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The rapidly developed wireless services and applications have an increasing demand of spectrum
resource, which is actually limited. Therefore, how to allocate spectrum resource effectively for network
throughput improvement is an urgent issue. Although the utilization of spectrum can be enhanced by
link scheduling for spatial reuse, Network Coding (NC) for broadcast transmission, multicast transmission and multi-channel multi-radio techniques, their interactions cannot be ignored. This is because on
one hand, the achieved network performance by NC is strongly dependent on the MAC layer, and greedy
NC method may in fact reduce network throughput owing to the reduction of spectrum spatial reuse. On
the other hand, channel assignment faces more challenges brought by NC and multicast transmission
since the broadcast or multicast links are dominated by the link with the worst channel state. In order to
utilize the spectrum resource adaptively while not bringing additional constraints, we present a twophase solution approach. On the ﬁrst step, we formulate the NC-aware scheduling scheme to an
optimization problem, by which the interference-free links are allocated into the same link set and can
be activated in the same time slot and channel. Then, we assign different channels to the link sets
according to the radio constraints in a heuristic method, which can further increase the utilization of
spectrum resource. Finally, simulation results demonstrate that our proposed method can largely
increase the utilization of spectrum resource and improve network throughput.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Wireless Mesh Networks (WMNs) are designed to meet the
ever increasing demand for broadband wireless services, however,
the bandwidth capacities of WMNs are fundamentally limited due
to the scarcity of spectrum resource. One common solution is to
combine multiple wireless transmission technologies together to
make full use of wireless spectrum resource, so that network
throughput can be maximized.
It has been demonstrated by Galvez and Ruiz (2015) that link
scheduling, Network Coding (NC), multicast transmission and
Channel Assignment (CA) are dependent on each other, and the
output of any factor stated above is determined by the inputs of
the other factors in part. Therefore, in order to fully utilize network
spectrum resource, link scheduling for spatial reuse, NC for broadcast transmission, multicast transmission and channel assignment
to make use of the multi-channel multi-radio techniques should
be solved as a joint problem. This problem is rather challenging
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and some questions should be made certain. The ﬁrst one is how
to allocate spectrum resource so that frequency diversity brought
by spatial reuse and broadcast transmission fulﬁlled by NC can be
conducted effectively. The second one is given a certain number of
available channel and radio, how to distribute the links into the
same link set for concurrent transmission in the same frequency
spectrum.
To handle the problems mentioned above, we consider two
kinds of network interactions. The ﬁrst one is the interaction
between link scheduling and NC. This is because on one hand, the
achieved network performance by NC is strongly dependent on
the MAC layer, and greedy NC may in fact reduce network
throughput owing to the reduction of spectrum spatial reuse.
The second one is the interaction between CA and NC. This is
because CA faces more challenges brought by NC and multicast
transmission since the broadcast or multicast links are dominated
by the link with the worst channel state. Before illustrating the
main work of this paper, we would like to give some brief
introduction about NC, CA, and multicast transmission.
Overlapped signals are always considered to be harmful in
wireless communication systems. However, the emergence
of NC has shifted the process of network communication.
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In Conventional Network Coding (CNC) scheme, the relay node
encodes packets after receiving them in separate communication
phases. Physical-layer Network Coding (PNC) is becoming a
research hotspot in recent years, which encodes packets through
simultaneous transmissions. It is a simple fact in physics that
when multiple ElectroMagnetism (EM) waves come together
within the same physical space, they can add. The mixed EM wave
is a form of NC performed by the nature. Although the same
amount of packets can be conveyed by CNC and PNC schemes with
less transmission time, they may not achieve the optimal network
performance all the time. This is because the relay node has to
broadcast with high transmission power to guarantee all the
receiving nodes can decode the packet successfully in the broadcast stage, which may lower the spectrum spatial reuse, decrease
concurrent transmissions and degrade network throughput as a
result. It has been demonstrated in Mohammed et al. (2013) that
the NC performance has a close relationship with the joint
decision of physical and MAC layers. This is because a large gap
may exist among the channel states of different links due to the
time-varying characteristic in wireless networks, therefore NC and
scheduling should be jointly studied (Ning et al., 2013).
Furthermore, with the development of wireless equipment in
recent years, the utilization of Multi-Channel and Multi-Radio
(MC–MR) technology is regarded as a promising solution for
throughput improvement in WMNs. In addition, IEEE 802.11b/g
and IEEE 802.11a standards provide 3 and 12 non-overlapped
frequency channels, respectively. MC technology can increase the
utilization of wireless medium through non-interfering simultaneous communications on different frequency spectrum ranges. In
MR networks, more than one network interface card, referred as
radio, can be installed on the nodes. The utilization of multiple
radio interfaces is a common solution for throughput improvement, on which the radios are able to switch over multiple
orthogonal channels and send or receive packets on any particular
channel at one time. Obviously, the interfaces on different nodes
can communicate when they are tuned onto the same channel
subject to the radio resource constraint, and CA is required.
In order to utilize network spectrum resource effectively, we
study the interaction among link scheduling, NC and CA, and
propose a two-phase solution approach to select the transmission
scheme in an adaptive method. On the ﬁrst step, a NC-aware
scheduling method is proposed to improve the network throughput by considering the interaction between NC and spatial reuse.
After that, the interference-free links are allocated into the same
link set and can be activated in the same time slot and channel. On
the second step, we assign different channels to the link sets
according to the radio constraints on each node in a heuristic
method to improve network throughput further. The rest of this
paper is organized as follows. Section 2 illustrates the related
works. The NC-aware link scheduling scheme is presented in
Section 3, and the CA scheme is proposed in Section 4. Simulation
results are given in Section 5, and some concluding remarks are
provided in Section 6.

2. Related works
A joint scheduling and CNC method that aims to maximize
network throughput while considering the packet deadline was
studied by Rajawat and Giannakis (2011), which relied on a timeunwrapped graph in order to construct linear periodic timevarying network coding. As the requirement of delay looses, the
lower bound of network throughput approaches to the upper
bound. A cross-layer optimization problem combining rate control,
NC and link scheduling with wireless broadcast was studied in Cui
et al. (2010), where the authors demonstrated that in some cases

the proposed method with broadcast feature has even lower
complexity than the case without broadcast transmission. However, the authors in Wang et al. (2015) and Rajawat and Giannakis
(2011) only considered the protocol interference, while ignoring
the information in the physical layer. Initial works in the scheduling problem mainly employ simplistic channel models, such as the
collision channel, where the transmission “range” is chosen
arbitrarily and no interference is assumed outside the transmission range. In recent years, research literatures began to integrate
physical layer information into scheduling schemes. One example
is if the Signal to Interference plus Noise Ratio (SINR) value in the
receiving terminal is above some threshold, it can receive information successfully. Although Mohammed et al. (2013) and Ning et al.
(2014) considered the SINR-based interference model and
attempted to maximize network performance by considering
scheduling for spatial reuse in WMNs, they ignored the multicast
or broadcast nature in wireless communication.
Some applications (such as video gaming, video conference),
whose contents involve multicast packets to a set of receivers,
increase sharply nowadays, and how to handle multicast trafﬁc is
undoubtedly attracting more and more interests. Random linear
NC in multicast networks was introduced by Li et al. (2012). You
et al. (2011) investigated an optimal cross-layer design including
routing, NC and scheduling to utilize the broadcast advantage of
wireless medium. Although network throughput can be largely
increased, the considered topology is rather simple. In order to
minimize transmission delay for wireless relay networks, the
interplay between NC and multicast transmission was studied by
Lu and Liao (2012). Due to the high complexity of the considered
model by Lu and Liao (2012), heuristic algorithms were presented
to study the tradeoff between the achieved network performance
and the computational complexity. Although NC can save bandwidth and increase network throughput, it does not consider the
Quality of Service (QoS) of multicast routing directly. In order to
meet the QoS requirements of end-to-end delay and jitter from
source to destination nodes, Raayatpanah et al. (2014) attempted
to minimize network cost and the number of multicast sessions,
by decomposing the NP-hard problem into master problem and
sub-problems through feasible path generation. However, these
works mainly focused on the single-channel and single-radio
scenario.
The decreasing cost of hardware makes MC–MR technology
reality, which has attracted increasing interest. Alicherry et al.
(2005) proposed a joint CA and routing scheme for the purpose of
maximizing network capacity subject to fairness constraints in
WMNs. Both distributed and centralized load-aware CA algorithms
were presented by Wang et al. (2015) to make transmission
decisions dynamically based on network trafﬁc. The study on CA
in MC–MR network has become a hot topic after these pioneer
works. Chieochan and Hossain (2013) formulated the joint problem of NC, CA and link scheduling, and developed a suboptimal,
auction-based solution to obtain the overall network throughput.
A practical NC scheme in MC–MR network was implemented by
Chi and Agrawal (2012), where the authors demonstrated this
scheme can improve network performance not only on network
throughput, but also on end-to-end delay. A novel approach for
link scheduling and CA to improve the overall capacity and
throughput of WMNs was presented by Kumara et al. (2011),
and this problem was formulated as an Integer Linear Programming (ILP) problem with associated constraints to ensure network
connectivity. In order to maximize the total transmission rate
achieved by the receivers while preserving their fairness,
Farzinvash and Dehghan (2014) employed a multicast-based
MC–MR algorithm to handle the bandwidth heterogeneity of
different destination nodes by resolving the optimization model.
Capone et al. (2010) studied the joint scheduling and routing
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problem in MC–MR WMNs, and proposed a column-generation
based algorithm to assign links to different interference-free
conﬁgurations in order to minimize the number of used time
slots. Su and Zhang (2009), the authors developed a joint link
scheduling, CA and routing algorithm for CNC and PNC respectively in MC–MR wireless ad hoc networks, with the objective of
maximizing network throughput.
Although the abovementioned works considered the network
performance gain brought by link scheduling, NC and CA, none of
them studied the interactions among these technologies to the
best of our knowledge. In this paper, we propose a two-phase
solution approach, by considering two kinds of interactions, to
utilize network spectrum adaptively, with the objective of maximizing network throughput. Our main contributions are as
followed: we consider more general network scenarios instead
of the traditional star, wheel or two way relay channel topologies.
Since NC may suppress the concurrent transmissions brought by
link scheduling, we study the interplay between NC (including
CNC and PNC) and spatial reuse. Furthermore, we formulate the CA
problem into an ILP problem with the objective of increasing
network throughput further in MC–MR scenario. Due to the high
computational complexity of the ILP problem, we present a
heuristic algorithm to allocate different channels to links while
satisfying the radio constraints.

We consider a wireless multi-hop network, represented by a
directed graph G ¼(V, E), where V is a set of nodes and E is a set of
links between the nodes. Deﬁne Vi as a set of one-hop neighboring
nodes of node i, V iþ and V i are the outgoing and incoming nodes
corresponding to node i respectively. We consider the sessions are
scheduled based on Time Division Multiple Access (TDMA), where
the channel time is slotted into identical synchronized time slots.
Although TDMA avoids the interference among different wireless
devices by dividing the time domain into contiguous time slots
and assigns these slots to different wireless devices, it results in a
poor spatial utilization efﬁciency since only one device can be
activated during each time slot. Thus, Spatial Time Division Multiple Access (STDMA), which is an extension of TDMA, has been
proposed to enhance the network performance by considering the
capability of spatial reuse (Nelson and Kleinrock, 1985). Speciﬁcally, STDMA allocates a single time slot to activate multiple links
according to their interference. That is, multiple communication
pairs can be activated within the same time slot provided that
these transmissions are interference free. Therefore, the spectrum
can be utilized more effectively by adjusting the transmission
power to activate more transmission links. Thus, transmissions in
plain routing, spatial reuse and CNC are acceptable if the received
SINR at node j0 is above a predeﬁned threshold Γ , which is
demonstrated in (1)

3. NC-aware link scheduling with multicasting

Γ j' ¼

P jj' Gjj'
ZΓ
P
δ þ
P hj' Ghj'
2

ð1Þ

h A V  fjg

In this section, we ﬁrst present a novel metric to evaluate the
network throughput gain contributed by different transmission
methods, then we identify link sets, which contain interferencefree links for simultaneous transmission, and deﬁne them as
transmission conﬁgurations. After that, we present a link aggregation method by combining the concurrent activated unicast links
into multicast transmission.
Deﬁne node pair j–j0 as one session for packet transmission if
the source node can communicate with the destination node
directly. If no direct link exists between the node pair due to high
shadow fading or large separation, one relay node i is needed for
packet relaying. We deﬁne node group j–i–j0 as one session in the
relay-aided situation. The major notations used in this paper are
shown in Table 1.

Pjj0 and Gjj0 are the transmission power and channel gain between
nodes j and j0 , respectively. The denominator contains the thermal
2
noise δ and the interference generated by the other concurrent
transmissions. DeNoise-and-Forward (DNF) and amplify-andforward are two common PNC methods, and the former is adopted
in our work since it avoids noise ampliﬁcation (Sharma et al.,
2010). We use DNF and PNC interchangeably in our discussions,
and only consider the three-node-involved DNF method for
simplicity due to the synchronization problem as stated by Wang
et al. (2011). For the DNF method in the Multiple Access (MA)
stage, we use the minimum received power, namely
minðP ji Gji ; P j'i Gj'i Þ, to calculate the SINR value. Without loss of
generality, we assume P ji Gji o P j'i Gj'i , and the SINR constraint for

Table 1
The variables and notations used in this paper.
Vi
V iþ
V i
μs
δ2
P max
P i;BC
P i;j
Gi;j
Γi
xsij
usi
csi
s

di
ζs
jO j

Set of one-hop nodes of node i.
Set of one-hop outgoing nodes of node i.
Set of one-hop incoming nodes of node i.
Integer variable which represents the number of time slots for completing transmissions in Conﬁguration s.
Thermal noise.
Maximum transmission power of each node.
Broadcast power of node i in Conﬁguration s.
Transmission power from nodes i to j in Conﬁguration s.
Channel gain between nodes i and j.
SINR threshold of node i.
Number of packets intended to be sent on link li, j in Conﬁguration s per time slot.
Binary variable which is 1 if link li, j is activated in Conﬁguration s.
Binary variable which is 1 if node i transmits uncoded packets in Conﬁguration s.
Binary variable which is 1 if node i transmits CNC-coded packets in Conﬁguration s.
Binary variable which is 1 if node i transmits DNF-coded packets in Conﬁguration s.

ysc
r si;c

Integer variable which represents the number of time slots for completing the transmission in MC–MR scenario.
Number of orthogonal channels.
Number of per node interfaces.
Binary variable which is 1 if Conﬁguration s is assigned to channel c.
Binary variable which is 1 if node i utilizes channel c in Conﬁguration s for transmission.

asi

Binary variable which is 1 if node i appears in Conﬁguration s.
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the DNF method in the MA phase is

Γi ¼

δ2 þ

P ji Gji
P

P hi Ghi

ZΓ

xsij r 1 þð1 usi Þ

ð7Þ

j A V  fig

ð2Þ
X
X
s
ðusi þ csi þdi þ msi Þxsij μs Q sij Z usi Y sij þ
msi Y sij þ

h A V  fjg

sAS

where node i is the relay node.
Deﬁne S as the set of all possible conﬁgurations containing a set
of sessions in the network, and μs is an integer variable which
represents the number of time slots for a certain conﬁguration
s A S to be scheduled. xsij is a binary variable, which equals to 1 if
link i-j is activated in Conﬁguration s, and 0 otherwise. Deﬁne usi ,
s
csi , di and msi as the binary transmission variables to denote
whether relay node i adopts unicast, CNC, DNF and multicast or
not. Given the information of transmission rate, NC opportunity,
packet size and overhead, the scheduling task at the relay node is
to decide the best link combination including different transmission methods, so that the utilization of spectrum resource can be
fully utilized for throughput improvement. Unfortunately, this
problem has been demonstrated to be NP-Complete, and the
challenge escalates if we take multi-rate transmission into consideration. Therefore, we present the following heuristic method
s
to solve this problem. By utilizing Ωi to denote the uniﬁed
transmission rate by considering the transmission rate and NC
cost, the objective of the joint problem can be modeled as:
XX s
max
Ωi
ð3Þ
iAVsAS

Different from Yomo and Popovski (2009) which merely
considered the number of packets to perform CNC, our model
jointly considers spatial reuse, NC and multi-rate transmission,
s
and adds different factors into the corresponding metric, Ωi can be
calculated by
8
2nC
nCi L
>
>
if CNC is applied
ci  ωi;BC  2nC i 1  nC L
>
>
C þL
i
i
>
>
>
D
<
nD
n
L
i
i
ð4Þ
Ωsi ¼ di  ωi;BC  nDi  1  nCi LD þ L if DNF is applied
>
>
> mi  ωi;MC  αi
if
multicast
is
applied
>
>
>
>
: ui  ωij  β i
others
herein, ωi;BC , ωi;MC and ωij are the transmission rate for broadcast, multicast and unicast on node i, respectively. The transmission rates are worked by Shannon formula which relies on the SINR
value, and it should be noted that the transmission rates for
broadcast and multicast are limited by the link with the worst
D
channel state. 2nCi =2nCi  1 and nD
i =ni  1 are the gain factors for
network throughput improvement brought by CNC and DNF
respectively as demonstrated by Nelson and Kleinrock (1985),
where nCi and nD
i are the number of nodes that perform CNC and
DNF, respectively. αi and βi are the number of links that can be
activated simultaneously for multicast and spatial reuse. If β i
equals to one, this link is activated by unicast. LC together with
LD are the extra header cost that every node has to add into the
packet for CNC and DNF, respectively. L is the size of each packet.
The summation of these four parts in (4) expresses the ability for
network throughput improvement conveyed by each combination
(CNC, PNC, multicast and spatial reuse) in one conﬁguration. In
order to maximize network throughput, we should select the link
combination that can maximize the total transmission rate in (4).
The reason behind is that network throughput is directly proportional to link transmission rate.
The following constraints should also be satisﬁed for the
NC-aware link scheduling problem
xsij þ xsji r 1

ð5Þ
s

usi þmsi þ csi þ di r 1

ð6Þ

j A Vi

X
0

j

A V i

s

di Y sjij0 þ

 fjg

X

s

ðcsi þ di ÞY sjij0

j' A V iþ  fjg

ð8Þ
The half-duplex property is guaranteed in Constraint (5), that
is, any node cannot transmit and receive at the same time.
Constraint (6) ensures that node i can choose at most one
transmission mode during one scheduling period. Constraint (7)
shows that if node i is in the unicast mode, at most one link is
activated during one time slot. The constraint of network capacity
is illustrated in (8), that is one link should be activated for enough
time so that all the sessions on the links can be fulﬁlled. μs is the
required number of time slot to fulﬁll the entire transmission task,
s
which is the summation of usi , csi , di and msi .
In order to reduce the complexity of the scheduling problem,
we consider link aggregation for multicast, which is one of the
most important characteristics of wireless devices. When a wireless node transmits packet, any node within the transmitter range
can receive this packet if the corresponding SINR value is above
the threshold. It means if there exists more than one node in the
vicinity of the transmitting node which can be activated in the
same scheduling time, they can receive the same transmitted
packet from the source node simultaneously. We propose a link
combination method to obtain the multicast transmission based
on the information of unicast transmission. In order to utilize the
results worked out by the optimization problem without introducing new constraints, we deﬁne virtual multicast edges to represent the multicast links as shown in Fig. 1(a). If there is more than
one interference-free links needs to be activated from node i, we
deﬁne a multicast edge from node i to i0 to abstract these links into
one virtual link. That is if multiple links are required to be
activated from the same source node to different destination
nodes (for example, links i-l and i-m as shown in Fig. 1(b)), we
can combine these links together by introducing a virtual link as
shown in Fig. 1(b).
After that, the multicast transmission is transformed into the
combination of unicast transmission, and we should note that the
transmission power of multicast is the maximum value among the
transmission power of unicast. If no power control is considered,
namely all the nodes transmit with the maximum power, the SINR
constraint for the ﬁxed transmission power is
X
2
s
P max Gjj0 þ M s;jj0 max ð1 xsjj0 Þ Z Γ ½δ þ
P max Ghj' ðush þcsh þ dh Þ ð9Þ
0
h A V  fj;j g

where M s;jj0 max is a constant value satisfying M s;jj0 max Z Γ ½δ

j

j

k

k
1

1

2

l

3

3

4

4

n

i'

n
3

m

2

i

i
3

2

l

3

m

Fig. 1. Illustration of link aggregation. (a) Initial unicast transmission, (b) link
aggregation for multicast transmission.
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P

þ

s

P max Ghj0 ðush þ csh þdh Þ. The right-side summation in (9)

h A V  fj;j'g

corresponds to the cumulative interference at the receiving node
brought by other concurrent transmission links.
If power control method is adopted, derived by (1), when the
transmission is in the unicast model, the interference constraint
becomes
X
2
P jj0 Gjj0 þ M sjj0 ½ð1  xsij Þ þ ð1  usi Þ Z Γ ½δ þ
P hj0 Ghj0 ush
h A V  fj;j'g
X
s
þ
P h;BC Ghj0 ðcsh þ dh Þ
ð10Þ
h A V  fj;j0 g

where P h;BC is deﬁned as the transmission power of node
h
during
the
BC
stage
of
CNC
and
DNF,
P
P
2
s
M sjj0 Z Γ ½δ þ
P hj0 Ghj0 ush þ
P h;BC Ghj0 ðcsh þdh Þ and P jj' is
h A V  fj;j0 g

h A V  fj;j0 g

the transmission power when link j-j' is in the unicast situation.
The corresponding transmission power for unicast should satisfy

δ2 usi
Gjj0

Γ r P jj0 r usi  P max

ð11Þ

where the low bound represents the situation where no parallel
transmission exists in the network.
Derived by (2), the SINR constraint in the MA stage of the DNF
method with variable transmission power is
X
2
s
P ji Gji þ M sji ½ð1  xsji Þ þ ð1  di Þ Z Γ ½δ þ
P hi Ghi ush
h A V  fi;jg

X

þ

s

P h;BC Ghi ðcsh þ dh Þ

ð12Þ

h A V  fi;jg

where

M sji Z

Γ ½δ

2

P

P
s
þ
P hi Ghi ush þ
P h;BC Ghi ðcsh þdh Þ.
h A V  fi;jg
h A V  fi;jg

Similar with (11), the corresponding transmission power for the
DNF method should satisfy

δ2 dsj
Gji

Γ

s
r P ji rdj

 P max

ð13Þ

The SINR constraint in node j (similar for node j') during the BC
stage of both CNC and DNF can be computed by
X
2
s
P hj Ghj uh
P i;BC Gij þM sij ½ð1  xsij Þ þ ð1  csi  di Þ Z Γ ½δ þ
sþ

X

h A V  fi;j;j0 g

s

P h;BC Ghj ðcsh þ dh Þ

ð14Þ

h A V  fig

where M sij Z Γ ½δ þ
2

P
0

P hj Ghj ush þ

h A V  fi;j;j g

P

s

P h;BC Ghj ðcsh þ dh Þ, and

h A V  fig

the constraint for broadcast power is

εðcsi þdsi Þ r P i;BC r ðcsi þdsi Þ  P max

ð15Þ

where ε o o 1 so that the transmission power for broadcast is
between 0 and P max .
Therefore, Conﬁguration s is identiﬁed by the scheduling factor,
transmission method and transmission power. One schedule S is
the set of such conﬁgurations, i.e. s A S, where the transmission
links inside the link combination are interference free and can be
activated simultaneously during one time slot.

4. Heuristic method based channel assignment scheme
It has been demonstrated that network throughput can be
considerably increased in MC–MR WMNs, where different transmission conﬁgurations can be allocated onto different orthogonal
channels. By the worked out scheduling factor, transmission
method and transmission power in Section 3, we can determine
the corresponding transmission methods in Conﬁguration s, where

23

the activated links inside the link combination are interference
free in single-channel single-radio transmission. In this section, we
consider the case that each node is equipped with a number of
wireless interfaces, which can be tuned onto one of the orthogonal
channels, and switch quickly from one channel to another with a
negligible switching delay (Chieochan and Hossain, 2013).
Since each conﬁguration contains a set of transmission links
that can be activated concurrently on the same spectrum frequency obtained by resolving the optimization problem, properly
assigning channels to different conﬁgurations can reduce the
required number of time slots and increase network throughput
further. It should be noted that two interfaces can communicate
only when they are tuned onto the same channel, which requires
additional constraints. Denote ζ s as the number of time slots to
complete the transmission task in the MC–MR scenario by CA, Φ
as the set of channels, η as the set of radio devices, |I| as the
number of interfaces on each node, and |O| as the number of
available orthogonal channels. In order to illustrate the CA problem in MC–MR WMNs, we introduce some binary variables. If
channel c is assigned to Conﬁguration s, ysc ¼ 1. If node i appears in
Conﬁguration s, asi ¼ 1, and if channel c is utilized by node i in
Conﬁguration s, r si;c ¼ 1. The CA problem can be formulated as:
X
Min ζ s
ð16Þ
sAS

subject to:
X
ysc ¼ 1;

ð17Þ

XX
ysc r jOj;

ð18Þ

r si;c Z ysc asi ;

ð19Þ

XX
r si;c r jI j;

ð20Þ

cAϕ

c A ϕs A S

c A ϕs A S

0
@

X
j A V iþ

xsij þ

X
j A V i

1
s
xsij Aysc r 1 þ csi þ di

ð21Þ

Constraint (17) guarantees that each conﬁguration is assigned
to one time slot. The maximum number of available channels is
restricted in (18), which means the number of conﬁgurations to be
activated simultaneously should be less than the number of
available orthogonal channels. Constraint (19) indicates the relationship between channel and interface assignment, that is not
only the channel should be utilized by node i but also this node
appears in Conﬁguration s, the interface can be assigned to this
node. Constraint (20) illusrtates the available number of interfaces
per node, where the number of the utilized channels by node i is
no more than the total available number of its radio interfaces.
Constraint (21) indicates that both the incoming and outgoing
links of one node cannot be activated together in the same time
slot, this is because the transmitting process to relay node and
broadcasting stage to source nodes must be processed in different
time slots, and cannot be activated simultaneously in the same
stage, therefore, Constraint (21) is necessary in MC–MR network
due to the NC characters.
In order to minimize the required time slot in (16) to maximize
network throughput, we should resolve the optimization problem
of CA while satisfying Constraints (17)–(21). Unfortunately, the
computational complexity of the proposed CA problem is high,
and we implement a heuristic algorithm to approach the optimal
solution. The objective of our method is to select a feasible
solution that can utilize the given number of channels and radios
while satisfying all the corresponding constraints. The input of our
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method is the obtained conﬁgurations where the links inside are
interference free, and its output is the number of time slots that
can complete all the transmission task in the MC–MR situation.
Similar with Capone et al. (2010), we deﬁne the maximum number
of the activated time slots (Upper Bound) as UB ¼ φ= minðjOj; jI jÞ,
and the minimum number of the activated time slots (Lower
Bound) as LB ¼ φ= maxðjOj; jI jÞ, where φ is the number of conﬁgurations required to be activated. The required number of time
slots equals to UB initially, if a feasible solution is found (e.g. the
channel and radio constraints can be satisﬁed according to Constraints (17)–(21)), the number of the required time slots is
iteratively decreased by one. Otherwise, this process stops, and
the output are the number of the required time slots and the
corresponding results obtained by CA to complete the transmission task in MC–MR networks.

5. Simulation results
We employ C þ þ for simulation study to obtain numerical
results to verify the effectiveness of our proposed algorithm. Three
kinds of network topologies are considered, including the linear
topology with 20 nodes, the grid topology with 25 nodes and the
random topology with 30 nodes. Some source nodes are randomly
selected to generate network sessions to random destination
nodes in each topology, and we assume only one packet in each
session is transmitted within one scheduling round by considering
fairness issues. The distance between two adjacent nodes is 100 m
for linear and grid topologies. In the random topology, 30 nodes
are arbitrarily distributed in a square region, where each side is
333 m. A simple path loss channel model with the cross gain
α
Gij ¼ χ Sij χ Fij di;j is considered (Zhang et al., 2009), where dij is the
Euclidean distance between nodes i and j, and α is the path loss
factor equals to 2. χ Sij and χ Fij are the gains that refer to channel
ﬂuctuations caused by large-time-scale shadowing and smalltime-scale channel fading, respectively. We assume the shadowing
gains are constant values. Without loss of generality, the smallscale fading gain χ Fij is normalized to a random value with unit
mean. The maximum transmission power is 0.6 W, the thermal
2
noise δ ¼ 10  6 mW, and the SINR threshold is set to 2.5.
Since the interaction of link scheduling, NC, multi-rate transmission and channel assignment has not been studied to the best
of our knowledge, we borrow the idea by Niati et al. (2011) to
demonstrate the network performance gained by multicast transmission, and denote it by optimal method under multicast
transmission. OM_F and OM_V are the transmission methods by
considering link aggregation for multicast with Fixed and Variable
transmission powers, respectively. Furthermore, two greedy methods are proposed to approach the optimal network performance,
which can largely reduce the searching space. In the ﬁrst case, we
utilize NC opportunity to conduct concurrent transmission before
performing spatial reuse, while in the second case, we activate
simultaneous transmission links before using NC opportunity. We
adopt OU_F and OU_V as the Optimal methods with Fixed and
Variable transmission powers, respectively. SN_F and SN_V stand
for the greedy methods that perform Spatial reuse prior to NC,
while NS_F and NS_V represent the greedy methods that perform
NC prior to Spatial reuse, both with Fixed and Variable transmission powers, respectively. Network throughput gain is deﬁned as
the ratio between μu and μs , where the former is the scheduling
length by considering unicast only, and the latter is the scheduling
length by considering the link combination with different transmission methods.
The achieved network throughput gains under different topologies are shown in Figs. 2–4. It can be observed that the obtained
network throughput gains with ﬁxed transmission power are

Fig. 2. Network throughput gain in the linear topology.

Fig. 3. Network throughput gain in the grid topology.

Fig. 4. Network throughput gain in the random topology.

lower than those achieved with variable transmission power
signiﬁcantly. This is because the method with ﬁxed transmission
power, which is actually the maximum transmission power,
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Table 2
NC trafﬁc percentage in the linear network topology.

OU_V
OM_V
NS_V
SN_V
OPT_F
OM_F
NS_F
SN_F

Table 6
Time slot requirement in the grid topology with 50 sessions under different
number of channels and radios.

10

15

20

25

30

0.093
0.087
0.139
0.084
0.125
0.111
0.146
0.079

0.172
0.159
0.196
0.116
0.163
0.161
0.215
0.146

0.211
0.187
0.313
0.163
0.202
0.196
0.332
0.152

0.251
0.226
0.357
0.179
0.242
0.239
0.397
0.202

0.285
0.252
0.369
0.199
0.264
0.248
0.426
0.229

OU_ V

OM_V

NS_V

SN_V
Table 3
NC trafﬁc percentage in the grid network topology.

OU_V
OM_V
NS_V
SN_V
OPT_F
OM_F
NS_F
SN_F

10

20

30

40

50

0.122
0.037
0.131
0.042
0.144
0.058
0.153
0.039

0.133
0.069
0.136
0.081
0.157
0.097
0.168
0.059

0.145
0.129
0.158
0.134
0.171
0.138
0.179
0.092

0.171
0.135
0.188
0.149
0.177
0.169
0.199
0.125

0.173
0.152
0.198
0.161
0.184
0.177
0.216
0.145

Table 4
NC trafﬁc percentage in the random network topology.

OU_V

NS_V

10

20

30

40

50

0.049
0.029
0.061
0.031
0.074
0.034
0.083
0.029

0.121
0.065
0.159
0.092
0.115
0.102
0.162
0.065

0.149
0.106
0.206
0.116
0.168
0.123
0.231
0.108

0.171
0.118
0.231
0.134
0.198
0.169
0.267
0.129

0.229
0.189
0.282
0.164
0.215
0.192
0.296
0.159

SN_V

Table 5
Time slot requirement in the linear topology with 30 sessions under different
number of channels and radios.

OU_V

OM_V

NS_V

SN_V

r ¼1
r ¼2
r ¼3
r ¼1
r ¼2
r ¼3
r ¼1
r ¼2
r ¼3
r ¼1
r ¼2
r ¼3

Ch ¼1

Ch ¼2

Ch ¼ 3

Ch ¼ 4

Ch ¼ 5

14.56
13.07
11.91
14.19
12.93
11.86
17.04
13.38
12.96
15.78
14.62
14.18

9.59
7.43
6.99
9.31
7.33
6.82
10.29
9.47
7.69
8.95
8.28
8.17

8.46
6.27
5.29
8.28
6.15
5.27
10.07
6.72
6.41
8.73
5.95
5.74

8.24
5.28
4.64
8.19
5.21
4.56
9.93
6.58
6.16
8.59
5.68
5.25

8.16
4.78
4.18
8.11
4.72
4.04
9.82
6.24
5.67
8.14
5.43
4.68

increases interference and limits the possibility of spatial reuse
and NC as a result. We can see that due to multicast transmission,
the values of throughput gain achieved by MC_V and MC_F are
larger than their counterparts in most cases. However, the gap
between MC_V and OPT_V is limited, especially in the linear and
grid topology. This is because for one node in the linear topology,
there are only two neighboring nodes, and the situation for
multicast transmission can be realized by NC. For grid network

r¼1
r¼2
r¼3
r¼1
r¼2
r¼3
r¼1
r¼2
r¼3
r¼1
r¼2
r¼3

Ch ¼1

Ch ¼ 2

Ch ¼3

Ch ¼ 4

Ch ¼ 5

25.26
23.55
22.62
24.11
22.09
21.38
29.76
24.71
24.36
29.07
25.94
24.85

16.53
14.86
13.74
15.77
13.61
12.92
18.95
15.52
13.39
19.34
15.93
15.29

16.02
10.61
9.51
14.92
9.78
8.94
17.19
11.54
10.43
18.86
11.23
11.67

15.78
9.43
7.53
14.71
9.12
6.77
16.94
9.95
9.41
18.51
9.69
9.13

15.52
9.22
6.34
14.67
9.09
6.15
16.12
9.66
7.31
18.51
8.61
7.32

Table 7
Time slot requirement in the random topology with 50 sessions under different
number of channels and radios.

OM_V

OU_V
OM_V
NS_V
SN_V
OPT_F
OM_F
NS_F
SN_F

25

r¼ 1
r¼ 2
r¼ 3
r¼ 1
r¼ 2
r¼ 3
r¼ 1
r¼ 2
r¼ 3
r¼ 1
r¼ 2
r¼ 3

Ch ¼ 1

Ch ¼ 2

Ch ¼ 3

Ch ¼ 4

Ch ¼ 5

26.31
24.75
24.14
23.36
21.95
20.13
31.64
28.58
26.94
30.86
29.24
27.35

16.75
14.81
14.32
14.98
12.82
11.23
22.39
15.96
15.13
21.85
16.29
14.84

16.31
9.95
9.53
13.61
9.19
8.71
21.81
11.88
11.07
19.77
11.59
10.42

15.87
8.78
7.76
13.32
8.18
8.07
20.93
10.43
8.78
19.62
9.98
8.73

15.63
8.19
6.17
12.97
8.01
7.92
20.93
10.38
8.16
19.62
9.87
7.81

topology, the multicast transmission would increase network
interference especially when the density of network ﬂow is high.
Therefore, multicast transmission is not always a good solution
comparing with NC and spatial reuse in grid topology. Furthermore, although multicast transmission can increase network
throughput by activating multiple links simultaneously, the transmission rate is limited by the link with the worst channel state.
Therefore, the network performance gained by multicast is not so
obviously. It is interesting to observe that when the network load
is relatively light (i.e. the density of network session is not large),
the achieved network throughput gain of NS_V is slightly better
than that gained by SN_V. This is due to the opportunity for spatial
reuse is few by conducting SN_V, therefore NC is mainly adopted
for transmission. However, as the number of network sessions
increases to some extent (i.e. the link load in the network is
relatively heavy), the obtained throughput gain by SN_V is larger
than that of NS_V. The reason is that parallel transmissions,
achieved by utilizing variable power, can increase network
throughput through spatial reuse.
Although the trends in Figs. 2–4 are the same, the location of
the inﬂection points are different. We can see the inﬂection point
appears in the linear topology when the number of sessions is less
than 20, while this point comes out in the grid topology when the
number of sessions is more than 40. This illustrates that different
transmission schemes are more suitable for different topologies
according to the link load. Compared with the schemes with ﬁxed
transmission power, the network throughput gains achieved by
variable transmission power increase around 38%, 30% and 34% on
average in the linear, grid and random network topologies,
respectively.
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Tables 2–4 show the percentage of the NC trafﬁc, which is the
ratio of the number of NC sessions (including CNC and DNF) to the
number of all the sessions. We can observe that the NC trafﬁc
percentage under ﬁxed transmission power is larger than that in
the variable power situation. This is because more links can be
activated simultaneously due to the decrease of network interference by power control, and more opportunities exist for
utilizing different transmission methods (i.e. spatial reuse and
multicast). We can also see that the NC percent in multicast
situation is less than that in the optimal situations. This is because
the broadcast stage of NC methods is similar with the multicast
transmission. As the number of network session increases, the NC
percentage in NS_F becomes larger than that in NS_V. This is due
to the parallel transmissions are limited by the maximum power
under the ﬁxed power transmission situation, and some nodes can
achieve better network performance by spatial reuse instead of NC
with the adaptive power control method. The values of the NC
trafﬁc percentages under the optimal scheme OPT_V (OPT_F) are
between the values of SN_V (SN_F) and the NS_V(NS_F), since the
optimal scheme considers the interaction between NC and spatial
reuse. As the number of network sessions increases, the speed
enhancement of the NC percentage in the grid topology is lower
than the other two topologies. This is due to the topology
characteristic of grid network, and more parallel links and NC
opportunities exist, which results in the interplay between NC and
spatial reuse in grid topology is more tight than the other two
topologies. Therefore, the nodes in grid topology have more
opportunity to select transmission methods according to the
channel state.
At last, we study the total required number of time slots to
complete all the transmission tasks in the MC–MR WMNs under
different network topologies, as shown in Tables 5–7. The results
illustrate that with more radios equipped, those links connecting
to the same node with transmission task can be scheduled at the
same time. Given the same number of radios and channels, the
optimal methods (OU_V and OM_V) can complete all the network
tasks with the minimum transmission slot. The required time slots
decrease as the number of channels or radios increases. For
example, the required time slot for two-channel and four-radio
transmission (r ¼2, ch¼4) is almost the half of that for singlechannel and two-radio transmission (r ¼ 1, ch ¼2). With more
radios applied to each node, multiple channels become more
powerful for network performance improvement. We can also
observe that given the same number of radios, although the
number of channels keeps increasing, the required time slots to
complete all the transmission tasks decrease to some extent and
then keep almost stable. From the simulation results, we note that
if there are C channels in the network, where 2 r C r 5, at least
(C 1) radios per-node are needed in order to make full use of
these C channels.

6. Conclusions
In order to exploit the wireless spectrum resource effectively,
concurrent transmission links should be scheduled adaptively so
that network performance can be optimized. Although the validities for throughput improvement by link scheduling, NC and
channel assignment techniques have been studied, less attention
has been paid to their interactions. In this paper, we present a twophase solution. The ﬁrst step is to allocate the interference-free
links to the same conﬁguration that can be activated in the same
time slot and channel, by considering the interaction between NC
and spatial reuse, and a novel metric to evaluate the contribution
of transmission rates brought by different schemes is presented.
On the second step, we assign the conﬁgurations, obtained by the

ﬁrst step, to different channels according to device characteristics
and constraints, with the objective of minimizing the number of
time slots. Due to the high computational complexity of the CA
problem, a heuristic method is presented. Simulation results have
demonstrated that, multicast transmission is not always the best
choice, especially when more opportunities exist to conduct NC
and spatial reuse. Besides, NC is preferred in the light-loaded
network while spatial reuse is welcomed in the heavy-loaded
network. It has also been shown that our scheme outperforms
other methods since it makes a comprehensive consideration
between spatial reuse and NC in MC–MR network.
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