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Abstract—In this paper, optimal and sub-optimal routing
protocols are proposed for cognitive radio networks. We first
investigate optimal routing that consists in searching among all
paths, the one that minimizes the end-to-end outage while veri-
fying interference constraint to primary receiver. A sub-optimal
one-hop routing is proposed where the best relay is selected
in each hop. The last routing protocol consists in decomposing
the network in many sub-networks composed of K hops. Then
the best route is determined in each of these sub-networks so
that the K hops-outage probability is minimized. The proposed
K-hops routing allows a good compromise between complexity
and performance. The performance of different routing protocols
are evaluated through simulation results in terms of outage
probability.
Keywords : Routing protocols, Underlay cognitive radio net-
works, Multihop relaying, Rayleigh fading channels.

I. INTRODUCTION

Cognitive radio has been recently proposed as a potential
enabler to use efficiently the radio spectrum. Its idea is based
on the dynamic spectrum access [1]-[2] which allow unli-
censed secondary users to access the spectrum opportunisti-
cally without adversely affecting the transmission performance
of the license holders, called primary users 1. To share the
spectrum in an opportunistic manner, three approaches have
been proposed namely: interweave, underlay and overlay. The
interweave approach allows secondary transmissions over the
spectrum bands left unused by the primary users. However,
this approach requires challenging capabilities of sensing and
prediction of primary activities, especially when primary users
are highly dynamic. In underlay approach [3], primary and
secondary transmissions are done simultaneously over the
same spectrum band. The secondary users must keep the
interference at the primary receiver (PR) less than a predened
level. This approach allows the secondary users to access
directly to the spectrum. Besides, secondary users must control
adequately its transmit power in order to respect the imposed
primary constraint. Moreover, the secondary receivers (SRs)
suffer from the interference caused by the primary transmitter
(PT). In the overlay transmission approach, secondary trans-
mitter (ST) devotes a part of its transmit power to relay
the primary data and hence improve the performances of
primary transmissions in exchange of spectrum access time
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puter and Information Sciences, King Saud University, under Grant No.
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[4]. In order to not degrade the performance of the primary
network, the secondary source has to transmit with a low
power which reduces the throughput of the primary network.
To circumvent this problem, we can use relaying in the
secondary network where some relays help the source when
delivering its message. A relay can be a mobile station of the
secondary network. In practical networks, there are multiple
paths where the message can be routed from the source to
the destination through multihops. The aim of this project is
to propose different routing protocols for underlay cognitive
radio networks.

Routing protocols for cognitive networks were studied in [5-
22]. Joint routing, relay selection and spectrum allocation were
investigated in [5-7]. Routing protocols has been proposed in
[8-9] where the metric takes into account transmission, link
access and queuing delays. However, [8-9] haven’t taken into
account the generated interference to primary network. The
interference is an important aspect in cognitive radio networks.
If the generated interference is large, secondary nodes should
stop transmitting. Routing protocols using link availability
were suggested in [10]. A link is considered available if the
transmitter and receiver are within the transmission range
and if the generated interference to primary network is low.
An overview of routing protocols was provided in [11]. Two
main categories were discussed. The first one assumes a full
spectrum knowledge whereas the second one requires only
local spectrum information. Depending on the primary user
activity, static mesh routing, dynamic routing and opportunistic
forwarding were proposed in [12-13] for cognitive networks.
The proposed protocol is based on location and channel usage
information. Interference aware routing was introduced in [14]
in order to minimize interference to primary receiver while
reducing transmission delays in the secondary network. Dy-
namic secure routing was proposed in [15] to avoid jamming
attacks. The end-to-end throughput was maximized in [16] by
optimizing channel selection for a given routing path. Adaptive
routing has been investigated in [17] for fast varying chan-
nels. Routing protocols were proposed in [18] for cognitive
radio networks to balance energy consumption and minimize
routing overhead. In [19], packets are routed by taking into
account outage probabilities. Spectrum aware routing was pro-
posed in [20] for discontinuous orthogonal frequency division
multiplexing-based cognitive networks. A cross-Layer routing
protocol was used in [21] when the channel availability is less
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than the communication time. Routing metrics was computed
using packet error probability and delays. Cognitive tree-based
routing has been suggested in [22] to support many wireless
networks. Cognitive aware end-to-end metric has been used to
select the best route. To summarize, except [14], all previous
techniques investigated route selection without taking into
account the generated interference to primary network which is
one of the main objectives of the project. Also, previous works
tackled optimal path selection based on transmission delays or
end-to-end throughput without quantifying its complexity. Our
paper aims at finding some suboptimal routing protocols based
on outage probabilities to have a good compromise between
performance and complexity. The parameters of the proposed
suboptimal routing protocol will be adjusted in order to have
close performance to the optimal one. To the best of our
knowledge, optimal and suboptimal interference aware routing
for cognitive underlay radio networks have not been previously
proposed or studied.

The paper is organized as follows. The next section presents
the system model whereas section IV describes optimal and
suboptimal routing protocols. Section V

II. SYSTEM MODEL

The system model is shown in Fig. 1. The primary network
is composed of a Primary Transmitter (PT) and a Primary
Receiver (PR).The secondary network is composed of a source
S, a destination D and ML relays. There are M possible
relays in the i-th hop denoted by Ri,j where 1≤ j ≤ M .
Transmission phase is composed of L+ 1 phases. In the first
one, the secondary source S transmits a signal to relays of the
first hop R1,j . During the second phase, a relay is selected in
the set {R1,j}1≤j≤M using the routing protocol, to amplify
the signals to the next relays {R2,j}1≤j≤M . The same process
is continued through the remaining hops. In the last L + 1
phase, a relay is selected in the set {R1,j}1≤j≤M to amplify
the signal to the destination.

III. ROUTING STRATEGIES

A. Optimal routing

Interference aware optimal routing consists in selecting
the path among ML that minimizes the end-to-end outage
probability by considering only paths corresponding to relays
verifying interference constraints.

For a path j, the outage probability is the probability that
the end-to-end AF SNR is below the threshold γT :

Pout,j = P (γe
j ≤ γT ), (1)

where γe
j is the equivalent end-to-end SNR of the j-th path

(1 ≤ j ≤ ML) given by [23]

γe
j =

1∑L+1
i=1

1
γj,i

, (2)

γj,i is the SNR of the i-th hop for the j-th path. The selected
path is obtained by searching the path offering the highest
end-to-end SNR among the set S of paths composed of relays
verifying interference constraints to primary receiver PR :
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Fig. 1. System model.

jsel = argmax
j∈S

γe
j . (3)

If there is no available path, which means that at a given
hop there no relays verifying interference constraints, the
transmission is made by the source through the direct link.

B. One hop suboptimal routing

In this routing protocol, in the i-th hop, we select the relay
that minimizes the outage probability which is equivalent to
choosing the relay with the highest SNR :

Ri,sel = argmax
k∈Si

γRi−1,selRi,k, (4)

where Si is the set of relays in the i-th hop verifying
interference constraints and R0,sel = S which means that the
source transmits the signal in the first hop.

C. K-hops suboptimal routing

K hops routing consists in decomposing the network in
subnetworks composed of K hops then the best path is
selected in each subnetwork :

jsel = argmax
j∈S

γe,sub
j , (5)

where S is the set of paths in the subnetwork verifying the
interference constraint and

γe,sub
j =

1∑K
i=1

1
γj,i

, (6)
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{γj,i}i=1,...,K are the SNRs caracterizing the K hops of the
j-th path in the subnetwork.

IV. PERFORMANCE ANALYSIS OF OPTIMAL ROUTING

The end-to-end SNR of the j-th path can be upper bounded
by

γe
j < γe

j,min = min
1≤i≤L+1

(γj,i) . (7)

This upper bound is tight and has been used in many studies
[cite]. For Rayleigh fading channels, γe

j,min follows an expo-
nential distribution with mean [23]

γe
j,min =

1∑K
i=1

1
γj,i

. (8)

The outage probability of the j-th path is given by

Pout,j = P (γe
j ≤ γT ) > P (γe

j,min ≤ γT ) = 1−e
− γT

γe
j,min . (9)

The SNR of the selected path according to optimal routing is
given by

γe
jsel = max

j∈S
γe
j . (10)

Therefore, the end-to-end outage probability of the selected
path is given by

P (γe
jsel ≤ γT ) =

∏
j∈S

P (γe
j ≤ γT ) >

∏
j∈S

[
1− e

− γT
γe
j,min

]
.

(11)
The previous equation gives the outage probability for a given
set S of paths verifying interference constraints to primary
receiver. A lower bound of the average outage probability is
given by

Pout >
∑
s̸=∅

P (S = s)
∏
j∈S

[
1− e

− γT
γe
j,min

]
, (12)

+P (S = ∅)
[
1− e

− γT
γSD

]
where P (S = s) is the probability that relays in set s verify
the interference constraint and the remaining ones generate
interference larger than a predefined threshold T :

P (S = s) =
∏

Rl,k∈s

P (IRl,kPR
< T )

∏
Rm,p /∈s

P (IRm,pPR
> T ),

(13)
where IRl,kPR

is the generated interference at primary receiver
PR from relay Rl,k.

For Rayleigh fading channels, IRl,kPR
is exponentially

distributed and we have

P (IRl,kPR < T ) = 1− e
− T

IRl,kPR . (14)

When there is no available path, i.e. s = ∅, the transmission
is made by the source and the outage probability corresponds
to that of the direct link.

V. NUMERICAL AND SIMULATION RESULTS

In this section, we present some theoretical and simulation
results of optimal and suboptimal interference aware routing
in terms of SNR outage probability. We have considered a
network composed of L + 1 = 5 hops and M = 4 possible
relays in each hop. The distance between any relay and the
primary receiver is dRl,kPR

= 1. The distance between the
secondary source and the destination dSD = 5. The distance
between the source and the relays of the first hop is equal to
dSR1,j

= 1. The same distance is maintained for the remaining
hops dR1,jR2,j = dR2,jR3,j = dR3,jR4,j = dR4,jD = 1.

Fig. 2 shows the outage probability of optimal routing that
consists in searching all ML paths as described in section
III.A. The SNR threshold was varied from γT = 0, 3 and
5 dB. The interference threshold was set to T = 0 dB. We
observe that the simulation results are in a good agreement
with the theoretical curves. We also observe that the outage
probability increases as γT increases.

Fig. 3 compares the outage probability of optimal routing,
one hop routing and K = 2 hops suboptimal routing for
γT = 0 dB. The last suboptimal routing consists in dividing
the networks in two subnetworks. The first subnetwork is
composed of the first two hops. The second one contains
the remaining hops. Then, we use the best path in each
subnetwork. We observe that optimal routing offers the best
performance. K hops routing offers better performance than
one-hop routing and can be considered a good solution to have
a good compromise between complexity and performance.

Fig. 4 shows the outage probability of optimal routing for
different values of the interference threshold T = +∞, 1, 0.5
and 0.4 and γT =5 dB. We observe that the outage probability
increases as T decreases since there will be less available
relays and paths.
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Fig. 2. Outage probability of optimal routing for γT =0,3 and 5 dB.
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Fig. 3. Outage probability of optimal and suboptimal routing for γT =0 dB,
T = 0dB, M=4, L=4.
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Fig. 4. Outage probability of optimal routing for different values of the
interference threshold T .

VI. CONCLUSIONS AND PERSPECTIVES

In this paper, we have proposed interference aware optimal
and suboptimal routing protocols for underlay cognitive radio
networks. Optimal routing consists in searching the best path
among all available paths. Available paths are composed of
relays verifying interference constraints to primary receiver.
One hop suboptimal routing consists in selecting the relay with
the largest SNR at each hop. K hops suboptimal routing con-
sists in decomposing the network on subnetworks composed
of K hops then the best path is selected in each subnetwork.
We have shown that optimal routing offers better performance
than suboptimal routing. K hops routing offers better perfor-
mance than one-hop routing. It offers a good compromise
between complexity and performance. As a perspective, we
will evaluate the theoretical performance of the suboptimal

routing protocols.
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