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Abstract —Spectrum sharing has become a promising approach
to meet the rapid development of cognitive radio technologies
and improving the spectrum utilization and mitigate the
spectrum starvation problems. This paper discusses the
achievable transmission capacity of secondary users in a
cognitive radio network employing collaborative spectrum
sensing and undergoes Nakagami-m fading channel. Efficient
and spectrum detection of licensed user is crucial to a successful
deployment of cognitive radio. However, spectrum detection in
mobile fading channels is challenging and it affects the
detection performance. The proposed system model consists of
a primary or licensed network, secondary users' network and
infrastructure collaborative spectrum sensor, each with
independent and none identical propagation channel model that
follow Nakagami-m fading statistics. We develop a new
mathematical framework and derive new expressions for the
transmission capacity of secondary users with all channels
undergoing Nakagami-m fading with non-integer fading
parameters. Among numerus combining methods, we consider
the impact of soft and hard decision combining of the spectrum
detector on the transmission capacity. Moreover, we derived
exact and alternative expressions of the transmission capacity
for integer-fading parameter cases. The pertinent numerical
results are generated to evaluate our analytical solution for the
transmission capacity under various scenarios such as primary
network traffic, channel fading parameters and collaborative
sensing methods.

Index Terms—Spectrum sensing, opportunistic —access,
cognitive radio networks, collaborative sensing, Nakagami-m
fading channel, transmission capacity and spectrum utilization.

I. INTRODUCTION

Spectrum scarcity is one of the serious challenges
facing rapid development of wireless communication
services and demand on wireless spectrum. However,
works have shown that this starvation is artificially
imposed on wireless systems fixed spectrum allocation
policies adopted in today's networks which suffer from a
hidden underutilization problem [1]. This has gained the
attention of the research community and regulatory
bodies during the last two decades to adopt a new
dynamic spectrum access methods aiming at enhancing
the spectrum resource utilization. Cognitive Radio (CR)
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or opportunistic spectrum access techniques has been
proposed as the enabling technology to effectively
manage spectrum resources and efficiently make use of
limited spectrum bands. In cognitive radio unlicensed
secondary users (SUs) are allowed to dynamically access
the licensed spectrum allocated to primary users (PUs) on
opportunistic basis. The objective is to reutilize the
spectrum holes by secondary users with minimum
interference to primary users. This is achievable by
making a reliable decision about the presence or absence
or the PU. Therefore, Spectrum Sensing (SS) constitutes
the key element of cognitive radio networks. The
performance of various temporal spectrum-sensing
strategies is well investigated in the literature. Among
many, collaborative sensing has already attached research
community to improve the sensing accuracy and
efficiency using multiple spectrum detectors [3]-[6]. The
sensing strategies that collaboratively deploy a spectrum
occupancy detection system are evaluated regarding the
probability of detection and false alarm performance
measures using the Receiver Operating Characteristic
(ROC).

The ROC curves are one of the approaches to evaluate
the performance of spectrum detection systems. However,
ROC does not provide the spectral utilization gain when
secondary users use cognitive radio. Recently,
researchers used capacity calculations to quantify the
resulting increment in utilization. The authors in [7]
addressed the optimization of sensing duration that
maximize the achievable throughput of secondary users
in an Additive White Gaussian Noise (AWGN) channel.
This was done by mathematically formulating the sensing
throughput trade-off problem in conjunction with an
energy detection scheme. This has resulted in forming an
optimal sensing time, which yields the highest throughput
for secondary users. In [8], the authors investigated the
capacity of primary users when they undergo fading
subject to constraints on the received power when perfect
channel information is available to both transmitter and
receiver.

The work of previous studies were extended in [9] to
account for imperfect channel-side information and its
impact on the channel capacity of secondary users.
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However, all previous studies were restricted to either
AWGN channels or special cases of the fading channels.
In [10], the authors investigated the capacity of cognitive
radio in a Rayleigh fading channel from the interference
temperature perception with absence of any spectrum
coordination between the primary and the secondary
networks. The capacity is achived using water-filling
power allocation strategy with a constrain on average and
peak secondary to primary user interference ratio. The
work is also extended to include path loss that reflects the
geometric relations between network size and link pairs.
Most of transmission capacity studies in the literature are
from the primary receiver perspective. The systems
models considered are with power constraints to protect
the primary user from high interference. The author in [7]
studied the capacity of secondary users in non-fading
channels. Moreover, the work in [11] presented the
secondary users' network capacity in Rayleigh fading
channels and non-collaborative sensing. Recently,
secondary user’s transmission capacity in Nakagmi-m
fading channel using non-collaborative sensing was
presented in [12]. None of the previous research
considered the collaborative spectrum sensing effect on
the capacity of secondary users in cognitive radio
networks.

In none cognitive radio networks the capacity is solely
defined for the primary user only. The transmission
capacity in cognitive radio networks is calculated for
secondary users sharing the frequency spectrum with
primary users, in addition to the primary users’ capacity.
Thus, in a cognitive radio networks, the transmission
capacity has different prospective, it is calculated at the
primary receiver while considering some constraints on
its interference or power level as defined by [10].

Motivated by prior research we focus on how the
transmission capacity is calculated from secondary
receiver prospective to evaluate the performance of
collaborative  spectrum sensing scheme and the
improvement on spectrum utilization. The proposed
systems model considers of three key networks namely,
primary, secondary and spectrum-sensing networks, each
is undergoing an independent and none-identical
Nakagami-m fading. To improve the transmission
capacity of secondary users due to cognitive radio, a
collaborative spectrum sensing approach is proposed in
which spectrum sensor sends signal information to the
band manager who make inferring decisions about
spectrum occupancy by primary users. In this paper, our
attention is focused on deriving a new mathematical
framework and expressions for the transmission capacity
of secondary users in cognitive radio using collaborative
spectrum sensing employing hard-decision combing and
two of the soft-decision combining techniques, namely
Square Law Combining (SLC) and Maximum Selection
Combining (MSC). The effect of primary user traffic and
spectrum occupancy, channel fading parameters of the
primary and secondary networks and spectrum sensors
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network, probability of false alarm, primary signal power
and the number of collaborative spectrum sensors are
considered in the analytical analysis and numerical results.
The rest of this paper is organized as follows. In
Section 2 we describe the system and channel models.
Sections 3 presents an analytical summary on the
performance collaborative spectrum sensing in Gaussian
and Nakagami-m fading channels. Sections 4 and 5
present the mathematical analysis of transmission
capacity for secondary users in AWGN and Nakagami-m
fading channels; respectively. In section 6 we present
numerical results to evaluate our analytical solution.
Finally, concluding remarks are given in Section 7.

Il. SYSTEM AND CHANNEL MODEL

One of the most popular disciple in cognitive radio is
the interweave discipline where the spectral coexistence
approach is allowed with objective of enabling secondary
devices to occupy the vacant spectrum rooms that has
been left vacant by primary users. The neighborhood is
observed to predict the state of each portion of the
frequency spectrum, portions of spectrum that are
considered as being under-utilized if the primary user
activity remains ideal that allows the secondary users to
access the vacant frequency bands. With the help of
infrastructure spectrum sensors and frequency spectrum
manager, the coexistence of both primary and secondary
traffics within the same network in an opportunistic
transmission mode made possible. Our proposed system
model consists of a primary network, secondary network,
and spectrum sensors and manager as shown in Fig. 1. In
this model, the channel of primary users, secondary users
and spectrum sensors are assumed independents and non-
identical Nakagami-m fading channel [15].
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Fig. 1. System and channel model.

In Nakagami-m fading channel, the probability density
function (pdf) of the received signal-to-noise ratio (SNR)
is described by the gamma distribution given as,

L) = ﬁ (?)m Y™ texp (? V) @

where y is the average SNR in the fading channel and m
is the Nakagami-m fading parameter (with the constraint

that ng) which describes the fading degree of
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propagation filed due to scattering and multipath
interference.

Spectrum sensors considered in this paper are energy
detectors proposed by [3]. It is a common method of
spectrum sensing because of its implementation and
computational simplicity that does not need any prior
knowledge of the primary user’s signal characteristics.
The detector output of is a test statistics for two
hypotheses H, and H;, where H, and H; are the two
hypotheses of the primary user’s signal absence and
presence, with corresponding probabilities P(H,) and
P(H,), respectively. Due to uncertain nature of the
spectrum sensing process, there is always sensing error
modeled by two probabilities, namely, false alarm, Py,
and misdetection, P, ,that were described in the literature.
To enhance the spectrum sensing process, collaborative
sensing methods were enormously described in the
literature, [6]. Among many, soft decision combining,
square law and maximum selection combining, and hard
decision combining are considered. All spectrum sensors
information are collected at the spectrum and data fusion
center employing various combining methods. The band
manager will then decide about the occupancy status of a
certain frequency band based on the information reported
by the sensors.

The primary user traffic behavior is assumed to follow
a two-state continuous-time Markov chain (CTMC) with
the birth and death rates of A, and 4,,, respectively.
Note that this is the most common model used to model
primary user behavior [20] where the state ON/OFF
implies the presence/absence of primary user. The
stationary probabilities of the chain at each state are as
follows [21]:

P(H,) = _fon (2)
Aosr + Aon
Aogs
P(H)=——"-—
( 1) Aoff‘l'lon (3)

The traffic behavior of primary network is assumed to
be quasi static and the transition probability that the chain
changes state during the transmission phase is negligible.
Therefore, to simplify our traffic model, we may ignore
the interference due to primary user re-occupancies since
the primary user can return to the spectrum at the
beginning of the transmission phase only. On the other
hand, the secondary user will use the frequency manager
decisions about the occupancy information of the
frequency band to access a certain frequency channel.
The secondary user is allowed to access the channel if the
spectrum manager grants an access Permission.

Based on the proposed model, one can identify three
different channels:

1. Sensing Channel: The channel between the PU
transmitter and the spectrum sensor (SS), denoted
by PU-SS channel with a particular signal to noise
ratio y and fading parameter m.
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2. Interference Channel: The channel between the PU
transmitter and the SU receiver is denoted by PU-
SU channel, with signal-to-noise ratio y, and the
fading parameter my,.

3. Accessing Channel: The channel between the SU
transmitter and the SU receiver is denoted by SU-
SU channel and with signal-to-noise ratio ys and
fading parameter mj.

When the PU utilizes a specific frequency band, the
spectrum sensor will sense the primary channel
occupancy and report it to the band manager. Based on
the spectrum manager decision the SU transmitter is
granted permission to use a specific channel to
communicate with the SU receiver via the SU-SU
accessing channel. If a PU is misdetected then it will
interfere with the SU signal at the secondary receiver via
the PU-SU interference channel. In this paper, the
transmission capacity of the opportunistic spectrum
access by SUs is evaluated and the impact of the three
channels' parameters are considered.

I1l. COLLABORATIVE SPECTRUM SENSING IN NAKAGAMI
FADING

To improve the spectrum detection in fading channels,
collaborative sensing is employed. There are different
possible topologies for the way k sensors can collaborate
to sense the desired spectrum. The most common
topologies are the parallel distribution of the sensors with
and without fusion center or spectrum manager, [6]. In
this paper, we use distributed sensors with data fusion to
collaboratively detect the PU spectrum activities. The
fusion center will combine information gathered from k
sensors to finalize the decision. Different combining
techniques have been enormously suggested in literature
such as soft and hard decision combining techniques.
Hard decision combing and two of the soft combining
techniques, namely Square Law Combining technique
(SLC) and Maximum Selection Combining technique
(MSC), are addressed in this paper.

A. Non-Collaborative Spectrum Sensing

The probability of detection and probability of false
alarm of none-collaborative spectrum sensing, i.e. k = 1,
in AWGN and Nakagami fading channels are summarized
in this section. According to [3] the probability of
detection, P;, and probability of false alarm, P, in
AWGN channel can be expressed by,

2y |4
Pd,AWGN = Qy \/;,\/; (4)

A
r(v.57z)
I'(N)
where v is the SNR and o2 is the variance of the channel.

Without loss of generality and for simplicity, o? = 1 is
assumed across this paper, T'(.,.) is the incomplete

and

Prawen = 2 Gy(D) ®)
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gamma function [14], N is the half number of samples,
and Qy (.,.) is the Generalized Marcum Q function [14].

Since, under H,, no primary user signal exists, P is not
affected by channel fading, hence the probability of false
alarm in Nakagami fading channel is Pr ok = Prawen-
On the other hand, probability of detection over
Nakagami-m fading channel, Py yq, can be found by
averaging (4) over (1) as,

Panak = ﬁ‘f;m Qn (\/(2—)/)"/7) (%)m

m-—1 —m
Y exp (71/) dy (6)
After some manipulations and using [16] and the
integral definition for the Marcum Q-function [17], and
with reference to [6], the probability of misdetection,
defined by Py vax = 1 — Pynax . In Nakagami channel
can be expressed as,

P —Z_NH( m )m fﬁ 2N-1 ‘%2
m,Nak — F(N) ]7+m . a e

¥y @)
.Q (m, N, m) da

where @(.,., ) is the degenerate
function ,F; (; ; ) defined in [14].

hyper-geometric

B. Soft-Decision Combining

With reference to [6] and under the assumption of
identical and independent distributed (iid) k sensors, the
P¢, Py, and P, under AWGN and Nakagami-m fading
channels using two combining methods, SLC and MSC,
are defined by,

Pasic_awen = Qrn (\/ 2ky, \/Z) 8
I'(kN,A/2)
P f,SLC_Nak = P f.SLC_AWGN = W 2 G (9
1 (o]
Pysic Nak = TGem) fo Qv (\/2ky, V1)
mykm -m (10)
A km-1 ex (T ) d
( }/) Y p 7 Y)ay
P f.MSC_Nak = P f.MSC_AWGN
A k
1 _F(N'i) (1)
I'(N)
Kk
Pd,MSC,AWGN =1- (1 —Qn (\/2_%‘/1) ) (12)
k
Pa,Msc,Nak =1- (Pm,Nak) (13)

and the probability of misdetection, in general, is defined
by B,, = 1 — P;. Marcum Q-function defined by [17] is

used where,
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o N ( x%+a?
e

) Iy_q(ax)da (14)

Qv b = [

N-1
p X

C. Hard-Decision Combining

Although soft combining techniques perform well
enough, it requires complete signal information to be sent
to the fusion or spectrum manager. Sending the signal
information includes the burden on network performance
and introduces unnecessary complexity. Moreover,
processing vast signal information would be more
complicated and time consuming for the band manager to
handle. To reduce the communication overhead,
collaborative hard decision technique can be used.

Using hard decision combing technique the spectrum
sensor sends only one-bit information as an individual
decision. It sends O if the locally detected signal energy is
less than the threshold to decide on H,. Otherwise, it
sends 1 to decide on H;. Then the band manager finalizes
the decision using votes according to the "n out of k"
rule, where n is the required number of voters necessary
to decide on the existence of the primary signal. It decides
H, if n or more vote to H,, otherwise, it will decide on H,,.
The average probabilities of detection and false alarm for
the noutof k rule are related to their single user
probabilities through binomial distribution. The AND and
the OR decision rules are considered as special cases from
the general n out of k rule. By using AND rule, the band
manager will decide on H, if all the sensors agree on
deciding on the primary user existence. On the other hand,
by the OR rule, the band manager will decide on H; when
at least one sensor has decided locally on the primary user
existence, [18]. The corresponding probabilities of false
alarm and detection hard decision combining are,
respectively, given by:

k

k ) Kei
P jarp = z (i>Pfl(1 -p)"

i=n

(15)

and
k

k i ki
Panaron = E () Panas’ (1 = Paa) ™ 16)

i=n

where Pr and P4 yq are the individual probabilities of
false alarm and detection as defined by (5) and (6) with
k =1, respectively.

IV. ERGODIC CAPACITY OF SECONDARY USERS IN
AWGN CHANNEL

In this section we consider the case of an AWGN
channel where the secondary user’s network operates at
the primary user’s licensed band under two scenarios:

e Detection of an idle primary user: In this case, the
capacity at the secondary link is denoted as C,, which
is the capacity of the secondary network when it
operates in the absence of primary users, [13],
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Co =log,(1 +vs) @an
where y, = ;—S is the signal-to-noise ratio of the channel
0

between the secondary transmitter and the secondary

receiver (Su_Su), P, is the signal power of the secondary

user, and N, is the noise power at the secondary receiver.

e Misdetection of an active primary user: The
secondary user will use the channel with capacity
of C,, the capacity of the secondary network when it
operates in the presence of the primary user that acts
as an addition interference, [12],

Vs
_ 1
C, = log, (1 + I Vp> (18)

where y,, = % is the signal-to-noise ratio of the channel
0

between the primary transmitter and the secondary
receiver (PU-SU), and B, is the primary user’s signal
power which represents the interference power.

Using the estimated values for primary user traffic,
P(Hy) and P(H,) defined by (2) and (3), the average
capacity for the secondary user channel is written as,

C=Co(1—P) P(Hy) +CyB, P(Hy) (19)

where C, and C; are given by (17) and (18), B, =1—P;
represent the capacities when both PU_SU and PU_SU
channels are AWGN channels, B,, = 1 — P, where P, and
P, are given by (4,5,8,9,11,12) for different combining
techniques, soft decision MSC and SLC, and Hard
decision combining. Capacity in a fading environment is
presented in Section 6 where fading is considered for both
sensing and accessing channels.

V. ERGODIC CAPACITY OF SECONDARY USERS IN
FADING CHANNEL

In case of a fading channel, the capacity is found by
averaging the capacity in AWGN over the fading channel
statistics. A Nakagami-m fading model is assumed for the
PU-SU and PU-SU channels. The average capacity given
by (17) is averaged over the pdf of y, as,

Co = f 10g> (1 + ¥ )f,o (1) dvs (20)
0

where, f, (¥,) is the pdf of the SNR, ys, of the SU-SU
channel described by Gamma distribution, described by
(1). Thus, the average capacity in the Nakagami channel
can be written as,

c 1 (ms)msfwl a7
= — 0
0 F(ms) ys o gZ YS
mg—1 _E )
Vs eXp( 7. Ys | dvs 1)

Similarly,

6= [ tog.+vR (), (22)

0
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Vs
1+yp
ratio (SINR) in the PU-SU channel, y, and y, are signal-
to-noise ratio of SU-SU and PU-SU links, respectively. It
is known that y, and y,, have a gamma distribution with
distinct fading parameters m, and m,,, respectively. Here
y; am a new random variable where its pdf, £, (y,), can
be found by using [17] as follows,

where y; =

is the signal-to-interference plus noise

fritr) = f vf(yvny) dy (23)
0
wherey =1+vy,, f,(y) =f,(y—Dandy; =yy.

Under the assumption that y, and y, are independent,
(23) can then be written as,

[oe]

Fur) = [ yFOmdf @y o
since
frs v
1 ms)ms me-1 (ms ) (25)
= e S ex ——
F(ms)<ys v P75
where ¥, is the average of the secondary user SNR, y,, and
) = — (m”)mp( 1ym
N=—r—\=] -
g F(mp) Yo
M (26)
.exp 7+ y

where 7, is the average of the primary user SNR, y,, (24)
can be written as

D)
Lo mams 1 my\T (7 me
_F(ms)<}75> F(mp)<}7p> v -[1 o

-1 my, ms
— D)™ lexp| — <y‘_ -+ yTY1y> dy (27)

14

Using [16], one can reduce (27) to
fVI (VI)

1 ma\™s (m,\"? m m
= <Ts> <Tp) ¥ exp <_—p> (%’
T'(mg) \ 75 Yo Yo p

_(mp+ms+1)
2

w M s
. ms—rznp+1,—mp—m5 7 — Vi (28)

where W, ,, () is the Whittaker function, [16]. Substituting
in (23) by (28) yields C;.
A. Case 1: m, = 1 and m, is Any Real Number

With m, =1 and mg is any real number, (26) is
reduced to,
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foy ) = % (%)" (%) st

o 1
ms | — _1
fly eXp< (7p(y )

(29)
+ ey y) dy
2
using [16], (29) can be written as,
f]/](yl)
e )
= \= - s texp\— /). \=—
F(ms)(ys 7,/ ! P\%\5,
4 O >_(ms+1)1"< +1 1+mS )
- m T
7 Vi s 7 T Vi (30)

Substituting in (22) by (30) yields C;.
B. Case 2: my is Integer-valued, and m,, is Real-valued

In this paper, a special case where mg is an integer
value and m,, is real value is considered. In this case (27)
can be written as,

fy,(]’[)

1 ma\™s 1 m, \"?
UL LS.
F(ms) Vs F(mp) Vo +1

-foo(y + DM ()™ exp <— <@
0 Y;

P
+ "#yz) y) dy 1)
Vs

Under the assumption of having an integer-valued of
mg and using the well-known binomial series expansion
and applying [16] for evaluating the integration, (31) can
be reduced to,

fy, 622)
B 1 (E>ms 1 < mp )mp
B F(ms) s F(mp) fp +1

-m
s exp ( 7 . )71)

N

< Mo (m, m ~(mp+1)
SO+ 2n) T 40
prd l Y Vs (32)

where C; can be evaluated by substituting (32) in (23).
Numerical evaluation of C, and C; in a fading channel
can be easily done using numerical methods. Some

©2019 Journal of Communications

numerical examples are explored in the next section for
different parameters that affect the average capacity for
the particular case of having integer m, values. Using the
estimated values of P(H;) and P(H,) and the average
capacity for the secondary network can be calculated
using (19). The probabilities of misdetection and false
alarms in Nakagami-m fading channel using different
combining techniques are provide by equations (6, 7, 9,
10, 11and 12).

VI. NUMERICAL RESULTS

In this section, we generate numerical evaluation results
for the transmission capacity of secondary users in the
cognitive radio network. The results present the evaluation
of transmission capacity of secondary users with respect
to different parameters for spectrum sensing network,
primary and secondary channels' parameters, (7, m), (¥,
m,), and (¥s,m,), respectively. Note that the average
signal-to noise ratio of the spectrum sensing, primary and
secondary channels, SNR, SNR,,, and SNR; , represent y,
Vp» and s , respectively.

A. Impact of Channel Parameters

In this section, the impact of secondary user's channel
parameters are studied under various spectrum detection
assumptions. The average received SNR from the primary
user through spectrum sensing channel is set to y = 10dB
and its fading parameter assumed to be m = 1.8. Under
non-collaborative spectrum sensing, k=1 , the
probability of false alarm is taken to be Pr = 0.01.
Moreover, it is assumed that the average channel
occupancy by the primary user is 60% of the time, i.e.
P(H;) = 0.6.

1) Transmission capacity versus primary and

secondary users’SNR (Vp, Vs ) in AWGN channel

Fig. 2 shows the capacity of the secondary user for
¥p» =[-20 —10 0 10 20]dB when both the PU-SU
and the SU-SU channels are AWGN channels. This
Figure proves the effectiveness of the opportunistic
spectrum access in enhancing the utilization of wireless
networks. The capacity can be increased by around 5
Bits/Sec per unit bandwidth. It can be noticed that the
capacity increases as the secondary user's SNR,, ¥,
increases. It is also important to see how the capacity
decreases for high primary user's SNR,, y,,. It is evident
that ; has the most effect on the capacity compared to y,,.
The reason behind this is that most of the capacity is
gained from utilizing the channel when the primary user is
idle. The variation in the secondary user capacity for
different values of y,, is due to accessing the channel when
the primary user is available but not detected by the sensor.
Such minimal variation means that the probability of
misdetecting the primary signal is small, and the primary
user is well protected.
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2) Transmission Capacity versus Primary and
Secondary Users” SNR (¥, Vs) in Fading
Channels

The capacity of the secondary user for 7y, =

[-20 — 10 0 10 20] dB is depicted in Fig. 3. Both PU-
SU and SU-SU channels are Nakagami fading channels
with m, = 1.5 and mg = 2, respectively. It can be
noticed that the capacity increases as in the case of having
an AWGN channel, but the values are much less due to
fading.
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----- SNR <-10dB
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P /]
P /’
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) /5;
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w

0 5 10 15 20 25 30
SNR_ (dB)

Fig. 2. Effect of ¥,and ¥; on secondary user’s channel capacity in
AWGN channel.
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Fig. 3. Capacity versus ¥; for various values of 7, in Nakagami fading
channel with m; = 2 and m,, = 1.5.

The capacity with respect to y,, for different values of
Vs, 1S presented in Fig. 4. It is clear that the capacity is
profoundly affected by the secondary SNR,. It clearly
shows that y; has a significant effect when compared to y,
on the capacity. The impact of y,, is apparent for the high
value of ¥;. It is also clear that the gained capacity is
negligible when ;< 0 dB. Therefore, a secondary user
with the right channel conditions is a plus for the
opportunistic spectrum access system.
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3) Impact of Primary Channel Fading Parameter,
m

The ca;acity of the secondary network with respect to
the secondary SNR, is presented in Fig. 5; y, =
[-20 20]dB and y, = 10dB . The graph shows the
capacity for different values of the channel fading
parameter m,, when the secondary user channel is a
Nakagami with mg = 2. This graph shows that the effect
of m,, is almost negligible. Fig. 5 shows a zoom in for
part of the graph. This graph shows that the capacity
decreases slightly as the fading severity of the PU-SU
channel decreases, i.e. m, increases. This is because the
interference from the primary user when it goes under
severe fading is less and doesn’t degrade the capacity of
the secondary user, and vice versa. On the other hand, the
effect is marginal because most of the capacity comes
from the channel access when the primary user is idle.
Therefore, the primary signal doesn’t affect the capacity
gain significantly. It can be seen that the achieved
capacity for fading parameter m, = 0.5 is the highest
with a small difference compared with the other values of
fading parameters.
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4) Impact of Secondary User Fading Parameters,
m

Fig. 6 sshows the capacity of the secondary users under
Nakagami fading with different parameters mg and R =
7s=[0 - 20]dB, ¥,=0dB, and m, =12. It is
evident that the network capacity increases when the SU-
SU channel fading parameter increases or the channel
fading severity decreases.
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Another look at the effect of fading severity is
presented in Fig. 7. The capacity of the secondary network
under Nakagami-m fading with parameters mg =
[1234]andys = 10dBandy, = 0 dB. Moreover, the
PU-SU channel is a Nakagami channel with fading
parameter in the range m, = [1, 5]. This supports the
results investigated previously that show the proportional
relationship between the channel capacity and the fading
parameter mg, and the inverse proportionality between the
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channel capacity and the fading parameter m,. It also
shows that mg has little effect on the capacity and m;, has
an even a lesser effect. In general, the secondary user
channel condition is more critical than the primary
channel condition.  The secondary user's capacity
decreases if it goes under severe fading or low¥ys. This is
not because of the opportunistic system but because the
secondary user is not qualified enough to use the channel.
The scenario of having more than one secondary user
increases the probability of having an excellent secondary
user candidate to access the channel.

B. Impact of Collaborative Spectrum-Sensing

The impact of collaborative spectrum detection
parameters is studied under valid assumptions on the
secondary user's channel. The secondary transmitter is
supposed to be close to the secondary receiver with an
acceptable average SNRg of y, = 15dB. The primary
user’s signal will interfere with the secondary receiver and
have and average received SNR,, of 7, = —10dB. Our
previous results, Figs. 2 and 3, showed that the average
SNR,, of the primary user has a marginal effect on the
system capacity. The secondary users' channels is
considered either AWGN or Nakagami channel.

1) Effect of PU traffic and probability of false
alarms on system capacity in AWGN channel

The transmission capacity in AWGN channel versus
PU traffic model, probability of false alarm with single
energy detector is illustrated Fig. 8. It is clear to observe
how the capacity drops dramatically as the SNR of the
primary user increases. For small values of sensing
channel SNR (7 < —5dB), the capacity saturates at a
maximum value. Under low y, the secondary user will
assume free accessible channel. On the other hand, when
7 is above a certain threshold (>15 dB), the capacity of the
secondary network will saturate at the minimum value,
which depends on the availability of the primary user.

When the primary user is using the channel all the time,
P(Hy) = 0 or P(H;) = 1, the transmission capacity of the
secondary user drops to zero. Therefore, we can see that
the minimum capacity allocated to the secondary user
depends on the actual usage of the channel by the primary
user. The capacity curve is high when the channel is free
most of the time regardless of the primary channel
conditions. On the other hand, the capacity is small when
the channel is busy most of the time.

Another look at this graph conveys the primary user
protection level. The secondary user is using the channel
only when the received primary signal is either zero or
very low. Such protection level can be determined by the
system controller using the detection threshold A or the
value of desired probability of false alarm (4 is a function
of the probability of false alarm).

The capacity with respect to sensing channel SNR, 7,
for different probability of false alarm values Py =
[[001.01.05.1 .2] is shown in Fig. 9. It can be noticed
that as the probability of false alarm increases, the
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maximum achievable capacity decreases because when
there is a high probability of false alarm the chance of
using the un-occupied spectrum is missed, and as a result
decreases the utilization. Therefore, the probability of a
false alarm should be set small enough to maximize the
channel utilization. For the rest of this section, the
probability of the false alarm is set to 0.01.
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From Figs. 8 and 9, the capacity saturates at the
maximum value when SNR < 0 dB and the probability of
misdetection reaches its maximum, B,, = 1. This is the
drawback of the energy detection system which cannot
perform well for low SNR.

2) Effect of soft collaborative sensing on

transmission capacity in AWGN cannel

Here we consider the impact of two of the soft-decision
collaborative spectrum sensing, namely the SLC and
MRC, on transmission capacity of secondary users in
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AWGN channel.  The transmission capacity versus
number of collaborative spectrum sensing employing SLC
and MRC at different values of P(H,) are generated in
Fig. 10 and Fig. 11, respectively. We assume N =5
samples, SNR = 5dB, SNR; = 15dB, SNR, = —10dB
and P = 0.01.

Examining Figs. 10 and 11 one may conclude the
following: the number of collaborative spectrum sensors
would decrease the probability of false alarms and include
the detection accuracy of primary user power. This results
into less fortune to use the spectrum holes by secondary
users and consequently reduces its transmission capacity.
However, the number of spectrum sensors K of MRC has
less effect on transmission capacity compared to SLC
method. Moreover, the effect of primary user's channel
vacancy rate, P(H,), is illustrated using SLC and MRC in
AWGN channel. The same conclusion about the effect of
P(H,) can be drawn from Fig. 8 for SLC and MRC. It is
obvious that the effect of P(H,) is less for MRC
compared to SLC method.
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Fig. 10. Capacity versus number of spectrum sensors K in AWGN using
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Fig. 12 and Fig. 13, respectively, depict the
transmission capacity with respect to the number of
spectrum sensors k employing SLC and MRC
collaborative sensing methods at different probability of
false alarm values Pr = [.001.01.05.1 .2]. We assume
that N = 5 samples, P(H,) = 0.4, SNR = 5dB, SNR, =
15dB, SNR, = —10dB. It can be noticed that as the
number of collaborative spectrum sensors and probability
of false alarm increase, the maximum achievable capacity
decreases because when there is a high probability of false
alarm the chance of using the un-occupied spectrum is
missed that result into transmission capacity drop.
Moreover, increasing the number of spectrum sensors, K,
would increase the probability of detections and decreases
the achievable transmission capacity of secondary users
that results into less interference to primary users.
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3) Effect of soft collaborative sensing on
transmission capacity in nakagami Channel

Fig. 14 shows the transmission capacity versus received

primary user's SNR at the spectrum sensor for various

detection channel fading parameter m .  Detection
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channels explored are Rayleigh and Nakagami-m fading
with real fading parameters m =[0.51 1.8 2.3] using
single spectrum sensor, k = 1. It can be observed that the
capacity of the secondary user is inversely proportional to
the average SNR = y. For high y, the secondary user will
have limited access to the channel. Such capacity never
reaches zero even in the worst case scenario. The effect of
fading parameter is evident. The Figure shows that the
capacity increases as the fading parameter increases. This
is very reasonable as smaller values of m represent severe
fading that increases the probability of misdetection. Thus,
when the primary signal is misdetected, the transmission
capacity for secondary user will increase. This addition
will be considered as an improvement only if there is
enough protection to the primary user from the secondary
user interference. The Figure also shows how the capacity
saturates at maximum achievable capacity under assumed
fading severities. It shows the capacity when y is weak
(below 4 dB). It is evident that the capacity is high
regardless of the fading severity. This is because the
probability of misdetection for low y is very high due to

energy detector unreliability at such SNRs.
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In Fig. 15 and Fig. 16 we illustrate the impact of
number of soft collaborative sensors k and sensing
channel fading parameter m versus the received average
SNR  with mg =2,m, = 1.4, SNR, = 15dB,SNR,, =
-10dB, p; =0.01, N=5, P(Hy) = 0.4 The
presented results demonstrates the generality and of the
presented theoretical results for Nakagami fading channel
with real valued fading parameters. The concluding results
regarding the effect of number of spectrum sensors and
the received SNR agree with previous results.
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spectrum sensors k in Nakagami channel using MRC.

4) Effect of hard collaborative sensing in AWGN
channel

Fig. 17 shows the capacity of the secondary user
network with respect to the primary user’s SNR y
measured at the sensor's receiver in AWGN channel. The
capacity is measured when the detection is done by four
collaborative sensors using the hard decision combining
technique presented in [19]. It can be noticed that
maximum capacity is achieved at the primary for y <
5dB. But how fast this capacity is reached depends on
the decision rule used in this technique. When the
decision rule used is the OR rule (which means if any of
the sensors detected the primary user, the band manager
would decide on primary user availability) it results in the
least capacity. However, it will give maximum protection
to the primary user from secondary user interference as
previously discussed in the detection model analysis.
When the decision rule used is the (AND) rule (which
means the band manager will decide on primary user
availability only if all the sensors detect the primary user
signal), the highest capacity is achieved at all examined
primary SNRs. Unfortunately, this rule implies the least
protection to the primary user from secondary user
interference. Thus, it can only be used when there is an
interference guard system such as beamforming.
Moreover, the capacity will be maximized without
affecting the primary user quality of service. The
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apacity (DIWISEL/ ML)

"noutof k" rule can be used to make the trade-off
between the capacity target and the primary user
protection level. The relationship between the probability
of detection and the capacity is inversely proportional to
each other in limited range.

In Fig. 18, the capacity of the secondary user network is
plotted with respect to ¥ when the collaborative sensors
are increased to 10 sensors using the hard decision
combining technique. We can see that the maximum
capacity reached is about 3.6 Bits/sec/Unit-bandwidth.
The extension of Hard-decision collaborative sensing to
Nakagami fading channel is straightforward and will
produce the similar results. However, due to paper length
limitation this part is not discussed.
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Fig. 17. The Capacity versus sensors SNR, y, with k = 4 collaborative
sensors and hard decision combining technique.

VII. CONCLUSIONS

The achievable transmission capacity of secondary
users' network is investigated to quantify the improvement
caused by implementing Cognitive Radio in wireless
networks.  Closed-form expressions for transmission
capacity are derived by finding the channel capacity of the
secondary network under Nakagami fading when
collaborative spectrum sensing is employed. Effects of
sensing and accessing factors on the capacity are studied.
We found that the capacity is increased using one of three
elements, better secondary accessing channel, less primary
interference or desired QoS of the primary user. The
effect of using collaborative sensing, soft-decision MSC
and SLC and hard decision, techniques ae investigated.
With the help of collaborative sensing we manage to
enhance the sensing performance significantly but
resulted into a drop in transmission capacity of secondary
users in favor of primary user QoS.  Moreover,
collaborative sensing helps in enhancing the spectrum
sensing reliability in fading channels but reduces the
transmission capacity of secondary user. Under the
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optimum design of an opportunistic spectrum access
system, most of the capacity gain comes from utilizing the
channel when the primary user is idle rather than using the
channel when the sensors misdetect the primary user.
Therefore, the designer should be aware of choosing a
good sensing system and then maximize the transmission
capacity using the other factors to avoid degrading the
service of the primary user.
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