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In this letter, we investigate the sum-rate performance of the multi-way relay network (MWRN) with amplify-
and-forward (AF) relaying, where multiple users exchange information with the help of a relay node. We con-
sider a full exchange scenario where each user has to decode messages form all the other users. We analyze the
sum-rate lower and upper bounds of the AF MWRN, and derive a closed-form expression for the average sum-rate

low bound when the number of users is sufficient large. Numerical results show that the derived bound is tight.

1. Introduction

The two-way relay network [1-4] has been generalized to multi-
way relay networks (MWRNs) recently [5,6], where multiple users
exchange their information through a relay node. MWRN models a
variety of communication scenarios like teleconferencing, message ex-
change in a social network or satellite communication. For instance, in
cellular networks, a set of mobile users can form a social network and
exchange information by communicating via the base station, which
serves as the relay in the MWRN.

Compared with conventional multiuser cellular networks [7,8], the
signal transmission and detection are more complicated in MWRNs. So
far, various protocols have been proposed for MWRNSs to achieve sig-
nificantly improved spectral efficiency in wireless communication sys-
tems, e.g., decode-and-forward (DF) [5], compress-and-forward (CF)
[5], amplify-and-forward(AF) [6], and complex field network coding
[9].

In general, there are two data exchange models for the MWRN,
namely, pairwise data exchange and full data exchange. For MWRNs
with pairwise data exchange, the authors in [10] analyzed the degrees
of freedom (DoF) of symmetric multiple-input multiple-output (MIMO)
MWRNSs with clustered pairwise data exchange. In [12], the authors
investigated the optimal users’ transmission orderings to achieve the
maximum common rate and sum rate of pairwise MWRNs with func-
tional-decode-forward relaying. For MWRNs with full data exchange,
the authors in [6] investigated the achievable rate region for a DF
MWRN, while [11] proposed lattice coding based DF relaying scheme
for the MIMO MWRNSs and derived the achievable rates.
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Compared with DF relaying, AF based relaying has the advantages
of simpler implementation and lower complexity at the relay. However,
the performance analysis of such AF MWRNSs is more challenging than
conventional cellular networks [7,8] and DF based MWRNS, as the relay
node will forward useful signals as well as the noise to all the users. To
the best of the authors’ knowledge, closed-form results for the average
sum-rate bounds of AF MWRNs with full data exchange have not been
reported in the literature. In this letter, we first analyze the achievable
sum-rate lower bound and upper bound for the AF MWRN with full-
data exchange, where a half-duplex relay helps K single-antenna users
to receive the information from each other. Based on which, a closed-
form expression for the average sum-rate lower bound is derived for the
symmetric AF MWRN with a large number of users. Analytical results
show that the relay power budget plays an important role on the
achievable sum-rate. Numerical results are presented to verify the
analysis and it is shown that the derived bounds are tight.

2. System model

We consider a MWRN with K users and a single relay node. Each
node is equipped with a single antenna and operates in the half-duplex
mode. As in [5,6], we assume the K users exchange information via the
relay. We consider full-data exchange, i.e., each user decodes the
messages from all the other users in two consecutive phases. In the first
phase (referred to as MAC phase), all the K users transmit to the relay
node. The relay broadcasts signal to the users in the second phase
(referred to as BC phase). The channel from user k to the relay is de-
noted by h,. We consider a symmetric time-division duplex (TDD)
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MWRN that the channels are independent and identically distributed
(i.i.d.) frequency-flat Rayleigh fading with an average gain of G, i.e.,
E(lh;?) = G, V k, and keep constant over the two phases as assumed in
[5,6,10,11]. Throughout of this paper, we assume perfect channel
knowledge at the nodes. For practical systems, several existing channel
estimation algorithms in the literature [13,14] could be used to esti-
mate the channels after proper modification.

In the MAC phase, the transmit signal of the k-th user is given by
xi(n) = \/P—Usk(n), n =1, ..,N, where N denotes the number of sym-
bols, Py denotes the power used for information transmission, and sy (1)
denotes the unit-power information signal. The received signal at the
relay is

K
e = D JPrhsi(n) + zz(n),

k=1 €y
where zz(n) ~ #.4/°(0, c?) is the additive white Gaussian noise
(AWGN). Here, we assumed perfect timing synchronization that all the
K users’ transmitted signals are received at the relay node simulta-
neously as in [5,10,11].

During the BC phase, the relay broadcasts an amplified version of
the received signal in the MAC phase to all the users. The transmit
signal at the relay can be expressed as

xx(n) = By (), ?)

where f8 is an amplification factor to meet the power constraint Py at the
relay:

Pr

f=— R
Ele |he PPy + o2 3)

In the BC phase, each user is able to remove the self-interference,
provided that global channel state information is available [5,10]. After
removing the self-interference, user k obtains

K
ey = Y, JBPuhchmsn(n) + Bhizg(n) + zi(n),

m=1,m#k 4
where z;(n) ~ %.17(0, o%) is the AWGN at user k.

After removing the self-interference from the received signal, the
signal model in (4) represents a multi-access channel with K—1 users.
Hence, the achievable rate region for the half-duplex AF MWRN is the
convex hull of

K
n n {(Rl,...,RK)I > Rmst,y},

k=1 7€ % me 5)
where 4 = {1, ..,k—1,k + 1, ..,K}, and
Rey=@ B2 Y e o 1hm PPy

’ Bl Pa? + o2 ’ 6)

with %' (x) £ Jlog,(1 + Xx).
3. Performance bounds

Recall that the signal model in (4) represents a multi-access channel
with K—1 users, and there are K such multi-access channels in the AF
MWRN. Sort the channels in an ascending order as lh, )| < ..<lhz @),
where {7(1), 7(2), ..,7(K)} ={1, 2, ..,K}. For the AF MWRN, the
achievable rates of users 7 (2), ...,m(K), are bottlenecked by the worst-
channel user 7 (1), while the data rate of user 7 (1) is bottlenecked by
the second worst user 77(2). Base on these observations, we have the
following result on the achievable sum-rate of the AF MWRN.

Theorem 1. The achievable sum-rate of the AF MWRN is bounded by
R < Ryum < Rhs ™

where
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K
RIE — & ﬁ|]’ln(1)|2 Em:l |hy, PPy
sum BhmPo? + a2 |
M (€))
and
Rgm = Re). 7 + Re@yiz 9

In addition, the gap between the lower bound (8) and the upper bound (9)
tends to be zero as K — oo.

Proof. Consider the lower bound first. We assume successive
interference cancellation (SIC) is employed at each user with the
same decoding order 7 (1), 7(2), ..., 7 (K). Consider decoding at the
user 7 (1) with the worst channel gain. From the rate region (5), the
achievable sum-rate of the other K—1 users is bounded by

K
Y. Reom < Req), 20y
m=2 10)

|

Recall from (4) that the channel seen by user 7 (1) (after self-in-
terference cancellation) is a multiple-access channel with K—1 users.
From the information theory, it is known that the sum-rate R, (), o, o~ for
users 7 (2), w(3), ..., (K) in (10) is indeed achievable using SIC, that is:

K

Y. Reom = Re, 20y
) ' a1

For the worst-channel user 77 (1), the achievable rate is bottlenecked
by the second-worst-channel user 7 (2). With the decoding ordered as
7 (1), 7(3), ...,m(K) at user 7 (2), the achievable rate of user 7 (1) is

ﬁ|h”(2)|2|h,,(1)|2PU
Blhz )P Ty he PPy + 02 + 02

Ry = (b/[
12

From the above two equations, the achievable sum-rate of AF
MWRN is given by

Ram = Rz(), %0y + Rrq)- (13)

Since |hz)l = lhy@l and lhzp)| >0, then R,q) can be lower
bounded by

Blhw*P,
Rey 2 @ 2 vk - 2U 2 2|
Blhz )P (X ey 1Mz PPy + 0% + 0 (14)
Note that from (6), Rz(1),7,, is given by
< o[ B S heomyPPy
(1), %7 (1) =0 )
1 5|hﬂ(1)|202 + o2 (15)
Substituting (15) and (14) into (13), we have
Rsum = Rn(l),y;rm) + Rn(l)
A Bl hzq) 12 ZK:2 | hz (m) 2 py
V7% m
z {7{( /3\h7,(1)|2c72+02
Blhzy I* PU
4
+ (/3 I hz(1) 2 (ZnKzz I Rz (n) 2 Pu+02)+02
I RyK ihmiPy
- Blhzy P o?+a? ’ (16)

which is exactly the result in (8).
Now consider the upper bound. From the rate region (5), the data
rate of the worst-channel user 7 (1) is upper bounded by

ﬁ|hﬂ(2)|2|hﬂ(1)|2PU)

Rrq) <R =7
=) S Rz@.=) ( Bl Po? + o2

17)

Then from (10) and the above equation, we conclude that the sum-
rate of the proposed scheme is upper bounded by (9).
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