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ABSTRACT 
Performance evaluation of spectrum sensing in infrastructure based multihop network is very hard to achieve 
because of the adverse effects of channel fading. In this paper, performance of a multihop link is studied over 
Nakagami-m distribution. It provides the exact theoretical methodology for the performance analysis of spec- 
trum sensing by evaluating detection probability. Using a cascaded multihop model, the end-to-end Signal to 
Noise Ratio (SNR) is given over Nakagami-m distribution. In the analysis, multihop model based on relays are 
considered over independent and not identically distributed (i.n.i.d) wireless channels. Simulation results show 
the effect of increase in number of hops on probability of detection for multihop links. Subsequent to the tho- 
rough fading severity analysis, it has been accomplished that spectrum hole detection is more crucial at lower 
SNR values with large number of hops. 
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1. Introduction 
Cognitive Radio (CR) may be considered as a truly smart 
device talented of selecting its own band of action and 
deciding for certified or uncertified access. The keystone 
of the practically realizable CR network is the excellent 
organization of the spectrum sensing. The task of ob- 
taining awareness about the spectrum usage and exis- 
tence of PU’s in a geographical area is the main concern 
of spectrum sensing. The parameters viz. SNR in a wire- 
less link, sensing time and threshold level plays an im- 
portant role for the performance measurement of energy 
detection based spectrum sensing. Systems in unlicensed 
frequency bands can achieve great spectrum efficiency 
but have faced an inference that limits network capacity 
and scalability. Among all spectrum sensing techniques, 
energy detection is the most popular method because of 
its low computational complexities [1-3]. In the literature  

[4,5], many research efforts have been expended to ana- 
lyze the performance of energy detectors. However, an 
optimal spectrum sensing framework is introduced by [6] 
considering both spectral efficiency and interference be- 
tween licensed and unlicensed user. The authors also 
illustrate the advantages of cooperative sensing. Co-op- 
eration improves detection performance for CRs. Mul- 
tiple SU’s work collaboratively for the detection of white 
spaces. Some SU’s, who are far away from wireless link, 
might have a lesser amount of chance of detecting the PU 
transmission than the other. Sometimes a single second- 
ary sensor might suffer from different kinds of interfe- 
rence. All the SU’s report to the fusion center about their 
sensing results. Each SU performs sensing and forwards 
the decision to the fusion center [7,8]. In fusion center, 
different diversity techniques can be functional, such as 
maximal ratio combining (MRC), equal gain combining 
(EGC) and square-law combining (SLC) [9]. The sec-  
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ondary access point makes a final decision for PU activ- 
ity. The number of fusion rules can be incorporated at the 
fusion center, by considering two main assumptions that 
the channels are error free and SNR of primary signals 
are known to SUs [10-12]. In [13], authors focused upon 
different fusion strategies corresponding to data fusion 
and decision fusion in cooperative multihop environment 
over Rayleigh fading channel. Some preliminary work on 
spectrum routing has been proposed for joint channel 
assignment by [14]. Channel assignment strategy clearly 
reflects that the wireless channel is an important parame- 
ter in performance analysis of energy detector. So, signal 
propagation issues need to consider such as shadowing 
and severe multipath fading. Resource sharing with spec- 
trum sensing plays an important role to enhance the sys-
tem performance [15,16]. But primarily all discussed the 
concert for two hop relay networks. CR has not been 
discussed much for cascaded multihop scenarios with 
relay nodes in a wireless link. Multi-hop wireless ad-hoc 
systems are characterized by inefficient static spectrum 
allocations, imperfect channel distributions, fixed radio 
frequency bands, and imperfect network coordination. 
Due to higher potential of wider coverage in low trans- 
mitting power, multi-hop scenarios are gaining more 
concentration in wireless communication technologies 
[17]. Multihop scenarios are the best suitable example for 
practical radio transmissions. In the last years, numerous 
contributions addressed the performance of multihop 
relayed transmission. In [18], authors investigated the 
same performance problem of multihop relay link over 
different fading channels. A cascaded multihop frame- 
work is developed in [19]. Multihop transmission is ac- 
complished through several relays between source and 
receiver. Relays can be classified as regenerative and 
non-regenerative. In [20], authors derived efficient per- 
formance bounds for multihop wireless communications 
systems with non-regenerative fixed-gain relays operat- 
ing over non-identical generalized fading channels. Spe- 
cifically, the end-to-end (SNR) is formulated and upper 
bounded. Based on this bound, the closed form solutions 
for the moments of the end-to-end SNR over generalized 
fading channels are obtained. In [21], authors derived 
closed-form expressions for the Average Bit Error Prob- 
ability (ABER) for different modulation schemes of an 
amplify-and-forward average power scaling dual-hop 
relay transmission, over Nakagami-m faded wireless 
channels, with integer values of m. Further, performance 
evaluation using different diversity techniques for relay 
transmission schemes is evaluated by [22]. From the li- 
terature, it has been concluded that the Nakagami-m fad- 
ing is generalized fading channel in multipath wireless 
communication with channel gain hi as a random variable 
between all nodes. Nakagami-m fading is defined by pa- 
rametric gamma function for its rapid fading in high fre- 

quency long distance propagation. Power of the Naka- 
gami distribution follows the gamma distribution with 
severity parameter m ranges from 1/2 to ∞. For special 
case of m = 1, the distribution reduces to Rayleigh dis- 
tribution [23]. Following this line, in this contribution we 
are interested in the performance analysis of multihop 
wireless link over Nakagami-m fading distribution. We 
consider probability of detection (Pd) as performance 
metrics.  

The remainder of paper is organized as follows: Sec- 
tion 2 briefly describe the system model of cascaded re- 
lays based wireless link. In Section 3, performance anal- 
ysis of energy detection in Additive White Gaussian 
Noise (AWGN) channel is described and the closed form 
solution of probability of detection expressions in terms 
of circular contour integral for multihop cooperative 
scenario in Nakagami-m fading is derived. The corres- 
ponding expressions for equivalent SNR PDF, MGF, 
CDF and moments for the assumed model are introduced. 
Section 4 provides performance results and discussion. 
Finally, in Section 5, we sum up the conclusions of our 
studies. 

2. System Model 
Multihop transmission in wireless networks e.g. cellular 
and ad-hoc networks has been researched in the recent 
period due to its advantages over traditional networks for 
a variety of reasons. Relays are used to provide maxi- 
mum coverage range with high transmission rate. In cel- 
lular communications, multihop networks are also very 
advantageous in terms of deployment and connectivity. 
Because of the increased spatial reusability of relays, the 
transmitter power required at the transmitter also reduces. 
In terms of CRs, the multihop networks can provide bet- 
ter spectrum utilization, if the numbers of relays within a 
wireless link are suitably chosen. Schematic of a multi- 
hop transmission link with primary source (PU-S), Pri- 
mary receiver (PU-D) and (L-1) intermediate relay nodes 
is shown in Figure 1. In such systems, signal from 
source to destination propagates via several intermediate 
relay nodes with wireless channel in between two nodes. 
The shorter the distance between any two relays in mul- 
tihop network results in reduction in path loss, hence 
reduction in total transmission power. In addition to this 
inter- and intra-cell interference level also reduces, lead- 
ing to the higher capacity gain. Depending upon the na- 
ture and complexity, relay protocols can be regenerative 
and non-regenerative [24,25]. Assuming that all the cas- 
caded relays between (PU-S) and (PU-D) share the same 
licensed frequency with bandwidth B. In the (PU-S) the 
input data is generated in the form of random numbers. 
The length of bits depends upon the type of modulation. 
With the help of randomization the long sequence of 
continuous ones and zeros are avoided. 
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Figure 1. System model of cascaded relays based multi-hop 
communication system. 
 

By applying proper source coding and interleaving 
techniques, the data is arranged in a block format. Fur- 
ther desired modulation scheme is implemented for mul- 
tihop transmissions.  

When direct path wireless link between (PU-S) and 
(PU-D) is found to be bad, then the SU senses the wire- 
less link with number of relay node between (PU-S) and 
(PU-D). In this system model reliable spectrum sensing 
performance is subjected to channel uncertainty con- 
straint and relay characteristics. Each communication 
between cognitive relay occurs in orthogonal channels to 
avoid the inter-channel interference. Frequently used 
fading distribution to characterize the signal statics is 
Nakagami-m distribution. We assume that sub-channels 
between relay nodes and direct path are independent and 
are Nakagami-m flat fading channels. The noise is added 
at the relays and this noise is considered as the AWGN 
signal. In case of severe fading conditions, the transmis- 
sion from source S to destination D fail if signal at any of 
the L hops fall below the required threshold SNR γth. If a 
symbol transmitted by the source S is successfully de- 
coded by (L-1)th relay i.e. no intermediate relay in the 
link is down, the SNR at destination D statistically de- 
termined by SNR of the last hop. Hence, the statistics of 
SNR at destination D depends only on Lth hop provided 
that no other interfering source is present. The cascaded 
multihop DF relay link can be reduced to an equivalent 
point-to-point link. By following the approaches pro- 
posed in [19] the PDF of the end-to-end SNR can be ex- 
pressed as 

( ) ( ) ( ) ( )1
L

p H H pγγ δ γ γ= + −         (1) 

where, H represents joint probability that outage occur  
with first (L-1) hops and ( )

L
pγ γ  represent the SNR of  

Lth hop. Assuming channels of L hops as independent and 
not identically distributed (i.n.i.d) and relays in Figure 1 
are separated by sufficient distance to avoid any interfe- 
rence, the probability H can be expressed as 
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where, ( )
l thPγ γ  is the Cumulative Distribution Function 

(CDF) of γl. The primary signal is assumed to be s(t) with 

multiple cascaded relays employ different relaying me- 
chanisms to transmit the received signal.

 

3. Performance Analysis 
3.1. Basic Energy Detector 
In the energy detection in AWGN channel, the received 
signal x(t) takes the form x(t) = h*s(t) + n(t). Where 
h*s(t) is the channel impulse response and n(t) is the 
AWGN. The received signal is first pre-filtered by an 
ideal band-pass filter with transfer function to limit the 
average noise power and normalize the noise variance. 
The squared and integrated output is used to finally con- 
struct a measure of the energy of the received waveform. 
The detected energy is further compared with a prede- 
fined threshold which depends on the noise floor, and if 
detected energy is below than the predefined threshold 
then it is assumed that licensed spectrum is free other- 
wise if the detected energy is above than the predefined 
threshold value then it is assumed that licensed spectrum 
is occupied by the PUs hence determining the presence 
or absence of the licensed user’s spectrum. The perfor- 
mance of energy detection can be efficiently characte- 
rized in terms of detection probability and false alarm 
probability. In this model, Nakagami-m flat fading envi- 
ronment is considered. The distribution function of Na- 
kagami-m fading is given by 
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where Γ(.) is the Gamma function, Ω = y2 is the average 
power where y is Nakagami distribution envelope and m 
is fading parameter. Since Nakagami distribution en- 
compasses scattered, reflected and direct components of 
the original transmitted signal, the output of the energy 
detector acts as the test statistic to test the two hypothesis 
H0 and H1 at particular instant of time (t) and can be 
represented as 
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The hypothesis H0 describes that only noise is the 
present without signal within a channel and hypothesis 
H1 describes that the signal and noise both are present 
within the channel. The probability density function 
(PDF) of the received signal for hypothesis H0 and H1 is 
given by 
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where Г(.) is the gamma function, Iv(.) is the vth order 
modified Bessel function of the first kind, and u = TW is 
the time bandwidth product. γ  is the signal to noise 
ratio at the cognitive coordinator. The detection probabil- 
ity (Pd) and probability of false alarm (Pf) are denoted as 

( )( )
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            (8) 

A circular contour (Ω) integral representation given by 
[26] in terms of Marcum-Q function with radius r can be 
represented as 
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where Ω is the circular contour of radius r that encloses 
the origin. The singularities of the integrand are Z = 0 
and Z = 1 therefore radius of the contour ranges from 0 
to 1. The received signal’s SNR changes randomly in a 
faded channel; because of this the detection probability is 
also random in nature. So, the average detection proba- 
bility Pd(Avg) is given by 
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where ( ) ( )esM s E γ
γ =  is the moment generating func- 

tion (MGF) of SNR γ  and E(.) is the expectation. 

3.2. Cascaded Multihop Channel with  
Nakagami-m Characteristics 

In cascaded multihop system, all relays are serially con- 
nected with each other. The output of first relay is the 
input of the second and so on. The end to end signal SNR 
is dependent upon individual hop SNR. The relays within 
a wireless link can work on the condition, which is based 
upon the fact that the multihop branch is dominated by 
the weakest SNR within the hops of relayed link. This 
estimation has been referred by various authors working 
for the recital analysis of multihop systems [27,28]. Ac- 
cording to this approximation, the end-to-end SNR of the 
relayed branch is given by 

( )1 2min , , ,l nγ γ γ γ=             (12) 

This SNRγl, 1, 2, ,l L=   is averaged over Nakagami- 
m PDF and can be expressed as 
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3.3. Direct Link Integration 
Direct link can be established when there is LOS distance 
between (PU-Tx) and (PU-Rx). This direct link incorpo- 
ration would have influence on the detection perfor- 
mance. The Pd can be improved with the association of 
direct link. The total SNR will now dependent upon both 
the links and is the summation of MGF of both links. The 
destination combines the received signals from the source 
to destination (direct link) and source to relays and then 
to the destination link (relay link). The combination of 
direct and relayed wireless links will result in improved 
system performance. So, for further analysis both the 
links has been considered. 

4. Performance Evaluation Results and  
Discussion 

In this section, the average detection probability in mul- 
tihop wireless link over Nakagami-m fading channel is 
investigated. In the investigations, both independent and 
identically distributed (i.i.d) and independent and non- 
identically distributed (i.n.i.d) channels for L-hops are 
assumed. Also, it is assumed that the link is operating in 
L-hops and relays are located at equal distances between 
(PU-S) and (PU-R), and the normalized threshold SNR is 
also scaled by L. Channel state information (CSI) is as- 
sumed to be available at each receiving node and all cas- 
caded nodes within a wireless link are coordinated, i.e., 
transmission within whole chain occurs without any de- 
lay. Based on the system model, the simulation results 
are given in this section. The analysis covers the receiver 
operating curves (ROC). It is shown that the spectrum 
sensing employed in the cognitive radio network depends 
upon channel distributions. The results shown in this 
section are for average detection probability of the mul- 
tihop wireless link. Each relay node act as a pseudo ran- 
dom bit sequence generator (PRBS). The PRBS is mod- 
ulated by digital modulation techniques for the simula- 
tion. The modulated information is transmitted in the 
channel as symbols. Each symbol is assigned specific 
energy E as per the transmitted power requirements. The 
transmitted symbol is corrupted by (AWGN) and fading 
effects in the channel. The AWGN is additional to the  

transmitted symbol to set required 
0

bE
N

 (SNR) over the 

wireless communication link. The symbol with SNR 
0

bE
N

  

is multiplied by random Nakagami-m fading coefficients 
generated from the Nakagami-m distribution. Further, 
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energy detection can be used to analyze the spectrum 
availability. The symbol in the channel is now faded ac- 
cording to the Nakagami-m fading. Nakagami-m fading 
with arbitrary fading parameters and arbitrary average 
SNR levels has been used to carry simulation through 
MATLAB. The AWGN can also be added to the symbol 
as per required SNR with the help of dedicated function. 
Figure 2 indicates the Pd verses Pf for four hop cascaded 
multihop system with different values of average SNR. 
As the value of average SNR within wireless link are 
increased, the Pd starts increasing. The interesting fact is 
the value of targeted Pd 0.9 is reported at average SNR of 
16 dB with Nakagami-m fading severity parameter m = 2 
and Pf = 0.2. 

We also have analyzed the spectrum sensing with dif- 
ferent values of fading severity parameter m. The Pd has 
direct relation with the severity parameter m. To explore 
the other side, the receiver operating curves can also be 
dependent upon fading severity parameter m. The prac- 
tical value for m lies between 0 - 5 in typical wireless 
communication. We considered cascaded multihop chan-
nel consisting of L hops with desired probability of de-
tection (0.9) and probability of false alarm (0.1 - 0.2). 

Figure 3 shows, as the value of severity parameter “m” 
start increasing, the Pd also increasing within a three hop 
wireless link. The value of targeted Pd = 0.9 is reported 
at severity parameter m = 4 for average SNR of 12 dB at 
the Pf = 0.2. Further, we analyze the spectrum sensing 
with number of hops in cascaded multihop network. 

Figure 4 represents the ROC curve in case of cascaded 
multi hoped Nakagami-m channel with direct link inte- 
gration. The average SNR is taken as 12 dB. It is evi- 
dent for m = 2, that the Pd is dependent upon the number 
of cascaded relays in the wireless link. Figure 4 also 
represents an interesting fact that if direct transmission 
takes place i.e. no relay (L = 0) is placed between (PU-S)  
 

 
Figure 2. ROC analysis in Nakagami-m fading with differ- 
ent avg. SNR in four hops system. 

 
Figure 3. ROC analysis in Nakagami-m fading with avg. 
SNR = 12 dB in three hop system. 
 

 
Figure 4. ROC for four-hop link for different numbers of 
hops and avg. SNR = 12 dB. 
 
and (PU-D), then we get the lower bound value of 𝑃𝑃d. If 
one relay (L = 1) is placed between (PU-S) and (PU-D), 
there is an abrupt change in Pd for the fixed value of 𝑃𝑃f = 
0.2. That value of Pd act as an upper bound value. The 
upper bound value clearly represents that the detection 
performance improves a lot with the incorporation of 
single relay between transmitter and receiver. But, it 
doesn’t go on increasing with increase in number of re- 
lays. As the relays within a wireless link starts increasing, 
the value of Pd lies in between the upper and lower 
bound Pd values. 

Figure 5 represents the ROC curves for cascaded mul- 
tihop system with 4 hops and one direct channel between 
(PU-S) and (PU-D). In case of i.n.i.d channels, it has 
been investigated that the (Pd) varies with average SNR 
per hop for the fixed value of m. It has been concluded 
that if the average SNR within the hop start increasing the 
Pd also increasing for a fixed value of Pf. 

Figure 6 shows the comparison of three and four hop 
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multihop cascaded model. The four hops system can 
outperform the three hops if the average SNR between 
hops of four hops network is greater than the average 
SNR within the hops of three hops network. 

5. Conclusion 
The closed form expressions for end to end SNR have 
been given for cascaded multihop communication link 
over Nakagami-m fading channels. The method pre- 
sented in this contribution is useful for the Pd analysis. 
The performance evaluation is done by keeping three 
main objectives in mind i.e. number of relays, type of 
relays and fading severity. It is to be mentioned that the 
several investigations have been performed to determine 
the effect of increasing the number of hops on the per- 
formance of multihop network. Further, results clearly 
include evaluation of Pd under different channel condi- 
tions with variable m. This work carried to evaluate the  
 

 
Figure 5. ROC for four-hop link for different values of avg. 
SNR and m = 2. 
 

 
Figure 6. Comparison analysis of three and four hop cas- 
caded model with (i.n.i.d) channels. 

performance analysis of energy detection system in Na- 
kagami-m fading channel for a cascaded multihop wire- 
less link and has yield an optimum value of fading para- 
meter m for the desired detection probability. Further the 
detection performance is improved by deploying the di- 
versity (multi-branch) scheme. On the basis of investiga- 
tion, it is to be noted that the increasing number of re- 
lays/hops deteriorates the performance of the system for 
the given average SNR and fading parameter m. Inspec- 
tion also reveals that if the channel conditions are good, 
the greater number of hops can be used to achieve target 
Pd. 
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