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Abstract A two-path amplify-and-forward (AF) relaying
scheme, which uses two relays to retransmit for the source
alternately, was proposed by Rankov [Rankov et al. IEEE
Journal on Selected Areas in Communications, 2007, 25
(2): 379-389]. This scheme can avoid half-duplex loss in
spectral efficiency, but it cannot work well when the inter-
relay channel gain is strong. An efficient detection scheme
for two-path AF relaying system is proposed in this paper.
In the proposed scheme, interference cancellation is first
performed at the destination so that the received signal
after interference cancellation is the superposition of two
symbols with noise. Then, a low complexity soft
maximum a posteriori (MAP) decoder and an iterative
soft decoder are employed to extract the diversity of the
two relay-destination links. The proposed detection
scheme can efficiently improve the system performance
compared to the detection scheme presented by Rankov
(2007), especially when the inter-relay channel gain is
strong.

Keywords cooperative diversity, amplify-and-forward
(AF), maximum a posteriori (MAP), iterative decoding

1 Introduction

Multiple-input multiple-output (MIMO) technique has
gained a great deal of attention recently. It is regarded as
the next-generation wireless communication technique
because it can offer potential spatial diversity and capacity
gain compared to single-input single-output (SISO)
technique [1,2]. Transmit diversity technique [3] has
been proposed to exploit spatial diversity to combat the
effect of fading in wireless communication systems. The
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terminals need to deploy multiple transmit antennas to
provide transmit diversity. Since the base station can
support multiple antennas, transmit diversity is advanta-
geous for the downlink.

However, for the uplink, users may not be able to
support multiple antennas due to limitations of the size,
cost or complexity. In this scenario, cooperative diversity
has been first proposed in Ref. [4]. The basic idea of
cooperative diversity is first studied in Ref. [5]. The spatial
diversity can be exploited by cooperating transmission
even when each user only has a single antenna. In
cooperative communication systems [6,7], each user has
partners who serve as relays for it. Reference [6] proposes
two classic cooperative diversity schemes called amplify-
and-forward (AF) and decode-and-forward (DF). In AF
method, each user receives its partners’ noise-affected
signal and then amplifies and retransmits it. In DF method,
each user receives its partners’ information, decodes it, and
then retransmits it.

Two schemes presented in Ref. [6] can provide
significant gain compared to a non-cooperative diversity
scheme. However, cooperative communication requires an
extra channel used for retransmission, and terminals
operate in half-duplex mode; thus, the spectral efficiency
is decreased. In order to reduce the loss in spectral
efficiency, a lot of research has been done, and some
cooperation strategies are presented in Refs. [§—13]. In
Ref. [8], distributed space-time codes are used for
retransmission. In Ref. [9], multiple-user cooperative
diversity is considered, and data are jointly encoded. In
Ref. [10], spectral efficiency of cooperation scheme is
improved by exploiting signal space diversity. In Ref. [11],
coded cooperation that does not reduce the spectral
efficiency is proposed. In Ref. [12], superposition
modulation is used for DF cooperating transmission. In
this scheme, each user superposes its own data with its
partner’s data and then transmits them. Therefore, there is
no loss in spectral efficiency, too. Reference [13] considers
the generalization of the scheme proposed in Ref. [12] to a
multiple-user scenario.
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On the other hand, two-path relaying scheme is
proposed in Refs. [14-17]. In this scheme, each user has
two half-duplex relays that alternately listen and relay
information. Thus, the half-duplex loss in spectral
efficiency can be avoided. In Ref. [14], orthogonal direct
sequence spreading codes are used, and the scheme is
based on DF cooperation. The scheme presented in Ref.
[15] is also based on DF cooperation, and a V-BLAST
detection algorithm is performed at the receiver. In Ref.
[16], the two-path relaying method is first proposed.
Interference cancellation is performed at one relay to
reduce the inter-relay interference that leads to an
equivalent space-time delay coded system. The received
signal at the destination is the superposition of three or four
symbols with noise, and the maximum-likelihood
sequence estimator (MLSE) is employed. The main
disadvantage of this scheme is that implementation
complexity is increased greatly because one of the relays
must estimate the inter-relay channel coefficient, and store
the analog signal received in the previous slot, and then
performs interference cancellation. Reference [17] con-
siders a similar two-path relaying scheme, but neither of
the relays performs interference cancellation. Moreover,
the scenario where there is no direct connection between
the source and the destination is considered, and
successive decoding with partial or full cancellation of
the inter-relay interference at the destination is performed
in Ref. [17]. Therefore, the complexity of this scheme is
low.

However, the scheme presented in Ref. [17] can only
work well when the inter-relay channel gain is not strong.
When the inter-relay channel gain is strong, the accumu-
lated noise interference will damage the system perform-
ance. In order to improve the system performance, we
propose an efficient detection scheme for the system
presented in Ref. [17] in this paper. To keep the low
implementation complexity of AF cooperation, relays do
not perform interference cancellation; they only amplify
and retransmit signals. The destination performs inter-
ference cancellation to dispose the previously received
signal. Simultaneously, the previous noises from relays are
also canceled. Moreover, the received signal after inter-
ference cancellation at the destination is the superposition
of two symbols with noise, which is similar to the received
signal in the cooperation scheme based on superposition
modulation [12]. Then, a low complexity soft maximum a
posteriori (MAP) demodulator similar to that presented in
Ref. [12] is employed to extract the diversity of the two
relay-destination links. The proposed scheme outperforms
the scheme presented in Ref. [17], especially when the
inter-relay channel gain is strong. Furthermore, when
source-relay channels are additive white Gaussian noise
(AWGN), the iterative soft decoding is studied. In this
scenario, diversity order of two can be achieved, while the
scheme presented in Ref. [17] still cannot provide
diversity.

The rest of this paper is organized as follows. In Sect. 2,
system model is described, and interference cancellation
performed at the destination is introduced. The decoding
scheme is presented in Sect. 3, and simulation results are
provided in Sect. 4. Finally, Sect. 5 contains the main
conclusions.

2 System model

In this paper, we adopt the system model described in Ref.
[17]. Each terminal has a single antenna, and all channels
between terminals are assumed to be quasi-static Rayleigh
flat-fading channels, which remain constant over at least
one frame. The source terminal 7} attempts to transmit
information to the destination terminal 7,, and the
terminals 75 and T4 serve as relays for 7). Assume that
T5 and T, cannot receive and transmit simultaneously due
to the half-duplex constraint, and the source is far away
from the destination so that there is no direct connection
between T, and 7,. The transmission schedule is shown in
Fig. 1. In each slot, T} transmits a new message, and relays
alternately receive and transmit. Without loss of generality,
we assume that T3 receives in odd slots and transmits in
even slots, whereas T, receives in even slots and transmits
in odd slots. Therefore, there is no half-duplex loss in
spectral efficiency.

slot 2k—1 slot 2k

Fig. 1 Transmission schedule for two-path relaying with alter-
nating relays

Channel reciprocity for inter-relay channels is assumed,
and the channel fading coefficient between terminals 7; and
T; (ij € {1,2,3,4}) is denoted as %;. The variances of /3
and /4 are assumed to be equal and set as

3{|h13|2} = 8{|h14|2} =V,

and the variances of /3, and A4, are set as

3{‘h32|2} = 3{|h42|2} =0.

Note that & denotes the expectation operator. For the
simplicity of notation, we consider the symbolwise
retransmission at relays, but the generalization to block-
wise retransmission is straightforward.

Assume a frame of 2N symbols {x[n]}2Y, is transmitted
from T in 2N slots. Then the received signal at T3 in slot
2k—1 (k=1,2,..,N + 1) can be expressed as
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y3[2k* 1] = h13x[2k71} + n3[2k71]

k-1
+ ) {hi3x[2k—1-2i] + n3[2k— 124}
i=1
k—1 )
+ {hyax[2k =21 + ny[2k =20},
i=1

)]
and the received signal at 7y in slot 2k (k = 1,2,...,N) can
be expressed as

Val2k] = h4x[2k] + ny[2K]

k-1
+ > {hyax[2k - 2] + ng[2k 24}
i=1

k
+ Z{h|3X[2k + 1721'] + 15 {2]( + 1*2i]}f2"71’
i=1

@)

where

J = Phsa, 3)

and n3[2k—1] and n4[2k] are additive noises at 75 and 7y,
respectively. They are modeled as independent complex
zero-mean Gaussian random variables, and

e{|ns2k—1])?} = e{[na 24} = Ny (k = 1,2,..,N + 1).

f is the amplification factor, and

| PR
P]V] +N0’

the first retransmission of each frame,

Py
Pylhsal* + Ny’ 4)

the last retransmission of each frame,

Py
Pyvy + Prlhsal” + Ny

else,

where P is the average transmit power of 77, and Px is the
average transmit power of T3 and 7. In this paper, we set
P, = Pg. Signals y3[2k— 1] and y,[2k] are amplified with S
and then retransmitted by 75 and Ty; the received signals at
T5 in slot 2k and slot 2k 4+ 1 can be written as

V2[2k] = h3oBy3[2k —1] + n,[2k]

(k=12,..N+1),
(%)
22k + 1] = hapPys4[2k] + ny[2k + 1]

(k=1.2,...N),

where {n,[k]}¥3? are additive noises at T». They are
also modeled as independent complex zero-mean
Gaussian random variables with variance Ny/2 per
real dimension. Note that 7, does not receive in the first
slot.

Assume that perfect channel state information between
T5 and T, is available at the destination. Then T, performs
interference cancellation. By subtracting the previous
received signal, we obtain

VK = nalk + 1=k 1] (k= 12,.2N +1). (6)
Equation (6) can be written as

Y2k 1] = hyf{h3x[2k — 1] + fhy4x[2k - 2]}

+n2k—-1] (k=12,.,N+1), 0
V2k] = hypB{hax[2k] + fhysx[2k — 1]} + n[2K]
(k=12,...,N),
where
n[2k —1] = hyyfns2k — 1] + hpffing 2k 2]
+ ny[2k] —f*ny 2k - 2], (8)
and
n[2k] = hyopng|2k] + haofffins[2k 1]
+ ny[2k + 1] —f2ny 2k 1]. )

Equation (7) shows that the received signal after
interference cancellation is the superposition of two
symbols with noise. Hence, this scheme can be regarded
as an extension of cooperation scheme based on super-
position modulation proposed in Ref. [12].

3 Decoding

The destination 7, is assumed to have the knowledge of
channel coefficients %3, h14, h3o, har, and hzs. In AF
cooperation, the destination must know the inter-relay
channel coefficient /34, which can be achieved by
implementing some mechanism of exchanging or estimat-
ing the information of /434 [7]. In Ref. [17], the symbol
x[k] is decoded from y,[k + 1] given in Eq. (5). Symbols
{x[n]}*=] are regarded as accumulated inter-relay inter-
ference, and they are subtracted using the previous
estimations, which will lead to error propagation. In this
paper, we propose a new decoding algorithm to improve
the bit error rate (BER) performance.

In Ref. [12], soft MAP demodulator is employed to
demodulate the superposition modulation. This demodu-

lator can also be used to demodulate the superposition

signal expressed in Eq. (7). However, noises {n[k]}:" "
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expressed in Egs. (8) and (9) are not white. They must be
whitened for optimal detection, but it is complex. Here, we
discuss low-complexity detectors that ignore the noise
correlation.

For the simplicity of discussion, we consider binary
pulse amplitude modulation (BPAM), but extension to
multi-level two-dimensional modulations is immediate.

2k] —Bhayhiax 2k

Denote the variance of noise n[k] as o;. Then the
demodulator computes the a posteriori log-likelihood
ratio L(x[2k—1]|y[2k—1],y[2k]) and  L(x[2k]|y[2k],
y[2k + 1]) for symbols x[2k—1] and x[2k], respectively,
which are expressed as follows:

p(x[2k])

2
Ok

]—fﬂh4zh13|2>

L(x[2k—1]|y[2k —1],y[2k]) =

|J/[2k_ 1] —fﬂh32h14x[2k - 2] —Bhyhi3 |2

2] _ﬂh42h14x[22k] + fPhyhs |2>p(x[2k])

02k

Zexp<

)pmzkzn

2
O%k—1

L(x[2k]|y[2k).y[2k + 1]) = In

+1n

o - L , (10
Zexp<|y[ —1]—fBh3 Ul;tx[ 2] + Phsphus| >p(x[2k2])
2k—1
2
S e ( b2k + 1]—ﬂhgzh1;;[2k + 1=/ Bhsshal ) p(x[2k + 1))
+1
2
Zexp (_ 2k + l]ﬁh32h1z-3§l[€2]]‘ + 1 +/Phzhial )p(x[2k +1])
+
2
Zexp( fﬂh42h13;€-[22k 1] ﬂh42h14| )p(X[ZkID
9 , (11)
Zexp( y[24] fﬁh42h13xa[fk 1]+ﬂh4zh14|> (x[2k—1])
2k

where p(x[k]) is the a priori probability of symbol x[k].
Then the decision is made in terms of Egs. (10) and (11).
We observe from Eq. (7) that the potential diversity
between links 75— T, and 7, — T is exploited, and the BER
is mainly dominated by the link 7 — 75 or T} — T,. While in
Ref. [17], BER is not only dominated by the link 7 — 75 or

— T4, but also by the link 75— 75 or 74— T5. Hence, our
scheme can improve the BER performance.

When source-relay channels are AWGN, i.e.,
hi3 = hy4 = 1, it is observed from Eq. (7) that our scheme

V(2] — Phayhax[2k] + f Bhashys |

can provide diversity order of two. On the other hand, the
scheme presented in Ref. [17] still cannot provide
diversity. Furthermore, iterative soft decoding can be
employed to further improve the BER performance. The a
priori probability of x[k] is set as 1/2 when computing the a
posteriori log-likelihood ratio without iteration. Now, we
use the probability information of x[k—1] and x[k + 1] to
compute the a posteriori probability of symbol x[k| for
iterative decoding. The a posteriori probability of symbol
x[k] can be computed as follows:

zexp<

p(x2k—-1]=1)=¢1+

Jotat2e)

zexp<

Zexp(

0%
ﬁh42h14;%[jk] fﬁh4zh13|> (x[24))
) o1
y[2k—1] f,b’h32h;42;x[2k—2]+ﬁh32h13| )p(x[sz})
%1

; (12)

2k 1] fﬁh32h14x[2k72] —Bh3ahs |2

Zep(

)p<x[2k21>

2
O2k-1
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Zexp ( W2k + 1] = Bhyphisx[2k + 1] + f Bhyhusl

)p(xpk +1])

2
O2k+1

p(x2kl=1)=< 1+

)p(X[2k+ 1])

2
O%k+1

-1

3 exp < V[2K] =/ Bhaghi3x[2k = 1] + Bhashal®

: )p<x[2k1]>

Ook

_ W [2k] —fBhazhi3x[2k —1] —ﬂh42h14|2

; (13)

pxlk] = —1) = 1-p(x[k] = 1). (14)

When the probability information of x[k— 1] and x[k] is
obtained, the iteration processes are illustrated as follows:

1) First, the probability of x[k + 1] is computed using the
probability information of x[k].

2) Then the probability of x[k] is computed using the
probability information of x[k — 1] and x[k + 1]; at the same
time, the symbol x[k] is decoded.

3) These processes are repeated to decode the other
symbols.

When source-relay channels are AWGN, iterative soft
decoding can further provide performance gain. However,
if source-relay channels are also Rayleigh fading channels,
then iterative soft decoding almost cannot provide
performance gain. That is because the BER is mainly
dominated by the fading link 77;—-73 or T;—1Tj, and
iteration almost cannot provide extra information for
decoding. These results are demonstrated in the simulation.

4 Simulation results

In the simulation, the channel model described in Sect. 2 is
used, and BPAM is employed. The power of the transmitter
is constrained to 1 for all terminals, i.e., P, = P = 1. The
variance of /34 is denoted as

& |h34|2} = V34,

and the variances of A3, and A4, are set as v, = 1. The
signal-to-noise ratio (SNR) is defined as

SNR = 1/Nj.

The scheme presented in Ref. [17] is denoted as “Rankov”
in the simulation, and all interference from previous
symbols is subtracted using the previous estimations.
Figures 2 and 3 show the simulation results of BER
performance for various vs34 when source-relay channels
are Rayleigh fading channels and v; = 1. The proposed
detection scheme can efficiently improve the BER
performance compared to Rankov’s scheme, and the
relative  improvement increases with increasing

)p<x[zku>

2
T2k
inter-relay channel gain v34. Moreover, Fig. 3 demonstrates

that iteration almost cannot provide gain when source-
relay channels are Rayleigh fading channels.

10 ¢

BER

_,| ——Rankov, v,,=0.1
10~

F __e—soft MAP, v,,=0.1
. 5 Rankov. v, =1
-3--soft MAP, v,,=1
—+—Rankov, v,,=10 '
107} ~—#--soft MAP, v,,=10 ‘\!
0 5 10 15 20 25 30
SNR/dB

Fig. 2 BER performance of Rankov’s scheme and proposed soft
MAP decoding scheme (source-relay channels are Rayleigh fading
channels, v; = 1)

10"t

BER

10°F

—e—soft MAP. v,,=0.3

—e—iteration, v,,=0.3
: --@--soft MAP. v,,=3
107F _ - iteration, v, =3
0 5 10 15 20 25 30
SNR/dB

Fig. 3 BER performance of soft MAP decoding and iterative soft
decoding (source-relay channels are Rayleigh fading channels,
vV = 1)
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Figures 4 and 5 show the simulation results of the BER
performance for various vs4 when source-relay channels
are AWGN. The proposed detection scheme can provide
diversity order of two, and it greatly outperforms Rankov’s
scheme that cannot provide diversity. It is shown in Fig. 5
that iterative soft decoding outperforms soft MAP
decoding. When v34=0.3, the performance improvement
between soft MAP decoding and iterative soft decoding is
small. While when v34=3, the performance improvement
is significant. Hence, iterative soft decoding can provide
significant performance gain when the inter-relay channel
gain is strong.

107}

107}

107} --e-.iteration, v,,=0.5

BER

—o—Rankov, v,,=1 o
4 —-e- iteration, v,,=1
—g— Rankov, v,,=2 e m
. --@--iteration, v,,=2 .
. ——Rankov, v,,=10 .

——-—-iteration, v,,=10

0 5 10 15 20 25 30
SNR/dB

Fig. 4 BER performance of Rankov’s scheme and proposed
iterative soft decoding scheme (source-relay channels are AWGN)

BER

—eo— soft MAP, v,,=0.3
—e— iteration, v,,=0.3
10°F  -——e—-soft MAP, v,,=3
--g-- iteration, v,,=3

0 5 10 15 20 25 30
SNR/dB

Fig. 5 BER performance of soft MAP decoding and iterative soft
decoding (source-relay channels are AWGN)

5 Conclusions

We propose an efficient detection algorithm for the two-
path AF relaying scheme, which is presented in Ref. [17].
This detection algorithm can efficiently improve the

system performance, especially when the inter-relay
channel gain is strong. Furthermore, both interference
cancellation and soft decoding are performed at the
destination. Relays only need to amplify and retransmit
their received signals. Therefore, the implementation
complexity at relays keeps low, which is the main
advantage of AF cooperation.
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