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Abstract—We herein analyze the capacity of voice over IP
(VoIP) and propose a new method for finding the minimum detec-
tion and false-alarm probabilities to ensure the quality-of-service
(QoS) requirement of VoIP users in a cognitive radio system. We
propose a model for the system supporting the VoIP service as a
2-D discrete-time Markov chain (DTMC). The VoIP traffic and
wireless channels in the cognitive radio system are described as a
Markov-modulated Poisson process (MMPP) model and a Markov
channel model, respectively. In addition, we introduce a simple
spectrum-sensing model based on energy detection. By means of
the DTMC approach, we demonstrate various analytical and sim-
ulation results under the constraint of imperfect spectrum sensing,
such as the packet dropping probability, average throughput, and
VoIP capacity.

Index Terms—Cognitive radio, discrete-time Markov chain
(DTMC), Markov-modulated Poisson process (MMPP), spectrum
sensing, voice-over-IP (VoIP) service.

I. INTRODUCTION

IN FUTURE wireless communication systems, cognitive
radio is a promising and challenging technology for max-

imizing radio resource utilization in recognition of the fact
that conventional systems exploit the most available frequency
bands for wireless communications but that these frequency
bands are not generally fully utilized [1], [2]. The funda-
mental concept of the cognitive radio was first introduced by
Mitola [3]. In a cognitive radio system, the cognitive user
should be able to recognize the radio environment to accurately
search spectrum holes that are not exploited by primary users.
In this system, primary users should be sufficiently protected.
Thus, spectrum sensing in the secondary network is one of the
most important issues [2], [4]. In addition, the management
of the spectrum channels found by the spectrum sensing is
also very important in cognitive radio systems [5]–[7]. Apart
from these research issues, there are many other problems
to be solved in cognitive radio systems, such as spectrum
sharing, dynamic spectrum access, spectrum mobility, cognitive
medium-access control, and so on.

Furthermore, voice over IP (VoIP) will be an essential service
in the future because, through VoIP technology, wireless users
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can more cheaply utilize voice services. Therefore, supporting
as many voice users as possible while using limited radio
resources is a very important issue that could be key to the
success of future systems that include cognitive radio systems
[8], [9]. Accordingly, we herein focus on the improvement
and analysis of the VoIP capacity in a cognitive radio system
under the constraints that the primary users are sufficiently
protected and that the quality-of-service (QoS) requirements of
the secondary VoIP users are guaranteed.

So proposed a discrete-time Markov chain (DTMC) frame-
work based on a Markov-modulated Poisson process (MMPP)
traffic model to analyze VoIP performance [10]. However, the
author did not consider cognitive radio systems and showed the
performance with respect to queue length, average throughput,
and packet-dropping probability in the IEEE 802.16e orthogo-
nal frequency-division multiple access system with in-band sig-
naling. In [11], Bi et al. evaluated the VoIP capacity and delay
performance of a 1xEV-DO revision A (DOrA) system using
both analytical and simulation models. Here, they identified the
challenges and investigated the feasibility of implementing the
VoIP service using the DOrA system. Furthermore, by con-
sidering the sensing–throughput tradeoff, Liang et al. studied
the problem of designing the sensing duration to maximize
the achievable throughput of the cognitive system under the
constraint that the primary users are sufficiently protected [12].
Here, they also addressed the relationship between the proba-
bility of detection and the probability of false alarm. In [13],
Rashid et al. proposed a queuing framework of opportunistic
spectrum access by secondary users in a cognitive radio system.
They derived the queuing delay performance of the secondary
users by considering the activity of primary users and the
channel quality variation of the secondary users. On the other
hand, we analyzed VoIP capacity in a cognitive radio system
where spectrum-sensing errors do not occur [14]. However, to
make our research more practical, we herein extend the scope
of our prior research. That is, we take into account imperfect
spectrum sensing.

In this paper, we analyze VoIP capacity in a cognitive radio
system using a queuing model based on the MMPP traffic
model and a Markov channel model where spectrum sensing
errors occur. Here, the VoIP packets of the secondary users can
be transmitted when the wireless channel is not utilized by a
primary user/network. In addition, we propose a new method
to find minimum target-detection and false-alarm probabilities
for the spectrum sensing. To the best of our knowledge, the
capacity analysis and improvement of VoIP services have yet
to be studied for cognitive radio systems under the constraint of
imperfect spectrum sensing.
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The remainder of this paper is organized as follows. In
Section II, we present the VoIP traffic model based on the
MMPP and the Markov channel model for cognitive radio
systems. In Section III, we propose a DTMC framework
considering multiuser VoIP queuing and wireless channel-
occupancy variations. Furthermore, we introduce a simple
spectrum-sensing model and propose a new method to find the
minimum target-detection and false-alarm probabilities under
the assumption of satisfying the constraint of VoIP packet-
dropping probability. In Section IV, we show various analytical
and simulation results such as the packet-dropping probability,
average throughput, and VoIP capacity. Finally, we draw some
conclusions in Section V.

II. MODELING OF VOICE OVER INTERNET PROTOCOL

TRAFFIC AND COGNITIVE RADIO CHANNEL

As a preliminary study, we introduce a VoIP traffic model
and a cognitive radio channel model to analyze the performance
of a cognitive radio system supporting VoIP services in this
section.

A. Modeling of VoIP Traffic

The VoIP traffic of a single user can generally be formulated
as a simple on–off model. The probability that the status of
the users is inactive (= off) in the simple on–off model can
be obtained by poff = β−1/(α−1 + β−1), and pon = 1 − poff .
Here, 1/α and 1/β are the mean values of the on and off
periods, which are exponentially distributed. Furthermore, all
the traffic generated by the VoIP users in the cell can be
represented as a two-state MMPP model [15]. This MMPP
model is highly suitable for formulating multiuser VoIP traffic
because the MMPP captures the interframe dependence be-
tween consecutive voice frames. Here, the transition rate matrix
(R) and the Poisson arrival rate matrix (Λ) of the MMPP can
be expressed as follows:

R =
[
−r1 r1

r2 −r2

]
, Λ =

[
λ1 0
0 λ2

]
. (1)

To exploit the MMPP model, we match the MMPP param-
eters (r1, r2, λ1, and λ2) in (1) with the parameters of the
simple on–off model (α and β). We herein adopt the index
of dispersion for counts (IDC) matching technique because
it yields adequate results for the matching of parameters and
has appropriate computation complexity compared with other
matching techniques [10]. Then, r1, r2, λ1, and λ2 in (1) can be
calculated by

r1 =
2(λ2 − λavg)(λavg − λ1)2

(λ2 − λ1)λavg (IDC(∞) − 1)
(2)

r2 =
2(λ2 − λavg)2(λavg − λ1)

(λ2 − λ1)λavg (IDC(∞) − 1)
(3)

λ1 =A ·

Nact_avg∑
i=0

i · πi

Nact_avg∑
j=0

πj

, λ2 = A ·

N∑
i=Nact_avg+1

i · πi

N∑
j=Nact_avg+1

πj

. (4)

Fig. 1. Markov channel model for a cognitive radio system.

Here, N is the total number of VoIP users in the system, A is
the emission rate in the ON-state (A = 1/Tbasic), and Tbasic is a
frame duration of voice codec. Furthermore, the average arrival
rate is λavg = N × A × pon, the average number of active users
is Nact_avg = �N × pon�, and the steady-state probability of
a 1-D Markov chain when considering N independent simple
on–off voice users can be calculated by πi = NCi · pi

on · (1 −
pon)N−i. Moreover, IDC(∞) is given as [15]

IDC(∞) = 1 +
2(λ1 − λ2)2r1r2

(r1 + r2)2(λ1r2 − λ2r2)
. (5)

B. Modeling of Cognitive Radio Channel

A wireless channel can be modeled as a two-state Markov
process in a cognitive radio system, as shown in Fig. 1 [14],
[16]. An occupied state means that the wireless channel is
utilized by a primary user. Given that the channel status is
“Occupied,” the cognitive user cannot use the channel. In this
paper, we assume that there are “M” wireless channels. Then,
the transition probability (Pm,n) that there are m unoccupied
channels (xc) in the current frame and that there will be n
unoccupied channels in the next frame can be represented by

Pm,n =
min(m,M−n)∑

x′=max(0,m−n)

(
m
x′

)
px′

01p
m−x′

00

(
M−m

y′

)
py′

10p
M−m−y′

11 .

(6)

In (6), y′ = n − m + x′, where x′ and y′ denote the num-
bers of channels whose status are altered from “Unoccu-
pied” to “Occupied” and from “Occupied” to “Unoccupied,”
respectively.

III. VOICE OVER INTERNET PROTOCOL CAPACITY

ANALYSIS UNDER THE CONSTRAINT OF

IMPERFECT SPECTRUM SENSING

We herein analyze the VoIP capacity of a cognitive radio
system where spectrum-sensing errors arise. In this section,
we release the typical assumption of perfect spectrum sensing
to obtain more advanced and practical results. Namely, we
consider imperfect spectrum sensing. Moreover, we propose a
new method to find minimum target-detection and false-alarm
probabilities to ensure QoS requirements of VoIP services.

Spectrum-Sensing Modeling: In [12], the spectrum-sensing
model based on energy detection was presented. Thus, if we
assume that the primary signal is complex phase-shift keying
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Fig. 2. Probability of detection and false alarm versus the number of sensing
users per channel when Ptd = 0.8 and 0.9.

(PSK) modulated and the noise has a circularly symmetric
complex Gaussian (CSCG) distribution, we can represent the
probabilities of channel detection (pd(ε, τ)) and false alarm
(pf (ε, τ)) as follows:

pd(ε, τ) =Q
((

ε

σu
2
− γ − 1

) √
τfs

2γ + 1

)
(7)

pf (ε, τ) =Q
((

ε

σu
2
− 1

) √
τfs

)
(8)

where ε is the detection threshold, τ is the available sensing
time, σ2

u is the variance of the Gaussian noise, fs is the
sampling frequency of the received signal, and γ is the received
SNR of the primary user measured at the cognitive user under
the hypothesis H1. Here, H0 denotes that the status of the
primary user is inactive, and H1 represents that the status of the
primary user is active. Furthermore, Q(·) is the complementary
distribution function of the standard Gaussian.

Fig. 2 shows the probability of detection and false alarm
versus the number of sensing users per channel when Ptd =
0.8 and 0.9, and this figure is obtained from (7) and (8). Here,
Ptd is a target detection probability, which is utilized in the
spectrum sensing of each sensing user. To obtain pd(·) and
pf (·), we first set Ptd to a certain value; then, we can obtain
ε from (7). After that, by using ε, we can calculate a false-alarm
probability from (8). In the IEEE 802.22 Wireless Regional
Area Network, a detection probability must be maintained
below 0.9 [17]. Hence, we herein adopt this value (Ptd = 0.9)
as the target-detection probability. In this figure, we assume
that γ = −15 dB, fs = 6 MHz, and τ = 1 ms. Since the base
station (BS) could have a number of sensing results for each
channel, we apply a majority rule to make a final decision
[12]. As shown in Fig. 2, the false-alarm probability decreases
with the increase in the number of sensing users because of
the increment of sensing information for each primary channel.
Moreover, the false-alarm probability when Ptd = 0.9 is larger
than the probability when Ptd = 0.8 because we should set the

ε at a lower value to satisfy the constraint of the target-detection
probability.

Assumptions:
1) One VoIP packet can be transmitted through one unoccu-

pied wireless channel. If all the channels are used by the
primary users, the VoIP packets cannot be sent.

2) There are no packet retransmissions. That is, unreceived
and destroyed packets are not sent again.

3) The primary signal is complex PSK modulated, and the
additive noise has a zero-mean CSCG distribution.

4) The packets transmitted through miss-detected channels
are destroyed.

5) The received SNRs for the primary user measured at the
cognitive users are all the same.

6) The number of sensing users is sufficient for spectrum
sensing.

System Modeling: We can formulate a multiuser queuing
model for VoIP services in a cognitive radio system, such as a
DTMC. In other words, we can analyze the behavior of queuing
packets in the BS with this DTMC model. Then, the transition
matrix (P) can be defined as

P =

⎡
⎢⎣

A0,0 A0,1 · · · A0,Lmax

...
...

. . .
...

ALmax,0 ALmax,1 · · · ALmax,Lmax

⎤
⎥⎦ (9)

where Lmax is maximum queue length, and submatrix (Ai,j)
is expressed as

Ai,j =

⎡
⎢⎣

B(i,0),(j,0) B(i,0),(j,1) · · · B(i,0),(j,M)

...
...

. . .
...

B(i,M),(j,0) B(i,M),(j,1) · · · B(i,M),(j,M)

⎤
⎥⎦ .

(10)

In (10), Ai,j represents the variation in the number of queuing
packets. That is, there are i packets in the current frame, and
there will be j packets in the next frame. In Ai,j , each element
(B(i,m),(j,n)) indicates the transitions between the numbers of
unoccupied channels when the number of queuing packets is
changed from i to j. Furthermore, B(i,m),(j,n) is a 2 × 2 matrix
because our MMPP model has two phases, i.e., underloading
and overloading. When the number of queuing packets is i,
given that k packets are scheduled, (j − max(i − k, 0)) packets
should arrive so that the number of packets becomes j. Hence,
B(i,m),(j,n) can be calculated by

B(i,M),(j,n) =
M∑

k=0

⎧⎨
⎩U · D(j − max(i − k, 0)) · Ps(k|xc = m)

·
min(m,M−n)∑

x′=max(0,m−n)

(
m
x′

)
px′

01p
m−x′

00

(
M − m

y′

)
py′

10p
M−m−y′

11

⎫⎬
⎭.

(11)

Here, Ps(k|xc = m) is the probability that the BS serves k
packets when the number of unoccupied channels is m. Given
that one VoIP packet can be transmitted through one unoccu-
pied wireless channel, Ps(m|xc = m) = 1.
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In this paper, since we assume that spectrum-sensing errors
can occur, we should herein focus on two probabilities, namely,
the detection probability and the false-alarm probability. The
detection probability means that, under hypothesis H1, the
cognitive user correctly detects the presence of the primary
signal. In addition, the false-alarm probability represents that,
under hypothesis H0, the cognitive user falsely detects the
presence of the primary signal. In general, maximizing the de-
tection probability while minimizing the false-alarm probability
is a key issue in cognitive radio systems. In this paper, the
BS performs packet scheduling based on the sensing results
reported by each cognitive user. In other words, the information
for miss-detected and false-alarm channels is unfortunately
included in these reported results. Thus, packet collisions due
to miss-detected channels and the waste of channel resources
due to false-alarm channels can occur in the case of erroneous
spectrum sensing.

Accordingly, when the number of real unoccupied channels
is m, the number of measured unoccupied channels (m′) by
cognitive users is calculated as

m′ = m − m × pf (·) + (M − m) × (1 − pd(·)) . (12)

In (12), m × pf (·) channels are not reported by sensing users as
unoccupied channels due to false alarms, and (M − m) × (1 −
pd(·)) channels are reported as unoccupied channels due to miss
detections, even though these channels are actually occupied.
According to the reported sensing results by cognitive users, the
BS schedules m′ packets when the number of real unoccupied
channels is m, in the case of erroneous spectrum sensing.
Namely, Ps(m′|xc = m) = 1. As mentioned before, the pack-
ets that are sent through miss-detected channels are destroyed
by packet collisions. In addition, in (11), U and D(m) are
the transition probability matrix and the diagonal probability
matrix of the two-state MMPP model [10]. Each element of
D(m) represents the probability that m VoIP packets arrive
at the BS during the medium access control (MAC) frame
duration (Tf ) at each phase of the two-state MMPP.

Through the transition matrix (P) in (9), we can obtain
the steady-state probability matrix (πp) for our DTMC model,
which can be calculated by solving equations πp · P = πp and
πp · 1 = 1. Here, πp is a “1” by “2 × (M + 1) × (Lmax + 1)”
matrix. Therefore, the probability that k VoIP packets are
queued in the BS can be expressed as

π(k) =
2(M+1)−1∑

l=0

πp (2 · (M + 1) · k + l) . (13)

Using (13), the “1” by “(Lmax + 1)” steady-state probability
matrix of the DTMC model can be obtained as follows:

π = [π(0) π(1) π(2) · · · π(Lmax) ] . (14)

Therefore, by using this steady-state probability, we can present
various analytical results such as the average number of arrived
packets, the average queue length, the average number of
serviced VoIP packets, the average VoIP throughput, and the

packet-dropping probability. First, the average queue length
(Lavg) and the average arrival rate (ρ) can be calculated by

Lavg =
Lmax∑
i=0

i · π(k) (15)

ρ = s ·
{

N×Amax∑
m=0

m · D(m)

}
· 1. (16)

In (16), s is calculated by solving s · U = s, and 1 is a column
matrix of ones. Furthermore, Amax is the maximum number of
packets that can arrive from one VoIP user during Tf . Similar
to the average arrival rate, the number of average serviced VoIP
packets (κer) in the case of erroneous spectrum sensing may be
expressed by

κer =
M∑
i=0

M∑
j=0

Lmax∑
k=0

{
min(j, k) · π(k) · Ps(j|xc = i) · πch(i)

· i − i × pf (·)
i − i × pf (·) + (M − i) × (1 − pd(·))

}
. (17)

Here, πch(i) is the steady-state probability that the number of
unoccupied channels are i and can be expressed as

πch(i) =
(

M

i

) (
p10

p01 + p10

)i

·
(

p01

p01 + p10

)M−i

. (18)

Furthermore, (i − i × pf (·))/(i − i × pf (·) + (M − i) ×
(1 − pd(·))) represents the ratio of the number of successfully
transmitted packets to the total number of scheduled packets.
By using κer, the average throughput (Ser) and the packet-
dropping probability (Per) in the case of the erroneous
spectrum sensing are represented as

Ser =κer × lPDU (19)

Per = 1 − κer/ρ. (20)

Here, lPDU is the size of VoIP protocol data unit (PDU). In
addition, the VoIP capacity in the case of erroneous spectrum
sensing can be represented as follows:

Cer = arg max N ∈
{

N
∣∣∣ 1 − κer

ρ
≤ Plimit

}
(21)

where Plimit is the upper threshold of the packet-dropping
probability for VoIP services.

In VoIP services, the upper threshold of the packet-dropping
probability (Plimit) for the VoIP packets is generally smaller
than “0.03” [10], [11], [18]. However, the threshold of the
detection probability specified by the primary system (Pd_thr)
is not usually larger than 1 − Plimit in cognitive radio sys-
tems [17]. Therefore, if we use Pd_thr as the target-detection
probability for the spectrum sensing, we cannot absolutely
ensure the QoS requirements of the VoIP services because
Pd_thr < 1 − Plimit. In Section IV, we will demonstrate this
problem in conventional cognitive radio systems. Furthermore,
to resolve this problem, we propose a new method to find the
minimum target-detection and false-alarm probabilities under
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the assumption of ensuring the QoS requirement of the VoIP
services as follows.

• Step 1: The BS finds the combinations of minimum detec-
tion and false-alarm probabilities satisfying the constraint
that will be utilized for the spectrum sensing as follows:
1 − κer/ρ ≤ Plimit.

• Step 2: The BS calculates the proper target-detection
probability and the number of required sensing users per
channel satisfying the minimum detection and false-alarm
probabilities found in Step 1. Furthermore, given that the
target-detection probability is fixed by a primary system,
we find the number of required sensing users for each
channel.

• Step 3: The BS informs the cognitive users of the target-
detection probability that will be utilized for spectrum
sensing in each user.

• Step 4: By using the target-detection probability, the cog-
nitive user measures the presence of the primary signal and
reports the sensing results to the BS.

• Step 5: According to the required number of reported
sensing results per channel, the BS derives the final de-
cision.

In the cognitive radio systems, since primary users should
sufficiently be protected, the spectrum sensing in the secondary
network is one of the most important issues. Furthermore, the
spectrum sensing is in close relationship with the support for
VoIP QoS requirements of cognitive users. Thus, finding the
target-detection and false-alarm probabilities and the number of
required sensing users per channel is a very important problem
to ensure the VoIP QoS requirements. In our proposed method,
we provide the analytical method for finding the minimum de-
tection and false-alarm probabilities and the number of required
sensing users per channel.

IV. NUMERICAL AND SIMULATION RESULTS

We evaluated the VoIP performance of the cognitive radio
system using MATLAB. We included all the essential factors
required for performance evaluation, such as the round-robin
scheduler, packet-size and packet-generation-period variations
of VoIP codecs, and so on.

To obtain numerical and simulation results, we assumed
that M = 10, Tf = 5 ms, Lmax = 50, and Amax = 200. We
utilized the G.729B codec where Tbasic is 10 ms. This
codec has two data rates (8 and 0 kb/s) and a voice-
activity factor of 0.4. We assumed that the size of the
RTP/UDP/IPv4 header compressed by payload header suppres-
sion is 16 B. Furthermore, the size of the MAC header is
6 B. In the simulation, we used an on–off source model for each
VoIP user.

In particular, here, we set the target-detection probability
(Ptd) utilized for the spectrum sensing in each user as “0.9”
based on [17], and we assume that the upper threshold of
the packet dropping probability of the VoIP service is “0.02.”
Then, 1 − Plimit = 0.98. Table I shows the detection and false-
alarm probabilities according to the increase in the number
of sensing users per channel when Ptd = 0.9. These values
can be obtained from Fig. 2. Based on this table, we can find

TABLE I
COMBINATION OF DETECTION AND FALSE-ALARM PROBABILITIES

ACCORDING TO THE INCREASE IN THE NUMBER OF

SENSING USERS PER CHANNEL

Fig. 3. Packet-dropping probability versus the number of users according
to variation in the number of sensing users per channel in case of erroneous
spectrum sensing when M = 10 and p10 = p01 = 0.5.

the combinations of the detection and false-alarm probabilities
satisfying the QoS requirement of VoIP services.

We show the packet-dropping probability of VoIP packets
versus the number of VoIP users according to the variation in
the number of sensing users per each channel, as described in
Fig. 3. This figure demonstrates that the QoS requirement of
the VoIP services is ensured when the number of sensing users
per channel is above four. That is, the probability of detection
should be larger than 0.9845, and the probability of false alarm
should be smaller than 0.0236 to satisfy the packet-dropping
constraint. These values can be obtained from Table I. Here,
if we utilize more sensing information, i.e., more than four
sensing users per channel, the VoIP capacity may slightly be
improved, as shown in Fig. 3. The maximum supportable num-
ber of VoIP users can be given in the case of error-free spectrum
sensing when M = 10 and p10 = p01 = 0.5. Given that the
number of sensing users per channel is smaller than three, since
the constraint of packet-dropping probability for VoIP services
is not guaranteed, we can declare that the VoIP capacity is zero
based on our capacity definition. That is, if we do not adjust the
detection and false-alarm probabilities in consideration of the
constraint of the packet-dropping probability for VoIP services,
we can never ensure the QoS requirement for VoIP services.
Moreover, since the miss-detection probabilities are not zero,
except the case of the error-free spectrum sensing, packet drops
due to packet collisions always occur, even when the number of
VoIP users is extremely small, as shown in Fig. 3.
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Fig. 4. Average throughput (in kilobits per second) versus the number of users
according to variation in the number of sensing users per channel in case of
erroneous spectrum sensing when M = 10 and p10 = p01 = 0.5.

As shown in Fig. 4, the average throughput linearly grows
according to the increment of the number of VoIP users up to
the saturation point. Since channel resource saturation occurs
at this point, the BS cannot assign channels to surplus users
beyond the saturation point. Thus, even though the number
of users increases, the average throughput cannot be enlarged
without limit. In this figure, when the number of sensing
users per each channel increases, since the sensing accuracy
is gradually enhanced, the gap between the throughput for
error-free sensing and the throughput for erroneous sensing is
reduced in accordance with the increment of the sensing users
per channel. Furthermore, from Figs. 3 and 4, it can be seen that
the simulation results match the numerical results very well.

V. CONCLUSION

We have evaluated the performance of a VoIP service in
a cognitive radio system. First, we have proposed a queuing
framework to analyze the behavior of queuing packets in the
BS based on the DTMC model. Under the constraint of im-
perfect spectrum sensing, we have shown various analytical
and simulation results, such as the packet dropping probability,
average throughput, and VoIP capacity. Furthermore, we have
proposed a new method to find the minimum target-detection
and false-alarm probabilities and have demonstrated that the
QoS requirement of the VoIP users is well satisfied by using
our proposed method.
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