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ABSTRACT

In this paper, we propose a novel user pairing scheme to reduce the
error propagation in an amplify and forward (AF) based multi-way
relay network (MWRN). We consider a user pairing scheme, where,
a common user is chosen based on its average channel gain to form
pairs with every other user in the MWRN. We show that choosing the
common user as the user with the minimum average channel gain re-
duces the contribution of the interference components from the com-
mon user’s signal in the extracted signals of other users. This leads
to better bit error rate (BER) performance for all other users. For
the common user, the BER improves at high SNR but it degrades at
low SNR. The results show that the proposed pairing scheme out-
performs the existing pairing scheme in terms of average BER of
different users at high SNR.

Index Terms— multi-way relay network, amplify and forward
(AF), error propagation, pairing scheme.

1. INTRODUCTION

Multi-way relay networks (MWRNS) are a generalization of two-
way relay networks (TWRNs) [1, 2] which involve multiple users
exchanging information with each other through a single relay [3,
4]. MWRNs allow the enhanced capacity and spectral efficiency
benefits of TWRNS to be realized in a multi-user scenario. Potential
applications of MWRNSs include file sharing in a wireless network,
exchange of local measurement in a sensor network or base station
information exchange in a satellite network [3]. In a MWRN, the
users take turns to transmit in pairs and the relay receives the sum of
the signals. Prior studies on MWRNs include common rate capacity
analysis through pair-wise DF (at the relay) for binary MWRN [4],
as well as, maximization of sum rate by optimal user pairing scheme
[5] for DF MWRNS and error performance analysis for synchronous
and asynchronous MWRNs [6]. However, in this paper, we consider
an AF MWRN for its simpler implementation.

For an AF MWRN, a pairing scheme has been introduced in
[7,8], which is similar to the pairing scheme for DF MWRN in [4].
In this scheme, at the £*" time slot, the £ and the (¢ + 1)*" users
transmit simultaneously, where, ¢ € [1, L — 1] and L is the number
of users in the MWRN. It has been shown that such pairwise data ex-
change in a MWRN leads to the error propagation problem [9]. This
problem arises when a user wrongly decodes another user’s message
because it results in uncancelled interference components in the ex-
tracted signals, leading to error performance degradation.

To solve the above issue, we propose a novel pairing scheme,
where the user pairs are chosen based on their average channel gain,
rather than pairing the users without taking into account the channel
conditions [4,5,7,8]. In our proposed scheme, it is possible to choose
the user pairs in such a way that the non-cancellable interference
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components from the other user’s signal in the extracted signal of the
desired user, can be reduced. In this respect, we make the following
contributions, which have not been addressed yet in the literature.

e We propose a novel pairing scheme for an AF MWRN, where
the relay chooses a user based its average channel gain, which
is then paired with every other user in the network. That is,
the chosen user serves as a common user for all the user pairs.

e We show that choosing the user with the minimum average
channel gain as the common user reduces error propagation at
other users by lessening the influence of interference compo-
nents from the common user’s signal in the extracted signals
of other users.

e We investigate the average BER at different users for the
proposed pairing scheme and compare with existing pairing
schemes. The proposed scheme is found to achieve better
error performance than the existing pairing schemes.

The rest of the paper is organized in the following manner. The
system model of an AF MWRN with the proposed pairing scheme is
presented in Section 2. The error performance analysis is provided
in Section 3. Section 4 compares the analytical solutions with the
simulation results. Finally, conclusions are provided in Section 5.

2. SYSTEM MODEL

We consider an L-user AF MWRN, where the users exchange their
information through a single relay as they have no direct path in
between them. For complete information exchange among L users,
two phases are required— multiple access and broadcast phase, each
comprising L — 1 time slots. In the multiple access phase, the users
transmit their data in a pairwise manner, whereas, in the broadcast
phase, the relay broadcasts the amplified network coded message to
all the users. The 2(L — 1) time slots in these two phases constitute
one time frame.

‘We choose the index for the time slot and the time frame as ts
and t¢, respectively, where, ts € [1, L — 1] and ty € [1,T%]. Also,
we assume that in each time frame, each user transmits a message
packet of length 7" and the relay transmits (L — 1) message packets,
each of length 7', where, the message index is ¢ € [1,7]. During
the ¢4 time frame and the ¢}" time slot, the channel from the j*"

user to the relay is denoted by h;fr’tf and the channel from the relay

to the j*" user by hifj’-tf, where j € [1, L]. We make the following
assumptions regarding the channels:

1. The channels are assumed to be block Rayleigh fading chan-
nels which remain constant during one message packet trans-
mission in a certain time slot in a certain multiple access or
broadcast phase in each time frame. The channels between
any user and the relay are considered reciprocal.
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2. The channel coefficients are zero mean complex-valued
Gaussian random variables with variances given by 0,21 =

O’h , The average channel gains for different users are con-
s1dered unequal within a certain time frame and these average
channel gains change every time frame.

3. The instantaneous channel state information (CSI) of all the
users is available to the relay and all the other users. This per-
fect CSI assumption allows benchmark results to be obtained.

Next, we explain the transmission protocols for multiple access
and broadcast phases in an AF MWRN.

2.1. Multiple Access Phase

In the multiple access phase, the users transmit in a pairwise man-
ner. In this paper, we propose a new pairing scheme for the multiple
access phase, based on the following set of assumptions:

o All the user pairs have a common user among them which is
chosen and broadcast by the relay before each multiple access
phase. In each time slot, the common user and one other user
transmit simultaneously and the relay receives the sum of the
signals.

e The common user is chosen to be the user that has the mini-
mum average channel gain in the whole system. This allows
the reduction of the interference from the common user in the
extracted signal of any other user, which would be discussed
in detail in the following section.

e After every time frame, the common user might change de-
pending upon the changing channel conditions. Thus, fair-
ness can be maintained because, on an average, every user
gets the opportunity to become the common user.

In this analysis, we denote the 7*" user as the common user and
the £ user as other users, where, i,¢ € [1, L] and £ # 4. For the
remaining part of this paper, we consider message exchange within
a certain time frame and choose to omit the superscript ¢y from the
symbols for maintaining simplicity in the notations.

In a certain time frame, the message packet of the £*" user is
denoted by

Wi { U L L e TS
‘ 0 ts £ 0 —1,

where, the elements WZ ** € {0,1}. Similarly, the message packet

of the i*" user is given by W, = {W}'' W' .. W=} for
el,L—1].

In a certain time frame, in ts = (£— 1) time slot, the messages
of the 3" and the ¢*" user, i.e., W; and WZS are BPSK modulated
toX; = {X/ X T and XY = (X}, .., X7}, respec-
tively, where st’t ng’t € {—1,1}. The relay receives the signal
Rf} = {rf’é’ - .,Tffé’T , where

iyt = R X+ hy X0+ . 2)
Here, n; is the zero mean complex AWGN at the relay with noise
variance 0,211 = 20 per dimension, where, Ny is the noise power.
For this analysis, we assume equal and unity power at the users and
the relay. Thus, the SNR per bit per user is NLO.
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2.2. Broadcast Phase

The relay ampllﬁes the received signal by an amplification factor,
o and broadcasts the resulting signal. The

VIhi o |? +|hz,r\2+N

7™ (j € [, L]) user receives Y:,Se = {Yf; s Y;; }, where
Vit = ahgriyt + na. 3)

Here, ns is the zero mean complex AWGN at the user with noise
variance UZZ = ail per dimension.

The common user (ith
tS
by ah,’;

user), subtracts its own signal multiplied
- and obtains

Crtoyt _ gpts pts yrtst ts
Yi,l = ahz,rhr,sz + ozhm.nl + na. )

Then it performs maximum likelihood (ML) detection [2] on the re-
sulting signal and can estimate the message of all other users.

For other users, the process can be described as follows. At
first, the £ user subtracts its own signal from the network coded
signal received in the (¢ — 1)t" time slot (i.c., Y:;) and performs
ML detection to estimate the message of the common user as W,.
After that, it BPSK modulates the extracted message of the 7" user
and subtracts it from the other network coded signals (Yffm) (m €
[1, L], m # i, £) to obtain the message of the m'" user.

Now, if the £ user incorrectly decodes the message of the i*"
user, then it cannot completely cancel out the interference compo-
nent involving the " user’s signal from the other network coded
signals. That is, if )A(l # X, then

X+
ahiflnl + na. (&)

Ortsot t t ts,t t t ts,t
Y;r’z :ah”i,’l‘hr‘,SZX"{;, +ahr?2h’ifr(xis’ -

T

Thus, the mean of the received signal is shifted and it can result
into incorrect detection of the other users’ messages, termed as error
propagation problem [9].

Remark 1 From (5), it can be noted that a careful choice for the
channel gain of the " user (common user) can reduce the contribu-
tion of the interference term and in effect, error propagation.

3. ERROR PERFORMANCE ANALYSIS

In this section, we investigate the error performance of AF MWRN
with the proposed pairing scheme. To simplify the notations, we
omit the superscripts ts, ¢ from the symbols defined in the previous
section. In an L-user MWRN, each user has to decode L — 1 other
users’ messages. So we need to consider the SNR of all the users
individually. The SNR of the ¢ user’s signal, received at the i‘"
user, can be obtained from (4) after substituting the value of o and
straightforward manipulations, as

| heyr || i |2

, 6
@ hra P + | her P +No) N ©

Yie =

and | h.; |? represent the power of the channels
h¢,r and h, ;, respectively. The SNR of the ith user, received at the
2" user, can be obtained in a similar manner. When the ¢ user
receives other users’ messages, the SNR can be obtained from (5) by

using o = = L = . Thus, the SNR of the m'”" user,
\/‘hi,r‘ ‘Hhm,r‘ +N0
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received at the £*" user, becomes

|hm.,7‘|2‘hr,£‘2
4lhy o121hg |24+ ([hi,r 2+ 1y g |2 +]hm |2+ No) No
[P, 2 | |
(TR, 1P +The ¢ 12 +[hm,r[2+No) No

Ye,m =

(N
Remark 2 In the pairing scheme in [7], at the (m — l)th time slot,
the (m — 1) and the m'" user transmit simultaneously. Thus, for
scheme [7], the SNR expression in (7) can be modified by replacing
i with m — 1, which is shown in (8) at the top of the next page.

Remark 3 For AF MWRN, any uncancelled self-interference com-
ponent in a particular signal received at the users acts as noise. For
example, at the (m — 1) time slot, when the users decode the mes-
sage of the m'" user, the term (4| hre |2| Ry |2) in (7) and
(4| hee 2| hm—1,r |?) in (8) act as additional noise terms and
decrease the SNR of the m'" user. The only way to lessen the extra
noise terms, is to reduce the effect of the interfering user through
proper pairing selection based on average channel gains. Since, the
i'" user has the minimum average channel gain in the whole system,
E[| hin—1,r |!] > E[| hi,r |?]. Then comparing (7) and (8) shows
that when E[| hm—1., |*] > E|[| hir |], the SNR in scheme [7] is
lower than that in the proposed scheme (after being averaged over
a number of channel gains). For this reason, the error probabili-
ties in scheme [7] would be much larger compared to the proposed
scheme. Thus, choosing the user with the minimum average channel
gain improves the BER performance of an AF MWRN.

The expressions in (7) and (8) can be put to use to obtain the
error probabilities at different users. Thus, the probability that the
i'" user incorrectly decodes the ' user’s message, can be given
by Par(i,£) = Q(v/27ie). Similarly, the probability that the £
user incorrectly decodes the message of the ' user, is Par (£, i) =
Q(\/27¢4). If the £'" user correctly decodes the message of the i*"
user, the probability that it would incorrectly decode the m®" user’s
message, is Par (£, m) = Q(v/27e.m). However, if X; # X, this
error probability is denoted by P} (¢, m).

In an L-user MWRN, each user needs to decode (L — 1) other
users’ messages and so, there are (L — 1) possible error events [9].
Here, the k" error event indicates that a user has incorrectly decoded
exactly k (k € [1, L—1]) other users’ messages. To have a complete
view of the overall error performance of such a system, we take into
account all these possible error events by performing average BER
analysis. The average BER for the 5™ user in an L-user MWRN can
be defined as [9]

L—1
1
Pjavg = -1 kZ:I kP;(k), ©

where P;(k), represents the probability of the k" error event at the
-th
77" user.

In an AF MWRN with the proposed pairing scheme, k error

events can occur in two cases:

e Aj: If the decoding user incorrectly extracts exactly k users’
messages except the i’ user’s message.

e By If the decoding user incorrectly decodes exactly k users’
messages including the 7*" user’s message.

The probabilities of these error cases for the i*" and the £ users
can be expressed as shown in (10), (11) and (12) at the top of the next
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Fig. 1. Average BER for an L = 10 user AF MWRN with the
proposed pairing scheme and scheme [7].

page. Thus, the probability of k error events for the i*" and the £"
user can be expressed as:

P(i, k) = P; 4,
P(L,k) = Py a, + PuB,- (13)

Substituting the above expression in (9), we can get the exact re-
sult for the average BER of an L-user AF MWRN with the proposed
pairing scheme. At high SNR, (i) the higher order error terms in-
volving P3 - and other higher powers can be neglected, (ii) the term
{1 = Par(i,mp)}, {1 — Par(¢,mp)} in (10) and (11) can be ap-
proximated to be 1. Thus, P; 4, ~ 0and P, 4, =~ 0fork > 1 (see
(10) and (11)). As a result, at high SNR, (13) can be approximated
as:

. Pia, k=1
P(z,k):{o“‘l 21

P(,k) = { I;E; + Pup,

k=1
k#1 "
Substituting the approximate expressions for probabilities of dif-

ferent error events from (14) into (9) gives an asymptotic bound on
the average BER.

(14)

4. RESULTS

In this section, we provide numerical simulation results to verify the
average BER analysis. We perform Monte Carlo simulation for L =
10 user MWRN, where each user transmits a packet of 7' = 1000
bits. Following [8], the average channel gain for each of the ;" users
is modeled by J}QLM = (1/(d;j/do))", where do is the reference

distance, d; is the distance between the j*" user and the relay which
is assumed to be uniformly randomly distributed between 0 and do,
and v is the path loss exponent, which is assumed to be 3. Such
a distance based channel model takes into account large scale path
loss and has been widely considered in the literature [?, 10]. The
SNR is assumed to be the SNR per bit per user (see after (2)). The
simulation results are averaged over 100 time frames.

Fig. 1 shows the average BER for an AF MWRN with the pro-
posed pairing scheme and scheme [7]. In this figure, the analytical
results for the proposed pairing scheme (given by (9) and (14)) and
the analytical results for average BER with scheme [7] (obtained by
applying the BER analysis method of [9]) match with the simulation.
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L

Pi 4, = Z H Par(i,mq)
L

Pooa, = Z H Par(€,ma) H

L

I {1 ParG,me)} (10)

mp=1,mpF#mgq,i
L
{l—PAF(ﬁ,mb)}. (11)

mp=1,mp#L,mq

Parp(¢,1) anazl,mayﬁi,é Hﬁ;i Pl (t,ma) Hanbzl,mb;ti,e,ma{l — Pip(l,mp)} 1<k<L-—1
Pe.p,, = Par(t,i) HyLnbzl,mb;ti,z{l — Php(tmw)} k=1 (12)
Par(ti) S0 o Tt Pap(f,ma) k=L-1.
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Fig. 2. Average BER for an L = 10 user AF MWRN when 10% and
90% users have distances below 0.1dp, corresponding to a small mi-
nority and a large majority, respectively, of users having good average

channel gains.

The average BER at the common user is larger than the average BER
for scheme [7] at low SNR. The reason is that the common user has
the minimum average channel gain in the system. However, as the
SNR increases, the average BER at the common user falls below that
of scheme [7]. This is because at high SNR, the impact of individual
channel gains is less than that of the overall SNR and the common
user receives messages without any error propagation. The average
BER at other users is better than that of the scheme in [7]. This is
expected from the comparison between (7) and (8).

Fig. 2 shows the average BER for two sets of channel condi-
tions (i) when 10% users have distances from the relay below 0.1d,
(i.e., small number of users have good average channel gain) and
(i) when 90% users have distances from the relay below 0.1dy (i.e.,
most of the users have good average channel gain). From this figure,
in scheme [7], when most of the users experience good channel con-
ditions , the average BER does not improve due to error propagation
problem. However, for the proposed pairing scheme, the average
BER improves significantly.

5. CONCLUSION

In this paper, we have proposed a pairing scheme to reduce error
propagation in an AF MWRN. We have compared the proposed
scheme with existing pairing schemes in terms of average BER. We
have shown that pairing each user with the minimum average chan-
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except at the common user. For the common user with the mini-
mum average channel gain, the average BER is larger than that for
other users and scheme [7] at low SNR, which improves to the level
of other users and falls below that in scheme [7] at high SNR. That
is, to reduce error propagation problem in an AF MWRN, the best
solution is to pair them with the minimum average channel gain user.
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