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Abstract—In cognitive radio mesh networks, the unlicensed
users are allowed to use spectrum opportunities under the
restriction of protection of licensed users. The transmission
operation of unlicensed users packets is typically done through
multiple mesh routers. In the case of a large amount of packet
retransmissions, the performance of the whole network system
may degrade. To solve this problem, a queueing buffer based
priority scheme for mesh routers is suggested. Based on this
scheme, the uplink transmission performance of unlicensed users
in cognitive radio mesh networks is studied under the condition
of imperfect spectrum sensing. Numerical evaluation results show
the feasibility and effectiveness of the suggested priority scheme.

I. INTRODUCTION

Today, a promising solution for ubiquitous wireless commu-
nication is the Cognitive Radio Mesh Networks (CRMNs) [1].
In CRMNs, the licensed and unlicensed users are known as
Primary Users (PUs) and Secondary Users (SUs), respectively.
Both Mesh Router (MR)s and SUs use the Cognitive Radio
(CR) technology to opportunistically access the available
licensed channels being vacated by PUs (Fig. 1). Based on
this, an important task for supporting the SUs transmission is
to establish an end-to-end (e2e) routing path with containing
several MRs. The authors of [2] suggested, e.g., a distributed
routing scheme for SUs, to avoid e2e re-routing due to the
hidden router problem. Further, in [3] the authors reported on
the high complexity of the problems of finding the best routing
path and selecting the available channels for optimizing the
SUs transmission throughput. However, these studies do not
consider the priority scheduling at MRs.

Given a particular MR along with an e2e routing path in
CRMNs, two different categories of SU packets are received.
The first category of SU packets are originally generated from
the source SUs located within the radio range of the particular
MR, also known as local packets. The second category of
SU packets are relayed from the neighboring MRs of this
particular MR, also known as relayed packets. Due to hardware
limitations, a particular MR may block local or relayed SU
packets. Blocking a relayed SU packet may interrupt the
packet transmission from a source SU to its destination, thus
provoking packet retransmission. Also, the Quality of Service
(QoS) performance along the e2e routing path may degrade.
To alleviate this degradation, the particular MR needs to give
transmission priority to the relayed packets over the local ones.

To the best of our knowledge, although the above-addressed
priority scheme has been widely used in traditional mesh
network, there is no numerical study done so far for CRMNs.
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Fig. 1. Example of network topology of CR mesh networks.

In our paper, a realistic CRMN is considered for the case of
imperfect spectrum sensing. A queueing buffer based priority
scheme is suggested for the MRs along the e2e routing path. A
two-stage parallel server based queueing model is developed
to study the e2e uplink transmission performance of SUs.

The rest of the paper is organized as follows. Section II
describes the system model. The queueing model is built up in
Section III. The numerical and simulation results are discussed
in Section IV. Finally, we conclude the paper in Section V.

II. SYSTEM MODEL

We consider a CRMN (Fig. 1) consisting of a Primary Base
Station (PBS), a single Gateway Router (GR), e.g., a base
station [4], and a set of MRs denoted by R. The PBS provides
wireless access to PUs by a set of licensed channels denoted
as C. The GR is typically connected to the Internet, and it can
provide wireless access to its neighboring MRs.

A. Uplink Transmission Model

Every MR in the set R is responsible for two tasks: i)
receiving packets from the SUs located within its radio range
(the so-called local SUs), and ii) relaying the SU packets
from/to its neighboring MRs. The two tasks are assumed to
be done on two different channels allocated from the channel
set C. These channels are called Allocated Channel for Local
(AC-L) and Allocated Channel for Relay (AC-R) for the first
and for the second task, respectively. The channel allocation
to all MRs in R is assumed to be done by using signalling
protocols like, e.g., information exchange among MRs.
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Fig. 2. Uplink transmission along a particular e2e routing path.

As shown in Figure 2, we consider a particular e2e rout-
ing path P consisting of K MRs. They are labeled by



R1, R2, ..., RK . Let R∗ and C∗ denote the sets of K MRs and
their channels, respectively. They are subsets of R and C. For
a particular MR Rk ∈ R∗, where k = 1, 2, ..,K, its AC-L and
AC-R channels are denoted by CL,k and CR,k, respectively.

For a local SU of MR Rk, its e2e uplink transmission is
defined to be the procedure of transmitting a packet from this
local SU to the GR. To do this, the packet transmission of
related MRs is assumed to be constrained as follows:
• MR Rk uses channel CR,k to transmit SU packets to MR
Rk+1 for 0 ≤ k < K, or to the GR for k = K.

• If 0 ≤ k < k
′ ≤ K, each MR Rk′ provides relay service

until the SU packet reaches the GR.

B. PU Model

The transmission activity of PUs on each channel in the set
C∗ is assumed to be done in a synchronous time-slotted basis.
The PU slot length identically equals δ in the time domain.
In every slot, PUs are either present or absent in the channel
during the whole slot duration.

The transmission activity of PUs is assumed to follow a two-
state busy-free Markov process. The state busy means the event
that a PU is occupying a channel for one or more consecutive
slots. The state free refers to the event that there is no PU
in the channel for one or more consecutive slots. The time
periods of the two states busy and free are integer times of δ.
They are assumed to be exponentially distributed with mean
values 1/α and 1/β, respectively.

C. MR and SU Models

For each MR and its local SUs, it is assumed that they first
do a long-term (e.g., over multiple PU slots) spectrum sensing
on the associated AC-L and AC-R channels. They can so learn
statistic information about the transmission activity of PUs,
and thus their transmission can operate in a time-slotted basis
with an uniform slot length δ. Specifically, each slot consists
of two phases: sensing phase and transmission phase.

Given a particular MR Rk ∈ R∗ and its local SUs, they
perform a short-term spectrum sensing during the sensing
phase in each transmission slot on channels CR,k and CL,k:
• If CR,k is sensed to be free, Rk transmits a packet to the

next router, which is one hop closer to GR. If k < K,
the next router is Rk+1. If k = K, the next router is GR.

• If CL,k is sensed to be free, the local SUs of Rk
may transmit packets to Rk during the second phase by
following a CSMA/CA-like protocol model.

• For either MRs or SUs, a successful transmission can be
acknowledged by the receiver at the end of each slot.

Because of sensing-duration limitation, the short-term spec-
trum sensing may lead to imperfect sensing results in terms of
overlook errors and misidentification errors. Overlook means
that a free channel is sensed to be busy. Misidentification
means that a busy channel is sensed to be free.

Only the overlook errors are considered in our paper.
This is because: i) for either a MR or a SU, a successful
transmission occurs only during the time period when its
used channel is free, and ii) if its transmission collides with

PUs, it can experience unsuccessful transmission by missing
acknowledgment message from the receiver.

D. Priority Scheduling

Each MR Rk is assumed to be equipped with a finite buffer
to queue the newly arrived packets (either relayed packets or
local packets). The buffer length is denoted as lk. It equals
the maximum number of idle queueing slots for saving SU
packets, when the entire buffer is empty. Each queueing slot
can only save a single SU packet at a time.

Further, hk out of lk queueing slots are reserved for the
relayed packets. If hk > 0, the relayed packets are given higher
priority over the local packets. When a relayed packet arrives
and at least one queueing slot is idle, the relayed packet is
accepted. Otherwise, the relayed packet is blocked. When a
local packet arrives, it is accepted if at least (hk+1) queueing
slots are idle. Otherwise, the local packet is blocked. To avoid
that the local packets are blocked altogether, hk is less than
lk. Particularly, since MR R1 only receives the local packet,
this generates two constraints λ1 = 0 and h1 = 0.

E. Retransmission Scheme

We consider the scenario that a particular SU transmits
packets to MR Rk. These SU packets may be blocked at
the MRs Rk′ for k

′ ≥ k. It is assumed that the blocking
event can be informed to the particular SU by using the afore-
mentioned signalling protocols along the e2e routing path.
Hence, a blocked SU packet may be retransmitted from the
particular SU to its destination, which is called retransmitted
packet. Further, MR Rk′ has two ways to deal with a packet
retransmitted from that particular SU:
• If k

′
= k, the packet is treated as local SU packet. In the

following, such SU packet is also called original packet.
• If k

′
> k, the packet is treated as a relayed SU packet.

III. QUEUEING ANALYSIS

Given the above described models, the Markov chains based
queueing analysis is as follows. We assume that the packet
transmission between SUs and MRs via the AC-L channels
is done with perfect spectrum sensing. To study the uplink
transmission performance of SUs along the aforementioned
e2e routing path P∗, we jointly consider the imperfect sensing
and priority scheduling at MRs using AC-R channels.

A. Spectrum Access under Imperfect Sensing

For a particular MR Rk ∈ R∗, we consider the m consec-
utive slots, during which the PUs are absent in the channel
CR,k. Let t denote the time period of these m slots, i.e.,
t = mδ. Further, in each of m slots, the MR Rk may not
transmit a SU packet with probability εk, which is due to the
overlook error. This also indicates that the probability of a
successful transmission in a slot is equal to (1− εk).

The packet transmission at MR Rk can be further modelled
as an Interrupted Poisson Process (IPP) [5, 6], with the
probability density function (pdf) of service time as follows:

f(t) = θµa,ke
−µa,kt + (1− θ)µb,ke−µb,kt (1)



where θk =
ηk−µb,k

µa,k−µb,k
, µa,k =

ηk+α+β+[(ηk+α+β)2−4ηkβ]
1
2

2 ,

µb,k =
ηk+α+β−[(ηk+α+β)2−4ηkβ]

1
2

2 .

B. Queueing Modelling

For each MR Rk ∈ R∗, we assume that the arrivals
of SU packets independently follow the Poisson processes
with mean rates λk, γk and ϑk for relayed, for original
and for retransmitted SU packets, respectively. For simplicity
purposes, we also ssume that the overlook probability εk at
each MR Rk has the same value ε, i.e., ε = εk. Therefore,
we have η = ηk, θ = θk, µa = µa,k and µb = µb,k. Based
on these, equation (1) can be further modelled by a two-stage
parallel server based queueing system M/H2/1 [6], as shown
in Fig. 3.
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Fig. 3. Two-stage parallel server queueing model for MRs.

Let a set of three integers (jk,0, jk,1, jk,2) denote a system
state that jk,0 packets are in the buffer of MR Rk, and jk,1 and
jk,2 packets in transmission service are located in the stages
a and b, respectively. We illustrate the state transition diagram
in Fig. 4.
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Fig. 4. State diagram of the MR Rk at steady-state.

Let π(k)
jk,0,jk,1,jk,2

denote the steady-state probability of MR
Rk being in state (jk,0, jk,1, jk,2). With regard to [7], we can
formulate a serial of steady-state balance equations expressed
in terms of parameters λk, γk, ϑk, lk, hk, µa, µb and θ.
According to subsection II-D, let P (k)

bl,l denote the blocking
probability of the local SU packets, and P (k)

bl,r denote the
blocking probability of the relayed SU packets. We obtain:

P(k)

bl,l =
∑

∀(jk,0,jk,1,jk,2)∈Sk

[
π(k)

jk,0,jk,1,jk,2
|jk,0 ≥ (lk − hk)

]
(2)

P(k)

bl,r =
∑

∀(jk,0,jk,1,jk,2)∈Sk

[
π(k)

jk,0,jk,1,jk,2
|jk,0 = lk

]
(3)

Let λ∗k denote the actual average rate of SU packets arriving
at MR Rk. We have λ∗k = λk(1 − P (k)

bl,r) + (γk + ϑk)(1 −
P (k)

bl,l). The arrived packets are packets transmitted from MR
Rk to MR Rk+1. The value of λ∗k is equal to the average
arrival rate of the relayed packets at the MR Rk+1 side, i.e.,

λk+1 = λ∗k. Similarly, we can formulate a set of equations. As
λ1 = 0, we have λ2 = (γ1 + ϑ1)(1 − P (1)

bl,l). By substituting
them into above-mentioned balance equations, all steady-state
probabilities of each MR Rk can be computed.

C. Performance Metrics

Three performance metrics are studied below.
1) Individual e2e transmission throughput: for a particular

MR, this metric is defined as the average rate of the packets
provided that the SUs located within this particular MR
successfully transmitted their packets to the destination GR.
Let Tk denote the individual transmission throughput for the
MR Rk ∈ R∗. As described in subsections II-A and II-E, we
have: Tk = (γk + ϑk)

(
1− P (k)

bl,l

)∏K
k′=k+1

(
1− P (k

′
)

bl,r

)
.

2) Average e2e transmission delay: for a particular packet,
this metric means the total time spent by the packet for
the transmission from the source SU to the GR. This is
the sum of the waiting times of this particular packet
at each MR. Let Dk denote the average waiting time
experienced by an arbitrary packet at MR Rk ∈ R∗,
including the time both for queueing and for transmis-
sion. To compute Dk, the average number of packets in
MR Rk needs to be considered, and it is computed by:
Nk =

∑
∀(jk,0,jk,1,jk,2)∈Sk

[
(jk,0 + jk,1 + jk,2)π

(k)
jk,0,jk,1,jk,2

]
.

According to the Little’s Theorem, Dk is equal to (Nk/λ∗k).
Subsequently, the average e2e transmission delay is given by
D =

∑K
k=1Dk =

∑K
k=1

Nk

λ∗k
.

3) Total e2e transmission throughput: it is defined to be the
average rate of the SU packets successfully transmitted from
the SUs to the GR. Let T denote this metric, which equals the
sum of all individual e2e transmission throughputs of each MR
along the e2e routing path. This means that T =

∑K
k=1 Tk.

D. Determination of Retransmission Rate

In reality, ϑk relies on the blocking probability of local
SU packets at Rk, and the blocking probability of relayed
packets at any other MRs Rk′>k ∈ R∗. We have ϑk =

γk

[
1−

(
1− P (k)

bl,l

)∏K
k′=k+1

(
1− P (k

′
)

bl,r

)]
. Then, the deter-

mination of retransmission rate of SU packets at each MR
follows an iteration method described in [7].

IV. PERFORMANCE EVALUATION

In this section, the numeric results are reported. An e2e
routing path consisting of four MRs is considered. According
to [7], the parameter settings are reported in Table I.

TABLE I
PARAMETER SETTINGS

Descritions Settings
MRs R∗ = {Rk}, where k ∈ {1, 2, 3, 4}

Priorities lk = 32, hk = h, h ∈ {10, 15, 20, 25, 30}
PU activities δ = 10−2s, α = 0.05, β = 0.06

SU activities γk = 3.0, εk = ε, ε = 0.93

Figures 5(a) and 5(b) show the results of the retransmission
rate of each MR {ϑ1, ϑ2, ϑ3, ϑ4}, and the individual e2e
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Fig. 5. Numerical results of ϑk and Tk versus the number of reserved queueing slots for relayed SU packets.

transmission throughput of each MR {T1, T2, T3, T4}. When
the number of reserved queueing slots for relayed SU packets
is increasing, different MRs may have different trends of
change in either the retransmission rate or the individual e2e
transmission throughput. The changes are described below:
• For R1, ϑ1 decreases with h, while T1 increases with h.
• For R2, ϑ2 first decreases with h and then increases with
h. T2 first increases with h and then decreases with h.

• For R3, ϑ3 increases with h, and T3 decreases with h.
• For R4, ϑ4 increases with h, and T4 decreases with h.
Usually, more distanced the particular MR is located from

the GR, more relay MRs are needed. As a result, its local SU
packets demand more relay services before reaching GR, and
thus there is a higher probability of being blocked. By using
the suggested priority scheduling scheme, the local SU packets
of the particular MR are given higher priority for relay service,
so that the possibility of blocking these packets at each relay
MR side is decreased. However, closer the particular MR is
located from the GR, more relayed SU packets this particular
MR needs to deal with. The consequence is that more local
SU packets of this particular MR are blocked due to lower
transmission priority than the relayed SU packets.

TABLE II
NUMERICAL RESULTS OF D AND T

h = 10 h = 15 h = 20 h = 25 h = 30

D 22.1430 20.7067 19.3337 17.9965 16.5316
T 3.7670 3.7518 3.7240 3.6655 3.4652

Table II reports the average e2e transmission delay D and
the total e2e transmission throughput of the whole system T .
Specifically, it shows that T decreases with h. This is because,
for each MR, the transmission priority is given to the relayed
SU packets over the local SU packets. Further, higher this
transmission priority is, more local SU packets are likely to
be blocked. As a result, the system’s capacity of accepting the
local SU packets is decreased. Subsequently, T is decreased.
Although, the suggested priority scheme leads to the decrease
in T when h is increasing. However, this has a big advantage

in that D decreases with h, as observed in Table II. Moreover,
we can observe the significant effectiveness of the suggested
priority scheme. That is, increasing h actually gives rise to
minor decrease in T and significant decrease in D.

V. CONCLUSION

By considering the realistic case of imperfect spectrum
sensing, the end-to-end (e2e) opportunistic transmission in
Cognitive Radio Mesh Networks (CRMNs) is studied. A buffer
reservation based priority scheme is suggested to give higher
priority to relayed unlicensed user (SU) packets. To investigate
the e2e uplink transmission performance of SUs, a two-stage
parallel server based queueing model M/H2/1 was developed
for each mesh router. The performance evaluation shows that
the suggested priority scheme can significantly decrease the
e2e transmission delay of SUs, together with a minor decrease
in the total e2e transmission throughput of SUs.
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