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Abstract 
 

Generalized frequency division multiplexing (GFDM) is a non 
orthogonal, digital multicarrier transmission scheme with 
attractive features that address the requirements of emerging 
applications of wireless communication systems like cognitive 
radio and fifth generation (5G). In this study, we analysis and 
evaluate the spectrum sensing performance of a GFDM based 
cognitive radio networks over additive white Gaussian noise 
(AWGN) and Rayleigh fading channels. To improve the 
spectral utilization, the energy detection method for spectrum 
sensing is considered. The performance of the proposed 
system model is investigated and presented through the 
receiver operating characteristic (ROC) curves. The results 
show the validity of the recent multi carrier modulation 
technique, GFDM for cognitive radio networks, and point out 
the confirmation of the better sensing performance compared 
to the conventional ones. 

 
1. Introduction 

 
It is known that the licensed frequency band for the 

electromagnetic spectrum is almost completely assigned for 
various applications in wireless communications networks. These 
utilized frequency bands are dedicated for the licensed primary 
users (PU) who has legacy rights and higher priority of the 
services, based on the television and radio broadcasting, cellular 
communications, etc. which are governed by the regulatory 
bodies in the countries. On the other hand, the numbers of 
wireless devices and their users, mobile networks and 
applications working on it, have been dramatically increasing in 
recent years. Due to the mentioned scenario, the researchers have 
focused on the radio spectrum optimization, considering to utilize 
the idle spectrum holes opportunistically for the unlicensed 
secondary users (SU) without causing harmful interference to the 
PU. Additionally it is indicated that, the transient and geological 
varieties in the use of the designated spectrum is just around the 
15 to 85 % [1]. Under these conditions, the idea of cognitive radio 
(CR) is recommended to use by the statutory enterprises like FCC 
(Federal Communications Commission) in United States, Ofcom 
(Office of Communications) in United Kingdom, and the 
standardization groups like P1900, IEEE802.11af, and 
IEEE802.16h. CR allows the unlicensed SUs to access the 
licensed spectrum opportunistically when it is idle [2] in order to 
mitigate the spectrum shortage, under the condition that the 
incumbent PUs have to be protected from the interference 
generated by the opportunistic unlicensed SUs [3].  

The main objective of the CR networks is to enhance the 
spectrum efficiency, while protecting the incumbent users from 

any unsafe interference. This is accomplished by spectrum 
sensing techniques who has an essential role in CR. Matched filter 
detection [4], cyclostationary feature detection [5], energy 
detection [6], and lastly, eigenvalue based detection [7], are the 
most well-known methods implemented for the spectrum sensing. 
Among these, due to its low implementation and computational 
complexity, in our study, we considered to use energy detection 
technique for spectrum sensing, where it has also been most 
widely used in the literature. Occupying the specified frequency 
band by the PU leads the presence of a certain energy level, 
otherwise this frequency band may be available for an 
opportunistic user to use.  

The multiband generalized frequency division multiplexing 
(GFDM) is a moderately new thought for designing a multicarrier 
physical layer modulation [8]. The multicarrier transmission 
scheme in GFDM has been derived based on the filter bank 
concept, where the GFDM data is transmitted by means of a block 
structure, distributed according to the time and frequency 
domains, while each subcarrier is pulse-shaped with the 
adjustable pulse shaping filter. Thus, GFDM is more appropriate 
for the CR physical modulation scheme, compared to the 
conventional Orthogonal Frequency Division Multiplexing 
(OFDM). GFDM based CR networks with the adaptive pulse 
shaping filter, for instance, root-raised-cosine (RRC) filter, are 
able to reduce the interference to the neighbor frequency. 

The authors in [9] investigate the performance of GFDM over 
the Nakagami-m fading channel. They studied symbol error rate 
analysis while maximal ratio transmission is employed. In [10], 
the authors examine the GFDM for the 5th generation cellular 
networks as a proof-of-concept and implementation aspects for 
the next generation 5G networks. Also in [11-12], the analytical 
bit error rate and performance evaluation for GFDM have been 
derived for various fading channels. Furthermore, the studies in 
[13-14] consider the spectrum sensing performance for CR 
networks with GFDM over additive white Gaussian noise 
(AWGN) channel. Although spectrum sensing with GFDM for 
the CR networks have been considered in the previous 
manuscripts, as far as we know there has not been any notable 
research on the spectrum sensing performance with GFDM over 
Rayleigh fading channel, presenting with rigorous data for 
varying signal-to-noise ratio (SNR) values and the detection 
thresholds. 

In our research, in order to evaluate the GFDM sensing 
performance, we use a standard GFDM receiver for sensing an 
opportunistic signal. Even if the spectrum sensing method in CR 
networks is substantially used to detect the TV white space, it is 
also convenient to use for the GFDM receiver as a sensing device 
for other CR signals. Complementary ROC curves are obtained 
for sensing with a GFDM over Rayleigh fading channel. Besides,



 
a) Transmitter side     b) Receiver side 

Fig. 1. GFDM system model 
 
 

AWGN channel performance is also considered and compared 
with the Rayleigh fading channel. 

The remaining of this paper is organized as follows. GFDM 
system model is discussed in Section 2. In Section 3, the energy 
detection based spectrum sensing with GFDM is presented. 
Simulations results are obtained in Section 4. Finally, the 
concluding remarks are given in Section 5. 
 

2. GFDM System Model 
 
GFDM is considered as a multi-carrier modulation technique 

with flexible pulse shaping. In the GFDM transmitter system 
model, shown in Fig. 1 a), the input binary data vector is mapped 

to the 2μ  symbols, using quadrature amplitude modulation 
(QAM), where μ  is the modulation order, resulting in a data 
block structure, d  as follows: 
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In here, each ( )kd m  refers to the data symbol transmitted in k-th 

subcarrier and m-th time slot ( 0,  1,  ...,  1 andk K= −  

)0,  1,  ...,  -1m M= . Here, K is the number of subcarriers and M 

is the length of symbols in one block. Thus, the total number of 
symbols is N KM= . In order to avoid unpleasant aliasing 

effects, each sub-symbol ( )kd m  is transmitted with its’ 

corresponding pulse shaping filter   ,k mg n  which is 

implemented by a version of a prototype filter   g n , with time 

and frequency shifted data. This is achieved by upsampling the 
data sequence by a factor of N  in time domain, and by 
multiplying complex exponential in frequency domain as 
expressed in [10] 
 

 , [ ] [( ) mod ] exp[- 2 ]k m
k

g n g n mK N j n
K

= − π  (2) 

 
where n  is the sampling index. Finally the GFDM transmitted 
signal can be given as [10] 
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In other words, the transmitted signal is given by =
 Ax d , where 

( )0 0 1 0 0 1 1 1K K Mg g g g− − −= , , , ,A       is the complex-valued 

transmitter matrix with the size of KM  by KM  consist of 

[ ]k mg n,  which are prototype pulse shaping filters shifted in time 

and frequency domains, and 

d  is the transmit data vector. In 

order to send this signal over the wireless communication 
channel, first it is sent to digital-to-analog (D/A) converter. 

Fig. 1 b) shows the GFDM receiver system model. In here, 

[ ]r n  is the received signal vector that can be defined as 

 
 [ ] [ ] [ ]H= +r n x n w n  (4) 

 
where H  is the ×N N  circular convolution channel matrix for 

Rayleigh multipath channel,   w n  denotes the noise vector with 

length N , containing complex AWGN samples with zero mean 

and 2
nσ  variance. 

The estimation data can be obtained from the received data 

symbols [ ]r n  according to [10]: 

 

 ˆ C=
 
d r  (5) 

 
where C is ×N N  demodulation receiver matrix of GFDM, can 

be expressed as, -1C = A  depending on the zero forcing receiver 
type [15]. 

 
3. Energy Detection based Spectrum Sensing with 

GFDM 
 
The aim of the spectrum sensing is to determine the absence 

of the PU in a licensed frequency band in order to allow for the 
opportunistic user to utilize the spectrum holes. In other words, 
spectrum sensing let the SU test the white space if it is occupied 
by another cognitive user or not. In this paper GFDM based 
opportunistic user is considered. The signal at the input of energy 

detector, [ ]d̂ n  can be expressed with binary hypothesis testing 

problem [16, 17]. 
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where [ ]h n is the channel fading coefficient, and [ ]x n  is the 

transmitted GFDM signal. The hypothesis 0H  is the decision for 

an  opportunistic   user  after   implementing   Neyman - Pearson 
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Fig. 2. Energy detector block diagram for GFDM [13]. 

 
statistical test [13, 14], defined in the below equation, and giving 
a decision depending on the detection threshold, λ  means that, 
the received signal at an opportunistic user is only a complex 
noise. That is to say, the spectrum is not occupied by an 
incumbent user, and the opportunistic user may exploit this 
frequency band to transmit its’ signal. On the other hand, if the 
decision is based on the hypothesis 1H , this situation means that 

the received signal at an opportunistic user detects the incumbent 
signal with noise, and decides that the frequency band is busy 
with the PU. 

 

1

0

2
2

1

ˆ   

H

n
H

L d n
=

>=    <
ρ

λ   (7) 

 
In (7), L  is the decision statistics with 2ρ  degrees of freedom. 

The performance of energy detection based spectrum sensing 
with GFDM algorithm is mainly determined by two parameters: 
The first one is the probability of false alarm, faP and second one 

is the detection probability, dP  [18-19]. { }1Pr /dP ob L Hλ= >  

represents the detection probability of a PU signal in the specific 
frequency band. dP  is a measure of the interference level, for the 

protection of the incumbent users. Low dP  value results in 

deciding for the absence of the PU. Besides, the probability of 
missed detection is denoted by ( )1= −md dP P . On the other hand, 

{ }0PrfaP ob L Hλ= >  defines that the opportunistic user makes 

a wrong decision about the occupation of the considered 
frequency band. That is to say, the opportunistic user decides for 
a dedication of an incumbent user on the specified frequency, 
gives a decision with 1H  while the correct one is 0H . An 

increase in faP  results in low spectrum utilization by an 

opportunistic users. So, for a better performance, faP  should be 

kept as small as possible [9, 20].  
In this paper, we consider the block diagram of an energy 

detector system on the spectrum sensing with GFDM, as shown 

in Fig. 2. Herein, the estimated data after the demodulation, ˆ[ ]d n  
in the GFDM receiver system model, is sent to the energy detector 
block. First, the square law device is applied for all samples in 
ˆ,d  then the summing operation is implemented to get the energy 

values of them along each subcarrier. Finally, this calculation is 
used for the device, where the decision on the occupancy of a 
subcarrier, by comparing the decision metric L  with a detection 
threshold λ . The decision for the output is given regarding the 
frequency band is idle or occupied with incumbent users with the 
help of the two decision values; either 0H  or 1H  for all the 

subcarriers in CR network. 
 
 

4. Simulation Results 
 

In this section, the simulation results are provided to evaluate 
the performance of the proposed energy detection based spectrum 
sensing with GFDM algorithm. In the simulations, in which 
Monte Carlo method is used, we set the number of subcarriers 

64=K , the number of samples per symbol 64=N , the data 

block length 5=M , and the roll-off factor 0.1β = . It is assumed 
that root raised cosine (RRC) filter and 4-QAM are used. 
Moreover, we consider a perfect synchronization at the GFDM 
receiver. 

In Fig. 3, the ROC ( mdP  vs. faP  curve) performance analysis 

over AWGN channel is illustrated for different SNR values. The 
obtained results are similar to previous studies reported in [13]. 
The spectrum sensing performance with GFDM over Rayleigh 
fading channel with varying SNR values is shown in Fig. 4. 

The performance comparison of the AWGN and Rayleigh 
fading channels in terms of mdP  with varying SNR is plotted in 

Fig. 5. For AWGN channel, when SNR is 0 dB and 16 dB, mdP  

is around 0.8 and 0.18, respectively. That is to say, mdP  

decreases with the increase of SNR. This means, we get higher 

dP  for higher SNR. Besides, it can be observed from the 

simulation results in Fig. 5 that, AWGN outperforms Rayleigh 
channel in terms of the detection probability as expected. 

 

 
 

Fig. 3. Complementary ROC curve for spectrum sensing with 
GFDM over AWGN channel with varying SNR. 

 

 
Fig. 4. Complementary ROC curve for spectrum sensing with 

GFDM over Rayleigh fading channel with varying SNR. 
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Fig. 5. mdP vs. SNR for both AWGN and Rayleigh channels. 

 

   
 

Fig. 6.  mdP and faP  vs. detection threshold ( )λ  over 

Rayleigh fading multipath channel. 
 
Finally, Fig. 6 shows the mdP  and faP  changes with detection 

threshold ( )λ  values over Rayleigh fading channel. Fig. 6 clearly 

shows that mdP  significantly increases, thus the spectrum sensing 

performance decreases with the increase of λ . In the same figure, 
while the detection threshold λ  increases, the faP  decreases as 

expected. 
 

5. Conclusions 
 

In this paper, we studied the performance analysis of energy 
detection based spectrum sensing with GFDM in cognitive radio 
networks. We considered both AWGN and Rayleigh fading 
channels in this paper. We provide a comprehensive analysis for 
spectrum sensing performance ( mdP  vs. faP ) using varying 

SNR. We then present a GFDM sensing characteristics for both 
AWGN and Rayleigh channels. Finally, mdP  and faP  

performance analysis subject to λ  values are investigated. The 
simulation results show that the detection performance for the 
opportunistic users increases while the SNR is increasing. 
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