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Generalized Multiway Relay Network: Proposition
and Effective Rate Analysis

Marcio Henrique Doniak, Richard Demo Souza, and Bartolomeu F. Uchôa-Filho

Abstract—A multiway relay network (mRN), which is widely
employed in the literature, is extended to represent a larger
number of practical scenarios, such as a vehicular ad hoc network
(VANET). For the proposed system, generalized multiway relay
network (g-mRN), three transmission strategies are presented
and analyzed in terms of effective rate, for different numbers of
users. Assuming that the average signal-to-noise ratio (SNR) is
known to the transmitters, the maximum effective rate is obtained
through the optimal choice of the message rates. We also derive
the effective rate for fixed message rates. Numerical results show
that the best strategy under the optimal message rates is the
one in which all users transmit simultaneously in the multiple
access phase. But when considering fixed message rates, the best
transmission strategy depends upon the SNR. These results are
important in that they can be used as guidelines for selecting the
right strategy and message rates depending on the situation.

Index Terms—Multiway relay network, Effective rate, Message
rate, VANET.

I. INTRODUCTION

MULTIWAY Relay Networks (mRNs) have been receiv-
ing a great deal of attention recently. In a mRN, users

exchange information through the assistance of a relay node.
Each user transmits its information to the relay, which in turn
forwards this information to all users through the multiway
relay channel (mRC). This network was first proposed by
Günduz et al. in [1], and then extended and elaborated on
by the same authors in [2]. More recently, the same network
was studied in the works [3], [4], where it has been named
mRN, a terminology which has been used ever since.

The presence of a relay in the mRN brings several benefits,
such as: improving the coordination of the transmissions,
expanding the users reach, and providing greater energy ef-
ficiency and higher information transfer rate [2]. Several com-
munication networks were studied under the mRN concept,
such as wireless sensor networks (WSN) [2], satellite networks
[5], and vehicular ad hoc networks (VANETs) [6].

In the original works of Günduz et al. (viz, [1], [2]), as
well as in the subsequent ones (viz, [6], [7]), users would
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communicate only through the relay, i.e., no direct links
existed between participating users. Herein, we remove this
restriction and extend their channel model to allow direct
communication within certain subsets of users. With this mod-
ification, several practical scenarios can be now represented.
Before enumerating the contributions of the present work, we
introduce some important related works.

A. Prior Related Research

In the system model considered in [1], [2], users are
assumed to have full-duplex channel access to the relay, but
no user can communicate directly with another. The main
contribution of [2] is the derivation of fundamental limits in
terms of the system throughput.

Similar system models were subsequently considered in [3]–
[6], [8]–[12], where different strategies for exchanging infor-
mation among users were proposed and analyzed. They all
consist of two phases: one in which users transmit, called
multiple access phase (MAC), and the other where the relay
broadcasts signals to all users, called the broadcast phase (BC).
Users intend to send independent messages to all users, and
all transmit at the same common transmission rate. In these
strategies, at each time slot (TS) a subset of users and/or the
relay may transmit simultaneously.

The transmission strategies proposed in [5], [8] and [9]
consider that all users transmit simultaneously during the first
TS. In [8] and [9], users can communicate not only with the
relay but also with one another. While in [8] all the users
are arranged to belong to a single cluster, like in the original
work [2], in [9] several clusters are possible.

On one hand, in a given strategy the more users are
scheduled to transmit their signals simultaneously during the
MAC phase, the fewer time slots (TS) the strategy requires
for the users to complete the exchange of information. How-
ever, on the other hand, more simultaneous transmissions
imply higher signal processing complexity in the associated
receivers. Therefore, to reduce this complexity in the MAC
phase, some authors have recently restricted the number of
users transmitting simultaneously to two [3], [10]–[12]. These
works seek to optimize the performance/throughput of the
system through the choice of the optimal pairs of users to
transmit simultaneously and the optimal orderings.

Particularly interesting is the recent work [12], where sev-
eral clusters, each one with its own relay station, are defined.
In the system model, some clusters are responsible for the
information exchange among the users of the cluster, while one
cluster is elected responsible for the exchange of information
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among all the users of the network. So, there is a distinction
between the information that stays in the cluster, called private
information, and the one that is exchanged among clusters,
called public information. All transmissions are performed in
pairs.

A network with a massive number of users, like a VANET
or a WSN, is propitious to use a mRN as a model. In this
regard, the authors in [4] considered a highly dense network
where some users are selected to transmit simultaneously
through half-duplex channels. Similar to [8] and [9], users can
communicate with one another and the received information
from the other users is employed as side information to
increase even further the number of users. In [6], users are
allowed to transmit more than once, and the number of users
transmitting simultaneously varies in each TS. There are no
direct links between users. The relay uses the amplify-and-
forward technique to forward the received signal to all users.
In a similar work [13], users can transmit alone or with other
users. In the three works [4], [6], [13], users transmit in an
uncoordinated fashion in order to avoid scheduling complexity.

B. Motivation and Our Contribution
The motivation for this work comes from the VANETs

application, in which vehicles normally exchange information
among themselves [14]–[16]. As an example of a VANET,
Figure 1 shows an urban scenario where two vehicles, A and
B, move along an avenue while two other vehicles, C and
D, are approaching from a cross street. At the intersection,
a relay node (R) supposedly within the range of all vehicles
is installed. Vehicles A and B (similarly, C and D) are close
enough to have a direct link between them, but due obstacles
(e.g., buildings) located at the corners, vehicles from one group
can only exchange information with vehicles from the other
group through the relay.

Fig. 1. Example of a mRN applied to a VANET scenario.

In the present work, a generalization of the system models
introduced in [1], [2], [8], [9], called generalized multiway
relay network (g-mRN), is proposed with the purpose of
representing a broader selection of practical scenarios, as the
one presented in Figure 1. Regarding the example, in g-mRN
the four vehicles form a cluster, because they want to exchange
their information. Vehicles that are close enough to have direct
links are entitled to form a subcluster.

We introduce three new transmission strategies for g-mRN,
all of them under the same framework of the MAC and BC
phases. The transmission strategies differ only in the MAC
phase. In the BC phase, the relay, after decoding each signal,
combines the messages of different users in GF(2) using
Network Coding (NC) [17] to transmit to all users.

The first transmission strategy is called massive-mRN, in
which all users of the cluster transmit simultaneously in
the first TS. Note that a user receives the signals from its
neighbors in the same subcluster. If successfully recovered,
these neighbors information becomes available to that user.
This fact is not exploited in other works that also consider
simultaneous transmission of several users, such as [5], [8],
[9], highlighting the novelty of the proposed solution.

In the second transmission strategy, users transmit in pairs.
It is named pairwise-mRN for that reason. An user from each
different subcluster is selected for transmission in each TS.
The relay receives a superposition of two signals (assuming
two subclusters), and the users not transmitting in the cur-
rent TS receive only the signal from the user selected for
transmission in its corresponding subcluster. The transmission
strategies in [3], [10]–[12] do not take advantage of this side
information as we do here in our pairwise strategy.

Our third transmission strategy is an intermediate version,
because half of the users in the cluster transmit simultaneously
in two TS. At least one user from each subcluster is selected
for transmission. This transmission strategy, called partial-
mRN, also exploits side information in a way which is not
considered in [4], [6], [13].

The contributions of this paper are:

• The introduction of a generalized multiway relay net-
work, named g-mRN. It is a generalization of the system
models presented in [1], [2], [8], [9]. Users who want to
exchange information are arranged in a cluster. Accord-
ing to these users capability of direct communication,
subclusters are formed. This novel characteristic of the
proposed system is in contrast with the ones proposed
in [8], [9], since in these works there exists a direct link
between every pair of nodes in the system, regardless the
cluster they belong.

• The introduction of three transmission strategies for g-
mRN. Among the proposed transmission strategies, the
performance of massive-mRN is the best when evaluated
for the optimum message rate. However, for the case of a
fixed message rate, the best transmission strategy depends
on the particular rate and channel condition.

The rest of the paper is organized as follows. In Section II,
g-mRN is detailed. The proposed transmission strategies are
described in Section III. Next, in Section IV the concepts of
effective rate and message rate, which are used to evaluate
the performance of the transmission strategies, are defined. In
Section V, the capacity region for each transmission strategy is
presented. Then, in Section VI, numerical results considering
the optimal message rate, as well as fixed message rates, are
shown. Finally, Section VII brings the main conclusions and
ideas for future works.
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II. THE GENERALIZED MULTIWAY RELAY NETWORK

We consider a wireless network consisting of several users
and a relay node. Users who want to exchange information
among themselves are arranged in a cluster. In general, several
clusters are possible, but it is assumed that their communi-
cations are mutually orthogonal (in time or frequency, for
instance). So, we focus on a system with a single cluster.
All nodes in the network communicate through full-duplex
radios. This technology has become feasible as demonstrated
for instance in [18], where self-interference cancellation of the
order of 100 dB has been obtained experimentally.

A general system model for a multiway relay network is
proposed in Figure 2, where a single cluster is shown. In this
model, users which are in the range of each other (hence, can
communicate directly) are organized in subclusters. The cases
where a user could belong to different subclusters have to be
resolved by the control center. So, herein we assume that each
user belongs to a single subcluster.

Uq,v Uq,v′

hq,v,v′

hq,v′,v

Cq

hq,v gq,v,t hq,v′ gq,v′,t

Relay
C1 CQ

Fig. 2. A cluster in the generalized multiway relay network (g-mRN).

In Figure 2, Cq represents subcluster q, where q ∈ Q =
{1, . . . , Q} and Q is the number of subclusters. Uq,v denotes
user v of subcluster q, where v ∈ V = {1, . . . , Vq} and Vq is
the number of users in subcluster q. The total number of users
in the cluster is M =

∑Q
q=1 Vq .

The complex channel gain of the upload channel formed
from user Uq,v to the relay is denoted by hq,v . The complex
channel gain of the channel formed from user Uq,v to user
Uq,v′ is denoted by hq,v,v′ . The complex channel gain of the
download channel formed from the relay to user Uq,v in TS
t is denoted by gq,v,t, where the range of t depends on the
transmission strategy employed. It should be noted that in all
transmission strategies proposed in this work, all users transmit
only once. However, depending on the strategy, the relay may
need more than one TS to accomplish its goal. This explains
the extra index in the download channel gain.

All channel gains are considered independent, complex
Gaussian distributed with zero mean and unit variance. The
gains remain fixed during a TS, and vary independently from
one TS to another. In other words, the received signals are
affected by quasi-static Rayleigh fading. They are also affected
by additive white Gaussian noise (AWGN) with zero mean and
variance σ2

0 = N0/2 per complex dimension.

In our analysis, we consider the outage model in which
the individual channels as well as the multiple access and the
broadcast channels are in outage whenever the transmission
rate exceeds the channel capacity or the capacity region. We
elaborate on that in a proper section later on.

III. TRANSMISSION STRATEGIES

The choice of the transmission strategy to be used in a mRN
has a direct impact on its performance, its information transfer
rate, and the complexity of its receivers. This is because each
transmission strategy requires a minimum number of TS to
complete the exchange of information among the users and
also resorts to different numbers of simultaneous transmis-
sions, which creates a trade-off between the effective rate and
the detection complexity in the receivers.

For the proposed g-mRN, three transmission strategies are
introduced. It should be mentioned that the number of TS
indicated in each transmission strategy assumes that all trans-
missions are successful. However, the effective rate analysis
to be derived in Section IV takes the possible transmissions
failures into account.

A. Pairwise-mRN

In this transmission strategy, in the MAC phase users
transmit in pairs, each user from a different subcluster. So,
the number of TS is directly related to the number of users
in the cluster. The relay receives the superposition of only
two signals in each TS, and performs maximum likelihood
detection [19], [20] to recover the information from both users.
A user in the same subcluster of a transmitting user receives
only its neighbor’s signal. In the case where M is odd, a single
user may need to transmit all alone at the end of the MAC
phase.

At the end of the MAC phase, the relay will have the infor-
mation from all the M users in the cluster while, individually,
each user node will only have the information from the users
in its subcluster. It is the relay’s duty in the BC phase to let
each user have the information from all the other users in the
cluster. This is done with binary network coding [21].

Figure 3 illustrates the MAC phase of the pairwise-mRN
transmission strategy with Q = 2 subclusters and V1 = V2 = 3
users in each subcluster. It takes 3 TS to be completed. In
the first TS, user U1,1 (from subcluster C1) and user U2,1

(from subcluster C2) transmit simultaneously. In subcluster
C1, users U1,2 and U1,3 receive the signal from U1,1 and try
to recover its information, x1,1. Similarly, in subcluster C2,
users U2,2 and U2,3 try to recover the information, x2,1. The
relay receives the superposition of the signals coming from
U1,1 and U2,1, and tries to recover the two information, x1,1

and x2,1, which can be done with maximum likelihood (ML)
detection [19], [20]. The same process is repeated for the pairs
of users (U1,2,U2,2) and (U1,3,U2,3) in the two subsequent
TS, as shown in Figure 3. Note that, at the end of the MAC
phase, each user will have the information of its two neighbors
in the subcluster, while the relay will have the information of
all users in the cluster.
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Fig. 3. Example of the MAC phase of the transmission strategy pairwise-mRN with three users in each one of the two subclusters.

Fig. 4. Example of the BC phase with six users in the cluster with two subclusters.

In the BC phase, the relay produces three different binary
linear combinations of the six messages and then broadcasts
them in three TS to all users, as shown in Figure 4. The linear
combinations are: x1,1 ⊕ x2,1, x1,2 ⊕ x2,2, and x1,3 ⊕ x2,3.
Each user forms a system with these three linear equations.
Since the user knows three out of the six unknowns, it is able
to solve the system [21].

It should be remarked that, in all transmission strategies
considered in this work, at the end of the MAC phase each
user will have its own information as well as the ones from
its neighbors in the subcluster. Therefore, the BC phases in all
transmission strategies are exactly the same.

Note that, in general, with M =
∑Q

q=1 Vq users in the
cluster, the relay must transmit NBC

TS = M − minq∈Q{Vq}
independent linear combinations of the M messages in NBC

TS
time slots. In this way, user Uq,v will be able to form a system
with NBC

TS equations and M unknowns. But, since this user has
knowledge of Vq unknowns, it is able to solve the system for
all the M messages.

The pairwise-mRN strategy requires M
2 TS for the MAC

phase (assuming M even) and NBC
TS TS for the BC phase,

resulting in
3M

2
−minq∈Q{Vq} TS in total for the users of

a cluster to exchange their information among themselves.

B. Massive-mRN

In this transmission strategy, the MAC phase consists of all
users in the cluster transmitting simultaneously in a single TS.
Therefore, the relay receives a superposition of M signals and
each user in subcluster Cq receives a superposition of Vq − 1
signals. Similar to the pairwise-mRN strategy, at the end of the
MAC phase each user will have the information of all users in
its subcluster, while the relay will have the information of all
users in the cluster. Herein, we assume multiuser ML detection
in all receivers. An illustration of the MAC phase of massive-
mRN, with two subclusters and three users per subcluster, is
shown in Figure 5.

As already explained, the BC phase of massive-mRN is
again the one in Figure 4. It should be noted that with
the same scenario of two subclusters and three users per
subcluster, massive-mRN requires only four TS, two less than
does pairwise-mRN. On the other hand, the relay has to detect
the superposition of six users, as opposed to two of pairwise-
mRN. Therefore, a comprehensive analysis is in order.
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Fig. 5. Example of the MAC phase of the transmission strategy massive-mRN
with 6 users in the network.

In general, massive-mRN requires 1 +NBC
TS TS in total for

all the M users in the cluster to exchange information among
themselves.

C. Partial-mRN

As a way of reducing the number of superimposed signals
and hence alleviate the decoding complexity, this transmission
strategy allows the participation of only a small number of
users (greater than 2 but smaller than M ) in simultaneous
transmissions. Several configurations are possible and for each
one a particular analysis is required.

Herein, we adopt the restriction in partial-mRN that its
MAC phase has to have 2 TS. In this way, with M users
distributed among Q subclusters, about half of the users in
each subcluster transmit in the first TS, and the other users
transmit in the second TS. We illustrate the idea with an
example.

For the same scenario with six users equally distributed
among two subclusters, the MAC phase of partial-mRN is
shown in Figure 6. In the first TS, users U1,1, U1,3, and U2,2

are selected for transmitting simultaneously. Note that there
are two users in subcluster C1 and one user from subcluster
C2. In the second TS, the remaining users transmit. Clearly,
by performing either single user or multiuser ML detection, at
the end of the MAC phase each user will have the information
of all users in its subcluster, while the relay will again have
information from all users in the cluster. The BC phase
in Figure 4 may then begin.

It should be noted that partial-mRN uses two TS in its MAC
phase and the maximum number of superimposed signals
received by the relay is three (in this example). Therefore,
this transmission strategy lies between the two ones already
introduced. These characteristics will be taken into account in
the analysis of the next section.

Fig. 6. Example of the MAC phase of the transmission strategy partial-mRN
with six users in the network.

D. Comparing the Transmission Strategies

Two parameters are important in the comparison of the
transmission strategies, namely, the number of TS required
and the number of signals simultaneously transmitted by users.
The former has a direct impact on the information transfer
rate, while the latter directly affects the performance and the
complexity of receivers.

For a g-mRN consisting of one cluster, two subclusters,
and M users equally distributed in the two subclusters, we
list in Tables I and II these important parameters for the
three transmission strategies introduced in this work. More
specifically, Table I presents the minimum number of TS
required by the strategy, i.e., assuming no transmissions fail-
ures. Table II presents the maximum number of superimposed
signals received by a user or the relay.

TABLE I
MINIMUM NUMBER OF TS

M pairwise-mRN massive-mRN partial-mRN
4 4 3 4
6 6 4 5
8 8 5 6
10 10 6 7
12 12 7 8

It is important to note that pairwise-mRN requires the
largest number of TS. On the other hand, the users in this
transmission strategy need not perform multiuser detection.
The maximum number of superimposed signals is the largest
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TABLE II
MAXIMUM NUMBER OF SUPERIMPOSED SIGNALS ARRIVING IN A USER

(U) AND IN THE RELAY (R)

M pairwise-
mRN

massive-
mRN

partial-
mRN

U R U R U R
4 1 2 1 4 1 2
6 1 2 2 6 2 3
8 1 2 3 8 2 4

10 1 2 4 10 3 5
12 1 2 5 12 3 6

in massive-mRN, demanding a high effort by the relay and
the users. In general, under this circumstance, the decoding
performance tends to deteriorate. However, since the MAC
phase in this transmission strategy consists of a single TS,
the exchange of information among users is completed in the
least time. As already discussed, partial-mRN situates itself
between the other two strategies. These trade-offs are in the
core of the analysis presented next.

IV. MAXIMUM EFFECTIVE RATE

The transmission strategies are now evaluated in terms
of effective rate, an efficiency parameter presented in [22]
for two-way relay channel (TWRC). This concept is now
generalized for a network with multiples users, in accordance
with the system model introduced in Figure 2.

A. Message Rate

Consider that each user has the same number of information
bits, B, to transmit. Each block of bits is divided into K
packets of information, each one containing k = B

K bits. Each
information packet is coded, resulting in a packet of n complex
symbols. Thus, the message rate, r, is defined as [22]

r =
k

n

[
information bits

complex symbols

]
. (1)

B. Effective Rate

The effective rate is the data rate from a user point of view
taking into account possible transmission losses. It is defined
as [22]

R =
B

nE[N ]

[
information bits

complex symbols

]
, (2)

where E[·] denotes expectation and N is the total number of
transmitted packets until the B information bits are success-
fully decoded by all intended receivers.

Note that N depends on the channel state quality. Hence,
it is a random variable. Similarly to [22], if p is the success
probability of a transmitted packet, then we have E[N ] = K

p .
Considering that the coded packets are sufficiently long so
that channel coding takes effect, the success probability p for
a point-to-point channel is given as [22]

p = p(r) = P (r < C), (3)

where C is the instantaneous channel capacity [20]. For other
channels, such as the multiple access channel, the success

event given by the inequality r < C may be substituted by a
set of inequalities (called capacity region). In an even broader
sense, the success event for the MAC and the BC phases of
a transmission strategy is described as a set of constraints,
which will be presented in Section V.

The effective rate can be rewritten as [22]

R(r) = p(r) · r, (4)

which is a function of the message rate and its corresponding
success probability. Note that the success probability is a
decreasing function of the message rate. Therefore, there is an
optimal value of the message rate that maximizes the effective
rate, which is called maximum effective rate and is defined
in [22] as

R∗ = max
r>0
{p(r) · r}. (5)

The value of the message rate that maximizes the effective
rate is called optimal message rate, and is defined in [22] as

r∗ = argmax
r>0
{p(r) · r}. (6)

C. Effective Rate of the Proposed Transmission Strategies

For the analysis of the effective rate of the transmission
strategies proposed for the g-mRN (Figure 2), we must sep-
arate the phases MAC and BC for two reasons: 1) In case
of failure during the BC phase, the repetition of the MAC
phase is not necessary; 2) The rate optimizations in (5) and
(6) are independent in the two phases, allowing the adoption
of different optimal message rates in each phase.

It is also possible to optimize the message rates on an
individual basis, i.e., one optimal message rate for each user.
We present our formulation of the effective rate analysis in
that level of generality. However, in the numerical results of
Section VI, we assume for simplicity that all users and the
relay adopt the same message rate. In spite of this restriction,
the numerical results are rich enough to provide a good
understanding of the proposal.

A multiple access channel in the MAC phase for say
U users transmitting simultaneously is herein referred to as
MAC(U ). So, let R∗MAC(U) denote the maximum effective rate
of MAC(U). The MAC phase of a transmission strategy can
consist of one or several MAC(U )’s. Also, let R∗BC denote the
maximum effective rate of the BC phase. Then the maximum
effective rate (see [22] for details) for pairwise-mRN is

R∗pairwise =M · 1
M

2·R∗MAC(2)
+ M

2·R∗BC

, (7)

for massive-mRN is

R∗massive =M · 1
1

R∗MAC(M)
+ M

2·R∗BC

, (8)

and for partial-mRN is

R∗partial =M · 1
2

R∗MAC(M/2)
+ M

2·R∗BC

. (9)
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Equations (7), (8), and (9) put in evidence the fact that the
MAC phase controls the maximum effective rate, since the BC
phase is the same for all transmission strategies.

V. CAPACITY REGION

The instantaneous capacity of a point-to-point fading chan-
nel with a given average signal-to-noise ratio, SNR, is given
by [19], [20]

C(x)
∆
= log2(1 + x · SNR) [bits/complex symbols], (10)

where x is the square modulus of the instantaneous channel
gain.

The capacity region of MAC(U ) is described by (2U − 1)
constraints, one for each non-empty subset of the set of indices
of users [20], U = {1, . . . , U}. For the BC phase, the capacity
region is the same regardless of the transmission strategy cho-
sen, and is basically expressed by the instantaneous capacity of
all point-to-point channels formed from the relay to all users.
Recall that, for the downlink, the channel gains are denoted
by gq,v,t, where q, v, and t refer to subcluster, user, and TS,
respectively [22].

For simplicity of presentation, we assume the same number
of users in each subcluster. The set of indices of subclus-
ters and the set of indices of users in a subcluster are
Q = {1, . . . , Q} and V = {1, . . . , V }, respectively, where
V =M/Q.

Consider a partition of the set {(q, v) : q ∈ Q, v ∈ V } into
M
2 subsets of two elements each, defined by:

Pi =
{
(q

(i)
1 , v

(i)
1 ), (q

(i)
2 , v

(i)
2 )
}
, (11)

with the restriction that q(i)
1 6= q

(i)
2 , for i = 1, . . . , M2 .

The capacity region of the pairwise-mRN MAC phase is
given by

{ (rq,v),∀q ∈ Q,∀v ∈ V : (12a)

rq,v < C
(
|hq,v,v′ |2

)
,∀v′ ∈ V , v′ 6= v

}
, (12b){

r
q
(i)
1 ,v

(i)
1
, r

q
(i)
2 ,v

(i)
2
,∀i ∈ {1, . . . ,M/2} : (12c)

r
q
(i)
1 ,v

(i)
1
< C

(
|h

q
(i)
1 ,v

(i)
1
|2
)

(12d)

r
q
(i)
2 ,v

(i)
2
< C

(
|h

q
(i)
2 ,v

(i)
2
|2
)

(12e)

r
q
(i)
1 ,v

(i)
1

+ r
q
(i)
2 ,v

(i)
2
< C

 2∑
j=1

|h
q
(i)
j ,v

(i)
j
|2
 (12f)

Note that sub-equations (12a)-(12b) consider the transmis-
sion from a user to its neighbors in the subcluster, while sub-
equations (12c)-(12f) consider the transmission from the users
to the relay.

The capacity region of the massive-mRN MAC phase is

{ (rq,v),∀q ∈ Q,∀v ∈ V : (13a)∑
s∈S

∑
u∈U

rs,u < C

(∑
s∈S

∑
u∈U

|hs,u|2
)
,

∀S ⊆ Q,∀U ⊆ V ;

(13b)

∑
u∈U

rq,u < C

(∑
u∈U

|hq,u,v′ |2
)
,

∀U ⊆ V \{v′}, v′ ∈ V }.
(13c)

In this case, sub-equation (13b) considers the simultaneous
transmission of all users in the network to the relay, while
sub-equation (13c) refers to the simultaneous transmissions
and receptions which occur within the subcluster.

A general expression for the capacity region of partial-
mRN is difficult to obtain due to the several possibilities
of configurations. Therefore, we present next the result for
the case where there are only two subclusters, and the MAC
phase consists of two TS. In the first TS, about half of the
users in each subcluster transmit simultaneously. In the second
TS, the other half of the users in each subcluster transmit.
This configuration for two subclusters and three users in each
subcluster was shown in the example considered in Figure 6.
Despite this limitation, this result sheds some light on the
analyses of other possible configurations.

The capacity region of the partial-mRN MAC phase, con-
sidering our assumption of two subclusters and two TS in this
phase, is

{ (rq,v),∀q ∈ {1, 2},∀v ∈ V : (14a)∑
u∈U

r1,u +
∑

u′∈U ′

r2,u′ < C

(∑
u∈U

|h1,u|2 +
∑

u′∈U ′

|h2,u′ |2
)
,

∀U ⊆ {1, . . . , dV/2e}, ∀U ′ ⊆ {1, . . . , bV/2c};
(14b)∑

u∈U

r1,u +
∑

u′∈U ′

r2,u′ < C

(∑
u∈U

|h1,u|2 +
∑

u′∈U ′

|h2,u′ |2
)
,

∀U ⊆ {dV/2e+ 1, . . . , V },
∀U ′ ⊆ {bV/2c+ 1, . . . , V };

(14c)∑
u∈U

rq,u < C

(∑
u∈U

|hq,u,v′ |2
)
,

∀U ⊆ {1, . . . , dV/2e}, v′ ∈ {dV/2e+ 1, . . . , V };
(14d)

∑
u′∈U ′

rq,u′ < C

( ∑
u′∈U ′

|hq,u′,v′ |2
)
,

∀U ′ ⊆ {1, . . . , bV/2c}, v′ ∈ {bV/2c+ 1, . . . , V }}.
(14e)

Sub-equation (14b) is related to the first selected users from
each subcluster transmitting to the relay (first TS). Note that if
there is an odd number of users transmitting simultaneously,
as in the example presented in the Figure 6, then subcluster
C1 has one more user transmitting during the first TS. In the
second TS, it is subcluster C2 that has one more user trans-
mitting simultaneously. Thus, sub-equation (14c) considers the
users transmitting to relay during the second TS. The next two
sub-equations, (14d) and (14e), refer to the users transmitting
simultaneously to other users in the same subcluster, during
the first and the second TS, respectively.

Finally, the capacity of the BC phase is

{ (rq,v),∀q ∈ Q,∀v ∈ V :

(rq,v) < C
(
|gq,v,t+NMAC

TS
|2
)
,∀t ∈ {1, . . . , NBC

TS } },
(15)
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where NMAC
TS is the number of TS in the corresponding MAC

phase.
Upon meeting all the constraints described above, the com-

munication is said to be successful [19], [20].

VI. NUMERICAL RESULTS

A theoretical analysis, involving the expectation of all
inequality constraints with regard to the channel statistics, is
extremely difficult to obtain. Therefore, we resort to Monte
Carlo simulation in order to obtain the maximum effective rate
and the optimal message rate for the transmission strategies.
For simplicity, we assume rq,v = r, for all q ∈ Q and v ∈ V .

The process to compute the maximum effective rate is the
following. From several independent channel realizations,
and for a given rate r, we can obtain an estimate of the
success probability through the fraction of channel realizations
satisfying the constraints (capacity regions) presented in the
previous section. Recall that the MAC and the BC phases
are independent; different outcomes are expected to occur. By
varying the message rate, r, and repeating the process above to
obtain the associated success probabilities, we can obtain the
maximum effective rate and the optimal message rate through
(5) and (6), respectively, for both the MAC and the BC phases.
Finally, the maximum effective rate is obtained from equations
(7), (8) or (9), depending on the transmission strategy.

We consider M = 4, 6, and 8 users in the network. The SNR
varies from 0 to 50 dB, and for each one of these values we
consider 10,000 channel realizations for obtaining the success
probability.

A. Maximum Effective Rate Results

The results for the maximum effective rate of each proposed
transmission strategy versus SNR for the various values of
M are presented in Figure 7. Clearly, massive-mRN is the
transmission strategy with the best maximum effective rate.
This is due to the fact that it requires fewer TS to complete
the information exchange than its competitors.

The results for the optimal message rates of the MAC and
the BC phases are presented in Figure 8. It can be seen that
massive-mRN operates with the lowest optimal message rate.
Although this implies less information per transmitted packet,
the use of less TS for completing the communication process
compensates this loss.

B. Effective Rate for a fixed Message Rate

If the instantaneous SNR is not available to the transmitters,
they are not able to use the optimal message rate. In this case,
a fixed message rate has to be adopted, and the maximum
effective rate of the previous subsection represents an upper
bound for the effective rate of the system.

In this subsection, we evaluate the effective rate under the
following fixed message rates: r = 1, 2, 3, and 4, for both
the MAC and the BC phases. The number of users is fixed
to M = 6. The effective rate of each transmission strategy
and each fixed message rate is presented in Figure 9. The
maximum effective rate as a benchmark is also plotted.

As can be seen from the figure, the best transmission
strategy is a function of both the message rate and the SNR.
The typical behavior is that the effective rate is zero for low
values of SNR up to a certain threshold. Then the effective
rate begins to increase as the SNR gets higher, up to a point
beyond which it saturates.

Massive-mRN is the best strategy (but very similar to
partial-mRN) for r ≤ 1. Partial-mRN has the highest effective
rate for 2 ≤ r ≤ 3, for practically all SNRs, except for very
high SNR (> 48 dB), in which case massive-mRN is better.
For higher message rates (r ≥ 4), all three strategies halt
for SNR smaller than 30 dB, which means that in a practical
system message rates should never be that high.

In the absence of knowledge of the instantaneous SNR, but
assuming that the SNR value in a typical wireless communi-
cation system ranges from 15 to 35 dB, a reasonable choice
is a message rate between 2 and 3 used in conjunction with
partial-mRN.

It should be noted that some effective rates in Figure 9 touch
or nearly touch the maximum effective rate for some specific
values of SNR. H when the fixed message rate, r, is very
similar to the optimal message rate, r∗, of the transmission
strategy.

Finally, we have obtained results (not shown) for M equal
to 4 and 8. The same relative behavior of the effective rate
for the three strategies has been observed. We only want to
remark that the effective rates approach the upper bound for
fewer users and move away from it as the number of users
increases.

VII. CONCLUSION

In this paper, the g-mRN system model, which covers a
wide range of practical topologies, has been introduced. Three
new transmission strategies for this network, namely, pairwise-
mRN, massive-mRN, and partial-mRN, have been proposed.
In these strategies, users transmit to the relay and to some
of the others users, those in the same subcluster. This helps
decode the information during the BC phase.

The effective rate has been optimized and, for a known
instantaneous SNR, the maximum effective rate has been
obtained. The transmission strategy massive-mRN obtained
the best maximum effective rate for the SNR range studied.
However, when the SNR is not know, the best transmission
strategy depends on both the message rate adopted in the
transmitter and the SNR value. The strategy partial-mRN with
a message rate between 2 and 3 seems to be a good choice in
a practical scenario when the instantaneous SNR value is not
known.

The transmission strategies presented are suitable for sce-
narios such as VANETs and WSNs, in which the presence
of clusters and subclusters is natural. Thus, the g-mRN and
the associated transmission strategies can be applied to several
practical applications. As future work, an energy consumption
analysis of g-mRN, for a WSN scenario, can be considered.
The idea is to find the transmission strategy with highest
effective rate under the restriction of maintaining a reasonably
long battery lifetime. As another proposal for future work,
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Fig. 7. Maximum effective rates of the three transmission strategies, for different number of users.
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Fig. 8. Optimal message rate (the same for all transmission strategies) of the BC phase and optimal message rates (a different one for each of the three
transmission strategies) of the MAC phase, for different numbers of users.
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Fig. 9. Effective rates of the three transmission strategies for M = 6 users, considering different message rates.

multiple antennas at the transmitters and/or receivers can be
considered. This would be in accordance with the VANETs
standards [14], [23], [24].
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Catarina (UFSC), Florianópolis, in 2003 and 2006.
From 2003 to 2004, he worked at the P&D of the
Certi Foundation with image processing. Later, from
2004 to 2008 worked with signal processing for
cordless phone development and PBX at Intelbras’
P&D, and since 2009 he is professor of the Telecom-

munications Area at Federal Institute of Santa Catarina (IFSC). As a doctoral
student of Electrical Engineering at UFSC, his research interests involves
wireless communication and signal processing.

Richard Demo Souza was born in Florianópolis-
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Since 2017 he has been with the Federal University
of Santa Catarina (UFSC), Brazil, where he is an

Associate Professor. His research interests are in the areas of wireless
communications and signal processing. He is a Senior Member of the IEEE
and of the Brazilian Telecommunications Society (SBrT), and has served
as Editor-in-Chief of the SBrT Journal of Communication and Information
Systems; and Associate Editor for the IEEE Communications Letters, the
EURASIP Journal on Wireless Communications and Networking, and the
IEEE Transactions on Vehicular Technology. He is a co-recipient of the 2014
IEEE/IFIP Wireless Days Conference Best Paper Award, the supervisor of
the awarded Best PhD Thesis in Electrical Engineering in Brazil in 2014,
and a co-recipient of the 2016 Research Award from the Cuban Academy of
Sciences.



JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 33, NO.1, 2018. 123
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