR which considers both
terms shows its advantage under any condition of
threshold as well as E7. Moreover, it is realized that
MZ2-LLR attains better performance than M2-SNR

with the energy savings of 2dB at any target BER.

4. Conclusion

LLR is an efficient measure for evaluating the
reliability of a signal. Its application in DFP illustrates
that the LLR-based DFP dramatically outperforms
SNR-based DFP and threshold-free DFP (MI) under
any scenario of BER threshold, relay position and
transmit power. Therefore, M2-LLE which is very
should be
considered as a promising technical solution for

simple with high BER performance
cooperative communications in the future wireless
relay networks to improve the quality of information
transmission and extend the coverage area as well.
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