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In wireless communication systems, one of the most important resources being focused 

on all the researchers is spectrum. A cognitive radio (CR) system is one of the efficient ways to 

access the radio spectrum opportunistically, and efficiently use the available underutilized 

licensed spectrum. Spectrum utilization can be significantly enhanced by developing more 

applications with adopting CR technology. CR systems are implemented using a radio 

technology called software-defined radios (SDR). SDR provides a flexible and cost-effective 

solution to fulfil the requirements of end users. We can see a lot of innovations in Internet of 

Things (IoT) and increasing number of smart devices. Hence, a CR system application involving 

an IoT device is studied in this thesis. Opportunistic spectrum access involves two tasks of CR 

system: spectrum sensing and dynamic spectrum access. The functioning of the CR system is 

rest upon the spectrum sensing. There are different spectrum sensing techniques used to 

detect the spectrum holes and a few of them are discussed here in this thesis. The simplest and 

easiest to implement energy detection spectrum sensing technique is used here to implement 

the CR system. Dynamic spectrum access involves different models and strategies to access the 

spectrum. Amongst the available models, an interweave model is more challenging and is used 

in this thesis. Interweave model needs effective spectrum sensing before accessing the 

spectrum opportunistically. The system designed and simulated in this thesis is capable of 

transmitting an output from an IoT device using USRP and GNU radio through accessing the 

radio spectrum opportunistically.  
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CHAPTER 1  

INTRODUCTION 

1.1 Background and Motivation 

Wireless communication has become standard in our lives. Currently, we can see a lot of 

innovations in Internet of Things (IoT), increase in number of smartphones and tablets, and use 

of some new technologies like smartwatches and smartbands is also increasing. These devices 

and additional services need high data rates. Many of us have seen a transition from voice-only 

communication to multimedia type of communication as well as trending features like Voice over 

Internet Protocol (VoIP). Thus, users are more attracted towards new technologies and are 

demanding high-speed internet. This results in burden on frequency spectrum. To fulfill this 

requirement of frequency spectrum and to accommodate future innovations, there is a need for 

efficient spectrum utilization. There are limitations on the current static frequency allocation 

schemes, which cannot satisfy the needs creating a huge gap between supply and demand of the 

spectrum. Due to the huge increase in number of devices that requested a space in the spectrum, 

the current fixed approach of spectrum distribution will become obsolete. Therefore, a new 

dynamic, smart spectrum distribution scheme is needed. In conventional approach, an operator 

has his own granted licensed band to operate. However, because most of the frequency bands 

are already allocated, it is becoming stressful to find new vacant bands and also to add new 

services and enhance existing bands.  

The real problem is described in statistical analysis carried out in [1], [2], [3]. The licensed 

spectrum is rarely used continuously. These observations led us to conclude that the spectrum 

scarcity is increased because of low utilization of licensed spectrum due to inefficient fixed 
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frequency allocations rather than unavailability of free spectrum. As mentioned in [3], many 

licensed bands were observed with low measured occupancy. The researchers of the previously 

mentioned papers considered the possible reasons: either the signals in these bands were very 

weak or the spectrum bands were underutilized or almost never used.  These bands were 

observed to be underutilized: 

 420-450 MHz (Amateur/Radiolocation) 

 745-810 MHz (Public Safety) 

 960-1020 MHz (Aviation) 

 1240-1300 MHz (Amateur) 

 1330-1400 MHz (Military) 

 1430-1520 MHz (Telemetry) 

 1525-1710 MHz (Mobile Satellite/Meteorological) 

 1710-1850 MHz (Fixed/Fixed Mobile) 

 1990-2110 MHz (MSS/TX Auxiliary) 

TV bands were also underused and have the potential for sharing the spectrum. The Wi-

Fi band (2400-2485) measurements displayed very low usage because of limitations of coverage 

area. This spectrum usage data was collected from 30 MHz to 3 GHz. The conclusion is that the 

number of licensed bands can be reallocated or shared to create room for new users and new 

technological advancements.  

The underutilized frequency bands are commonly known as “spectrum-holes” or “white 

spaces” as shown in Figure 1.1. The researchers are prompted to find a solution to overcome this 

problem with a solution of spectrum sharing. A spectrum access paradigm where secondary, i.e. 
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unlicensed systems, can opportunistically access the white spaces in licensed, also known as 

primary, bands. Cognitive Radio (CR) technology can be a solution to the spectrum allocation 

problem and can be used to allocate radio resources effectively. Dynamic Spectrum Access (DSA) 

is advancement in CR technology.  

 
Figure 1.1 White spaces in spectrum 

Cognitive radio is capable of studying the environment and makes itself compatible by 

dynamically changing the radio parameters to make the best use of available spectrum. As shown 

in Figure 1.2, the main aspect of Dynamic Spectrum Access (DSA) is to sense the spectrum, and 

the available spectrum is then used by the secondary user (SU) to transmit the data over the 

channel. With DSA, a secondary user dynamically looks for the idle spectrum and temporarily 

accesses the spectrum for wireless communication. Monitoring the spectrum continuously is the 

main task for the secondary user to avoid the interference with the primary user (PU). The SU 

will vacate the channel on detection of presence of PU. The most integral part of the CR system 
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is to sense the spectrum because all the remaining operations of CR depend on the accurate 

sensing of available spectrum. 

 
Figure 1.2 Dynamic spectrum access operation cycle 

A cognitive radio can be built using software-defined radio (SDR). An SDR technology is 

an innovative replacement for costly hardware-based traditional radios. Traditional radios rely 

on hardware components to execute radio functions. As software-defined radios are hardware 

independent, this makes the system more flexible and less costly. Software-based cognitive radio 

has an RF front-end and a digital processor, which can be a general-purpose processor or field 

programmable gate array (FPGA) or digital signal processor. The radio functions such as signal 

processing are implemented through software by this digital processing unit. One such software-

defined radio family, Universal Software Radio Peripheral (USRP) developed by Ettus Research, 



5 
 

is used to implement the DSA technology (i.e. used as a cognitive radio). In this paper, DSA-based 

cognitive radio system is implemented using USRP as a cognitive radio and an open-source 

software GNU radio. The paper gives the detailed knowledge of DSA, challenges in DSA, design 

and practical implementation of DSA and also, about USRP and GNU radio.     

1.2 Objective and Significance of the Research 

The aim of this thesis is to have our own designed spectrum management and decision 

making system to achieve uninterrupted wireless communication without interference with 

licensed channel user, and to test whether DSA system can coexist with the actual spectrum 

distribution scheme.  It can be achieved by developing a dynamic spectrum access (DSA) based 

CR system with USRP and GNU radio as hardware and software platforms, respectively.  

1.3 Overview of the Chapters  

This thesis provides an understanding about the DSA-based CR system and provides 

information about the different spectrum sensing techniques and spectrum access models. One 

of these spectrum sensing methods is implemented with suitable spectrum access model. This 

thesis is divided into five chapters. 

Chapter 2 provides background information about the cognitive radios. The working of 

the cognitive radio is based on the software-defined radio, which is explained in Chapter 2. The 

concept of cognitive radio is proposed with available different spectrum sensing methods and 

spectrum access models. This chapter also includes a discussion about forming a network of 

cognitive radios and its advantages.  
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Chapter 3 discusses the hardware and software platform used for the implementation of 

this thesis. It also gives the technical specifications of the hardware used. This chapter will help 

understand the basic concept of how software-defined radio works with the software.  

Chapter 4 gives an idea about the practical implementation of the DSA-based CR system. 

This chapter will provide the design specifications and the knowledge of how the system is 

designed. 

Chapter 5 contains the results of all the tests performed at various stages. The 

examination of the system starts with basic file transfer and testing of the hardware. It proceeds 

with implementation of spectrum sensing of RF environment and ends with channel hopping in 

real time environment. The chapter concludes with the advantages and disadvantages of the 

techniques used and proposed future work.  
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CHAPTER 2  

DYNAMIC SPECTRUM ACCESS 

2.1 Software-Defined Radio  

Software-defined radio (SDR) technology gives an efficient and flexible wireless 

communication system in which radio functions are software-defined. Typical hardware 

components like mixers, filters, amplifiers, modulators/demodulators, etc. in a traditional radio 

are replaced by software-based functions [4]. The user has the flexibility to design and implement 

any type of wireless communication system just by choosing the application specific software. 

SDR is an inexpensive solution for the traditional radios as it eliminates the need of building new 

circuits for different radio applications. The benefit of this technology is multi-functionality by 

reusing the same hardware platform [5].  

 

Figure 2.1 Block diagram of SDR 

SDR can transmit and receive signals at various frequencies as it has access to broad 

spectrum (e.g. bladeRF has frequency range 300 MHz to 3.8 GHz, USRP covers frequency range 

from DC to 6 GHz) [4], [6], [7]. The user can use a programmable software (e.g. GNURadio) which 
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can take care of complex signal processing. An SDR consists of Field Programmable Gate Arrays 

(FPGA), General Purpose Processors (GPP), Programmable System on Chip (SoC), Digital Signal 

Processors (DSP), or other application oriented or application specific programmable processors 

as shown in Figure 2.1. For end users, SDR technology aims to reduce costs in providing end users 

with access to universal wireless communications and allowing them to communicate with 

whomever they need, whenever they need, and in whatever manner [5]. Some examples 

currently include bladeRF, rtl-sdr, SDRPlay and Ettus research radios (USRP N210, USRP E310, 

etc.) [6], [7]. 

SDR is a key technology that can be used in various other reconfigurable radio equipment.  

There is no need of SDR to implement these radio types as the flexibility of SDR technologies can 

benefit the designing of advanced radio types with reduced cost and increased efficiencies. 

Cognitive radio is one such example of advanced communication systems [8].  Since a software-

based radio has a choice of RF bands, air interfaces, and data protocols, it can be useful for 

designing a DSA-based CR system. The requirements of designing a CR system can be satisfied 

with SDR technology.  

2.2 Cognitive Radio 

The demand for spectrum in most useful frequencies has increased, and it exceeds the 

supply due to limitations of natural frequency spectrum. Another main reason for lack of 

spectrum to satisfy the need of high data rate devices and uninterrupted communication is 

because of underutilization of allocated spectrum bands. The Owned model, where spectrum is 

owned by a service provider, is ruling the world. Licensed spectrum is only used by users who are 

authorized to use it, and it is allocated for a rather long time. Statistical analysis of spectrum 
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utilization shows the inefficiency in the spectrum usage [1], [2], [3]. This increasing demand of 

radio resources needs innovative techniques to exploit available spectrum and efficient ways of 

sharing the spectrum. Cognitive Radio, introduced by Mitola and Maguire [8], is becoming a 

popular and innovative solution to exploit the under-utilized spectrum. Cognitive radio is a SDR-

based autonomous radio aware of its radio frequency environment and capable of altering its 

radio parameters, and it is now empowering the wireless communication. The two primary 

objectives of CR systems are: 

 Extremely dependable communications whenever and wherever needed  

 Improved spectrum utilization efficiency 

Cognitive radio systems autonomously make full use of locally available unoccupied 

spectrum to provide new paths to spectrum access resulting in uninterrupted communication. 

CR systems involve license holders, typically labelled as primary users, and the users who are 

opportunistically looking for a chance to access the spectrum when primary users are idle called 

secondary users. The basic idea behind CR system is spectrum reusing or spectrum sharing, 

allowing SUs to communicate over the allocated or licensed channel when it is vacant. The CR 

system may increase the interference of secondary users with the primary users and worsen the 

quality of service of primary systems. Thus, the main aim of this system is to not allow a secondary 

user to interfere when a primary user is using the channel. This can be achieved when the 

secondary user is continuously monitoring the spectrum and leaves the spectrum when the 

primary user wants to access it. Cognitive radios manage and execute spectrum sensing and 

accessing the white space in real time to establish reliable communication systems. Hence, 

cognitive radio is an intelligent radio that is aware of its surrounding RF environment and uses 
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the technique to learn from the environment and become accustomed with the variations in 

incoming RF stimuli by reconstructing itself by updating certain operating parameters like center 

frequency, transmission power and if necessary, modulation strategies in real time.  Considering 

the advancement in software-defined radio technologies, cognitive radio systems could easily 

operate on multiple frequencies (MIMO) with different modulation bandwidths and at a variety 

of power levels.  

The functioning of cognitive radio system is divided into three parts, as shown in Figure 

2.2 below. The importance of spectrum sensing lies within the basic idea of cognitive radio. To 

detect the presence or absence of primary users, the spectrum sensing is required. To decode 

and demodulate the received signal, signal decoding must be the part of cognitive radio. Dynamic 

Spectrum Access (DSA) is the result of cognitive radio as depending on the first two functions, 

and cognitive radio makes the decision and changes the RF parameters to transmit the data on 

the free channel.  

          

Figure 2.2 Functional division of CR system 

2.3 Spectrum Sensing 

The spectrum sensing is one of the most essential components of cognitive radio system 

as it must be able to detect weak primary user signals as well. Spectrum sensing needs special 
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Spectrum 
Allocation
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attention. The secondary users are required to frequently execute the spectrum sensing that 

detects the spectrum holes and the existence of primary users. As soon as the primary users 

become active, the secondary users must reduce the transmission power and vacate the channel 

within a certain amount of time to avoid the interference with the primary users. The spectrum 

sensing involves the following subtasks: 

 Find the spectrum holes and the presence of primary user 

 Spectral resolution of spectrum holes 

 Estimate the direction of incoming interferences 

 Classify the signals 

 There are some problems that need to be encountered in the spectrum sensing like low 

signal to noise ratio (SNR), multipath fading, and variations in the noise level. Even though a 

primary transmission system is close to the detection system, the transmitted signal can fade 

such that the SNR of the primary signal at the secondary receiving end is well below -20 dB. The 

secondary user still needs to detect the signal as it may degrade the quality of service of the 

primary user because of interference. Another challenge for the spectrum sensing arises due to 

multipath fading. Multipath fading and time dispersion of the channels makes sensing more 

challenging. Signal power may fluctuate as much as 30 dB due to multipath fading, making it 

difficult to detect the signal. The noise level is different at different times and at different 

locations. The uncertainty of noise power creates another issue for signal detection.  

To face these challenges, a lot of research has been done in the spectrum sensing and 

many spectrum sensing techniques have been proposed. These techniques can be classified into 

three categories based on the requirements of inputs for implementation.  



12 
 

a) Spectrum sensing methods requiring both primary signal information and noise 

variance information; for example, Likelihood Ratio Test (LRT), Matched Filtering 

(MF), and Cyclostationary Detection (CSD).  

b) Sensing techniques require information only about noise variance. These methods are 

called semi-blind methods, for example, Energy Detection (ED) and Wavelet-based 

sensing method. 

c) Blind methods do not require any information about source signal and noise signal; 

for example, Eigenvalue-based sensing, covariance-based sensing, and blindly 

combined energy detection. 

Table 2.1 shows the comparative analysis of the mainly used techniques for spectrum 

sensing. Each secondary user senses spectrum within its local geographical area and decides a 

transmission channel depending on the presence of the primary user based on local 

measurements. The methods such as matched filtering (MF) are a kind of coherent detector, and 

to implement spectrum sensor using matched filter technique requires prior knowledge of the 

received signal. Presence of the primary user is detected by measuring the energy of the received 

signal in energy detector (ED). It is a non-coherent detection method and is the simplest method 

just to detect the spectrum occupancy. The cyclostationary detection method exploits the 

periodicity in the received signal. Cyclic correlation function is used for detection of signal. Using 

this method, the primary user can be differentiated from the noise.  If the pattern of a signal is 

known, then sensing can be executed by correlating with the known copy of the pattern in 

waveform-based sensing technique. Known patterns are commonly used for synchronization and 

other purposes, and they include preambles, spreading sequences, access codes, midambles, and 
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other commonly used transmitted patterns. Waveform-based sensing technique can be applied 

to the systems with recognized patterns only.  

Table 2.1 Comparison of commonly used spectrum sensing techniques 

Method Complexity Accuracy  Pros Cons 

Energy Detection Low Low on low 

SNR areas 

Fast and Simple Weak to noise 

Cyclostationary Mid Mid Can detect and 

classify signals 

Weak to noise 

Waveform-Based Low Mid Simple Must know 

preamble 

Matched Filtering High High Best possible 

accuracy 

Requires prior 

knowledge about 

the signal 

 

As shown in the table, implementation of energy detection spectrum sensing is easy and 

less time consuming as compared to other techniques, but sensing capability of the energy 

detection is vulnerable to noise. At low SNR, the efficiency of the energy detection is low. 

Matched filtering technique is more reliable than the other techniques because it has more 

accuracy, but the main problem with this technique is requirement of prior knowledge of the 

primary signal. This makes the system more complex and dependent on the information of the 

received primary signal that must be specified in advance.  The cyclostationary spectrum sensing 

method is a little better than the energy detection and has the capability to classify the signal but 



14 
 

again needs some information about the primary signal, and this method is also weak in the 

presence of noise. Waveform-based sensing method requires the preamble, and hence this 

method is also dependent on prior information [9], [10], [11]. We will study the spectrum sensing 

methods in detail.  

2.3.1 System Model 

The purpose of spectrum sensing is to determine the free channel for the transmission of 

the signal without interfering with other signals. There are two hypotheses to discriminate the 

spectrum determining presence or absence of the signal or the primary users. As shown in [10], 

the received signal 𝑦[𝑛] has the hypotheses and can be expressed as, 

𝐻0 ∶ 𝑦(𝑛) = 𝑤(𝑛), 𝑛 = 1, 2, …… . , 𝑁 

𝐻1 ∶ 𝑦(𝑛) = 𝑤(𝑛) + 𝑥(𝑛),      𝑛 = 1, 2, …… . , 𝑁 

    ( 1 ) 

where 𝑦(𝑛) is the received signal, 𝑤(𝑛) is the additive white noise (AWGN), 𝑥(𝑛) is the primary 

user’s signal and 𝑛 represents time. 𝑛 = 1, 2, …… . , 𝑁 where 𝑁 represents the number of 

samples. The hypothesis 𝐻0 describes the absence of the signal and the hypothesis 𝐻1 shows 

presence of the primary signal in the received signal. The received signal 𝑦(𝑛) is a vector. The 

common natural source of noise is considered here at the front end of the receiver, which is 

thermal noise, and it is justified as additive white Gaussian noise (AWGN) with zero mean and 

variance 𝜎𝑤
2 . 𝑥(𝑛) = 0 when the primary user is not transmitting any signal. 𝑥(𝑛) is assumed to 

be random Gaussian process with zero mean and variance 𝜎𝑥.
2  The detection of presence of the 

primary user is successful when the non-zero value of 𝑥(𝑛) is detected in the received signal 
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𝑦(𝑛).  The received signal will have more energy when the spectrum is occupied than when the 

spectrum is free to transmit.   

2.3.2 Energy Detection 

Energy detection is most preferred technique of spectrum sensing because of its 

simplicity. The method is also known as radiometry or periodogram [9] because of its ability to 

measure the signal power, and it uses the power spectral density (PSD) to detect the presence of 

the primary user signal. To estimate the presence of the primary users’ signal, the cognitive radio 

receiver does not have any knowledge of the incoming signal. That means the signal to be 

detected does not have any known structure that can be used for the detection. In this simple 

energy detection technique, the output of the energy detector is compared with a threshold, 

which depends on the level of the noise floor. If the signal received has a signal power greater 

than the threshold, the primary user is detected, and if the measured signal level falls below the 

threshold value, spectrum is marked as available. The energy detection sensing method is 

independent of the modulation technique, phase or any other radio parameters of the incoming 

signal. The method is simply designed to check the availability of the radio resource at the time 

of transmission.  

As shown in equation (1), the received signal can be represented in simple form as,   

𝑦(𝑛) = 𝑤(𝑛) + 𝑥(𝑛) 

The decision metric for the energy detector [9] can be written as,  

𝑀 = ∑ |𝑦(𝑛)|2
𝑁

𝑛=0 

 

          ( 2 ) 
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where 𝑁 is the observation vector. The decision metric is then compared with a fixed threshold 

λE to check the accessibility of the radio spectrum. The hypotheses 𝐻0 and 𝐻1 are equivalent to 

this. The energy detector is characterized using two probabilities: probability of detection 𝑃𝐷 and 

probability of the false alarm 𝑃𝐹𝐴. Probability of detection 𝑃𝐷 is correct detection of presence of 

the primary user when it is actually present. This makes the performance evaluation of the energy 

detector simple. The probability of detection can be given as,  

𝑃𝐷 = 𝑃𝑟(𝑀 >  λ𝐸|𝐻1) 

      ( 3 ) 

 Probability of false alarm 𝑃𝐹𝐴 is the test for incorrect detection indicates that the 

frequency is occupied when it is actually not. Hence, the value of 𝑃𝐹𝐴 should be as low as possible 

to avoid underutilization of available spectrum. 𝑃𝐹𝐴 can be represented as,  

𝑃𝐹𝐴 = 𝑃𝑟(𝑀 > 𝜆𝐸| 𝐻0) 

( 4 ) 

The greater the probability of detection 𝑃𝐷, also the lesser the probability of false alarm 

𝑃𝐹𝐴, the better the efficiency and accuracy of energy detection. The major role here is played by 

the decision threshold. The value of threshold λ𝐸 can be selected such as an optimum balance 

between 𝑃𝐷 and 𝑃𝐹𝐴 is maintained. For this, the signal power and noise power should be known. 

It is possible to gain knowledge of noise power, but it is difficult to estimate the signal power. 

The signal power is dependent on the transmission characteristics and the distance between the 

transmitter and the cognitive radio. Hence, the signal power cannot be determined. This limits 

the working of energy detector based only on the knowledge of noise power. The noise variance 

is enough to choose threshold value λ𝐸. Thus, the energy detector belongs to semi-blind category 
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of the spectrum sensing techniques. The white noise can be modelled as zero-mean Gaussian 

random variable with variance 𝜎𝑤
2 , i.e. 𝑤(𝑛) =  𝒩(0, 𝜎𝑤

2). Let us model the signal term in 

equation (1) as a zero-mean Gaussian variable, which is the same as white noise, i.e. 𝑥(𝑛) =

 𝒩(0, 𝜎𝑥
2) for simplified analysis [9]. The signal model is more complicated because fading should 

also be considered. The decision metric (2) follows chi-square distribution with 2𝑁 degrees of 

freedom 𝒳2𝑁
2  and can be modelled as, 

𝑀 =

{
 

 
𝜎𝑤
2  

2
𝒳2𝑁
2             𝐻0

𝜎𝑤
2 + 𝜎𝑥

2 

2
 𝒳2𝑁

2       𝐻1

 

For energy detector, the probabilities PD and PFA can be calculated as [9], 

PFA = 1 −  Γ (LfLt,
λE
σw2
) 

                                                    

PD = 1 −  Γ (LfLt,
λE

σw2 + σx2
) 

where λ𝐸 is the decision threshold and 𝛤(𝑎, 𝑥) is the incomplete gamma function. The challenge 

of local spectrum sensing is to accurately determine the two hypotheses to achieve high 

probability of detection 𝑃𝐷 to avoid interference with PU and low probability of false alarm 𝑃𝐹𝐴 to 

gain advantage of free spectrum.  

After mathematical modelling of energy detection, let us see the implementation of 

energy detector. Figure 2.3 shows the block diagram for energy detector. The received signal is 

sampled into time domain first. The sampled signal is then passed to Fast Fourier Transform (FFT) 

to convert the signal into frequency domain, and then passed to magnitude square block to 

determine the energy of the received signal. Then, energy samples are collected and are 
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averaged by the number of samples N.  Finally, the averaged output result is compared with the 

decision threshold to decide whether the frequency band is occupied or not.  

 

Figure 2.3 Schematic representation of energy detection  

2.3.3 Cyclostationary Detection 

Cyclostationary-based detection method uses the cyclostationarity feature of the 

received signal to detect the presence of the primary user signal. Cyclostationarity process is a 

statistical process which repeats itself periodically [9], [12], [13], for example, double sidedness 

and keying rate of digital modulated signals due to sinewave carrier and symbol period [11].   The 

periodic repetition of signal parameters can be used to detect the presence of signal as well as 

to classify the various types of signal.  The energy detection technique uses power spectral 

density (PSD); instead of PSD, cyclic correlation function is used to detect the signals in a given 

spectrum. The spectral-correlation density (SCD) function can be used to extract the 

cyclostationarity. The values of an SCD function of a cyclostationary signal are nonzero at some 

nonzero cyclic frequencies. On the other hand, at all nonzero cyclic frequencies, the values of an 

SCD function for a noise signal will be zero because, the noise signal does not have any 

cyclostationarity. The noise is wide-sense stationary (WSS) with no correlation. Modulated 

signals have spectral correlation and are cyclostationary. Hence, it is easy to distinguish actual 

primary signal from the noise. Also, it is possible to distinguish the signals as different signals may 

have different nonzero cyclic frequencies [11].  
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Mathematically, the CSD function can be calculated as shown in [9],  

𝑆(𝑓, 𝛼) =  ∑ 𝑅𝑦
𝛼(𝜏)𝑒−𝑗2𝜋𝑓𝜏

∞

𝜏= − ∞

  

where 

𝑅𝑦
𝛼(𝜏) = 𝐸[𝑦(𝑛 + 𝜏)𝑦 ∗ (𝑛 − 𝜏)𝑒𝑗2𝜋𝛼𝑛 

is the cyclic autocorrelation function (CAF) and α is the cyclic frequency. The output peaks of the 

SCD function give us the information about the spectrum occupancy. The classification of the 

signals is possible only when signal periodicity is known. The prior knowledge of cyclic frequency 

of the transmitted signal must be known to identify the type of signal. The cyclostationary 

detection method can be implemented as shown in the block diagram Figure 2.4. The decision of 

the presence of the signal is made with the correlation function and the cyclic frequency of the 

signal.  

 

Figure 2.4 Implementation of cyclostationary detector 

2.3.4 Waveform-Based Detection 

Waveform-based detection technique involves known patterns used in wireless 

communication, and it is a type of coherent detection [9]. The receiver is already aware of 

patterns such as preambles, midambles, regularly transmitted pilot patterns, spreading 

sequence, etc., and they are used to achieve synchronization between transmitter and receiver. 

A sequence which is transmitted before each burst is termed as preamble, and a sequence which 

is transmitted in the middle of each burst is known as midamble. A known pattern from the 



20 
 

received signal is used to detect the presence of signal, and to differentiate it from interference. 

In waveform-based sensing method, the received signal is correlated with a known copy of itself 

[9], [12]. The system model established in ( 1 ), 

𝑦(𝑛) = 𝑤(𝑛) + 𝑥(𝑛) 

where  𝑤(𝑛) is AWGN and 𝑥(𝑛) is a primary signal to be detected. 

The waveform-based sensing is performed in time domain and in frequency domain as 

well [9], [14], and a sensing metric can be established as: 

𝑀 = 𝑅𝑒 [∑𝑦(𝑛)𝑥∗(𝑛)

𝑁

𝑛=1

] 

where * is conjugation operation. If the signal is absent, the metric changes to 

𝑀 = 𝑅𝑒 [∑𝑤(𝑛)𝑥∗(𝑛)

𝑁

𝑛=1

] 

The presence of primary user will alter the sensing metric and it becomes 

𝑀 =∑|𝑥(𝑛)|2
𝑁

𝑛=1

 +  𝑅𝑒 [∑𝑤(𝑛)𝑥∗(𝑛)

𝑁

𝑛=1

] 

The decision on the presence of primary users’ signal can be made by comparing metric 

𝑀 with a threshold 𝜆𝑊 [14]. Energy based detection faces problems with false detection, and 

energy detection performs poorly at low SNR. The limitations of energy detection are addressed 

in this method. The disadvantage of waveform-based sensing method is that it is only applicable 

when signal pattern is known.  

2.3.5 Matched Filter Detection 

A linear filter designed to maximize the output SNR for a given input signal is called as 

matched filter [12]. Matched filter detection technique requires a prior knowledge of the primary 
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signal including information about the operating frequency, bandwidth, type of modulation used, 

pulse shaping, and frame format [9]. The known signal is then correlated with the unknown 

received signal to detect the presence of pattern in the unknown signal. It is necessary to have 

knowledge of the primary user at both PHY and MAC layer to demodulate the received signal. 

The operation of matched filter can be expressed as [12]: 

𝑌[𝑛] =  ∑ ℎ[𝑛 − 𝑘]𝑥[𝑘]

∞

𝑘= −∞

 

where 𝑥 is unknown received signal and is convolved with ℎ. The impulse response of the 

matched filter is useful when the information from the primary users is known to the cognitive 

users [12]. The matched filter has high processing speed, and it can perform well even at low 

SNR. This technique is more optimal than the other techniques [12]. The drawback of these 

techniques is that they need prior knowledge of every primary signal. The power required for 

matched filter is also high as it needs different receiver algorithms to detect different types of 

primary signals. The need of receivers for all signal types makes the system very complex and 

large.  

2.4 Cooperative Sensing 

The spectrum sensing is usually affected due to noise uncertainty, multipath fading, and 

shadowing. Another problem faced in CR spectrum sensing is hidden primary user. Hidden 

primary user problem arises due to location of the PU device. Sometimes cognitive user cannot 

detect the presence of the PU because the PU is located far away from the cognitive radio, and 

the cognitive radio starts transmission over the band, causing interference with the PU signal.  

These problems can be solved using cooperative sensing. Cooperative sensing decreases the 
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probability of false alarm and probability of misdetection, as these are major problems faced in 

local sensing [9], [11].  

Cooperative sensing involves multiple users located at different locations, and it is 

possible to achieve cooperation between them. This cooperation amongst distributed cognitive 

radios increases the sensing reliability of the cognitive radio. DSA system with cooperative 

sensing has an advantage of time saving as multiple radios share the spectrum sensing 

information which makes it easy to make the decision and access the free band. The cognitive 

radio is unaware of the location of the PU. In collaborative spectrum sensing each cognitive user 

sends its observed data or processed data to other users, and it overcomes the problem of 

location of the PU. Collaborative sensing provides higher spectrum capacity gain than the local 

sensing [9]. Cooperative sensing needs efficient information sharing algorithms. A pilot channel 

can be used to share the information between multiple users about the sensing results as well as 

the channel sharing information [9]. If multiple cognitive radios are trying to access the spectrum 

at the same time, the information sharing will help to avoid the chaos between all the users by 

deciding which user by access the spectrum.    

Cooperative sensing could be centralized or distributed [9]. In centralized sensing, a 

central unit collects the information from all the cognitive devices. The central unit then finds the 

available spectrum and broadcasts the information. It is possible for the central unit to control 

the cognitive radio traffic. In distributed sensing, all the cognitive radios share the information 

among each other without a central unit. Cognitive nodes share the information and make their 

own decision regarding which part of the spectrum they are going to use for the transmission. 



23 
 

Distributed sensing is more advantageous in terms of reduced complexity and reduced cost as it 

eliminates the need for backbone infrastructure.   

For DSA, cooperative sensing has a better performance, but to achieve better 

performance, reliable exchange of information must be guaranteed. Also, cooperative sensing is 

more complex [9]. The spectrum sensing technique used by a node plays an important role in 

cooperative sensing. Most of the CR systems use energy detection technique for spectrum 

sensing, and there is a need to investigate performance of more advanced sensing techniques 

such as cyclostationary detection, matched filter, eigenvalue-based detection, etc. [11].  

 

 

2.5 Spectrum Access 

Spectrum sensing plays an important role in DSA-based CR system. The CR system senses 

the radio environment, and changes its radio parameters such as the center frequency, 

bandwidth, and transmission power to utilize the available spectrum where primary user is 

currently absent. In this way, the unlicensed user can access the licensed spectrum which is 

dedicated to specific technology. If the primary user starts using that frequency band again, then 

the cognitive user will vacate the band and look for another empty frequency channel, and start 

transmitting over that channel. The advantage of the CR system is its ability to access the 

spectrum dynamically. The cognitive user will look for an opportunity to use the unused 

frequency band; this is called as opportunistic spectrum access. Here, the important task for 

cognitive radio is to adapt the radio parameters according to local RF environment. The behavior 

of primary user also plays an important role while making a decision on the spectrum access.  
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There are three DSA models: interweave, underlay and overlay [15], [16]. In the 

interweave model, the SU has to jump from one band to another depending on the presence of 

the PU. If PU is active in a band, then SU cannot use that band. In the underlay model, the SU can 

transmit over a spectrum band independent of presence of the PU. The only requirement of 

underlay model is the transmission power of the secondary signal should be low to avoid 

interference with the PU. The overlay model allows the SU to transmit even if the PU is active 

with high power [15]. Efficient spectrum sharing and access is necessary for DSA.  

2.4.1 Interweave Model 

The interweave model is de facto standard for DSA. Main working of the DSA system is 

explained in the literature with this model. The PU has the highest priority in the interweave 

model. The unlicensed user (SU) cannot access the licensed spectrum band as long as the licensed 

user (PU) is active. It is important for SU when accessing the band to yield the PU whenever the 

PU wants to access it. During the transmission, the SU needs to continuously sense the spectrum 

to detect if there is a PU accessing the spectrum. The interweave model is nothing but the 

opportunistic spectrum access in that SUs have to opportunistically utilize the white spaces in all 

three – time, space, and frequency domains. The SU uses the cognitive radio to sense the 

spectrum, and has to search for one or more idle spectrum bands; then the empty band will be 

selected by cognitive radio for transmission. Spectrum sharing with interweave model is more 

challenging than the other models [15], [16]. Figure 2.5 illustrates the spectrum usage by PU and 

unutilized spectrum accessed by SU with interweave DSA model. 
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Figure 2.5 Interweave DSA model 
  

As SUs cannot access the spectrum while the PUs are active, it makes the DSA more 

difficult. Also, for SUs the communication channels (frequency bands available for SU access) are 

available dynamically, which is a great challenge for spectrum sharing and access. This thesis 

focuses on interweave model for dynamic spectrum access.  

2.4.2 Underlay Model  

In underlay DSA model, SUs can utilize the spectrum regardless of presence of PUs. The 

model allows the SUs to transmit over the spectrum even if the PUs are actively using the 

spectrum, but the only requirement is the accumulated interference from all the SUs should be 

below some threshold and tolerable by the PUs. This can be achieved with two approaches: 

 Ultra-wide band (UWB) technology in which SUs transmit over a wide band. The 

SU transmission power is distributed over a wide range of spectrum so that the 

PU will not find any interfering signal. The transmitted power of SUs is distributed 

over the band, and hence SU signals will not interfere with the PUs. This approach 
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is commonly used in applications where the distance between transmitter and 

receiver is shorter [15].  

 Interference temperature is another approach used in underlay model to see if 

the total transmitted power by all the SUs is tolerable by the PUs. In this 

technique, SUs can transmit higher power but, the requirement is that the total 

interference from all the SUs is below a threshold. This is more challenging 

because it is difficult to measure total interference at the PU and also, it is hard to 

impose constraints on the SUs. The Federal Communication Commission (FCC) has 

tabled the interference temperature approach [15].  

 

Figure 2.6 Underlay DSA model 

If the interference constraint is met, underlay DSA model is most flexible [15]. Figure 2.6 

shows how underlay DSA model allows SUs to share the wide range of spectrum with narrowband 

PUs.  

2.4.3 Overlay Model 

As the name suggests, overlay model allows the SU to transmit on a licensed spectrum 

even if the PU is accessing the spectrum like overlapping of the signals. The constraint used here 

is different than in the underlay model. Instead of limiting the SU transmission power to keep the 
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interference below a threshold, this model keeps an eye on the performance of the PU. 

Throughout the communication process, performance of the PU is maintained. SUs can transmit 

simultaneously with the PUs as long as there is no performance deprivation of the PUs. Again, 

there are two different ways to achieve this: 

 Channel Coding [16] is used by overlay DSA model. In this model, the signal to 

interference and noise ratio (SINR) at the PU receiver is maintained. An SU 

transmitter splits its transmit power into two parts. One part transmits an SU 

packet and the other transmits PU packet such that the signal power of the PU 

signal is enhanced. The SU transmitter takes care of SU packets by using dirty 

paper coding method so that the interference from the PU packet is cancelled, 

and the proper packet is received at the SU receiver [15].   

 Another approach used by overlay DSA model is called network coding [16]. An SU 

transmitter assists the PU by relaying a PU packet. In this approach, an SU serves 

as a relay between weak or disconnected PUs. While relaying PU packets, an SU 

encodes an SU packet onto the PU packet using network coding. The advantage 

with this approach is that an SU can transmit without need of separate spectrum 

access and the performance of the PU is also not degraded [15].  

In overlay DSA model, sharing the spectrum is beneficial for the PUs. As in both the 

approaches, the performance of the PU can be increased and the problem of interference with 

the PU is also overcome [15].  Spectrum sharing using this model is also flexible, but the limitation 

is that the PU performance must not be degraded when the SU transmits an SU packet, or else 



28 
 

SUs have to yield to PUs for spectrum access. Figure 2.7 shows the overlapping SU and PU 

accessing the spectrum bands simultaneously.  

 

Figure 2.7 Overlay DSA model  
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CHAPTER 3  

SOFTWARE AND HARDWARE PLATFORM FOR COGNITIVE RADIO 

3.1 GNU Radio  

Complex signal processing radio applications can be easily implemented using SDRs. GNU 

radio made this process very easy for researchers to design, simulate, and deploy real-time radio 

systems. GNU radio is an open source software platform available for signal processing and 

communication applications with low cost external RF hardware platform. It consists of a number 

of processing blocks written in C++ programming language that can be arranged to form a flow 

graph according to radio application [17]. It has been used in a number of radio applications such 

as GSM networks, satellite tracking, RADAR systems, audio processing, mobile communications, 

and many more [17]. GNU radio has many blocks including filters, encoders, decoders, vocoder, 

modulators/demodulators, synchronization elements, noise source, correlation blocks, and a lot 

of others, which can be seen in many of the radio applications [18]. 

Previously, RF designers had to develop specific circuits for specific applications. Those 

circuits were able to detect the specific signals, and the scope of those circuits were limited. The 

time required to update the hardware and the cost of that new circuit was a big obstacle for 

designers. Now with the SDRs and software like GNU radio the basic RF circuit designing as well 

as cost of development is effectively reduced. It is easy to design and update new application 

using the same hardware and same software platform, and this is possible due to flexibility of 

SDRs and their compatibility with GNU radio. Also, GNU radio is not hardware specific, but it can 

be used for implementation of any band-limited communication standard [17]. Using GNU radio, 
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an application can be written to receive data out of digital streams or to push data into digital 

stream, which can be then transmitted using hardware. 

GNU radio has a library of signal processing blocks, and a flow graph is used to tie these 

blocks together. Graphical representation in GNU radio consists of blocks as vertices and the 

edges represent the data flow between the blocks. These signal processing blocks are written 

using programming languages like C++ or Python. If any block is missing in GNU radio, there is an 

option to write and add a block as per the need. GNU radio gives choice to choose a comfortable 

language for designing a block. The optimization of complex signal processing block can be 

achieved using C++ and the application is constructed using the user-friendly language, Python. 

Hence, the blocks are written in C++ (may also be written in Python) and the graphs are created 

and implemented in Python. A signal processing block processes a stream of input data and 

produces a stream of output data after processing. GNU radio block process data with different 

data types. Python uses Simplified Wrapper and Interface Grabber (SWIG), which is an interface 

compiler for interfacing C++ routines and to glue them to work together with Python frontend 

application as displayed in Figure 3.1 [19].  

 

Figure 3.1 GNU Radio structure 
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3.1.1 GNU Radio Companion (GRC) 

In GNU radio, GNU radio companion is a Simulink-like graphical tool developed to design 

digital signal processing blocks. GRC is an actual graphical representation of signal processing 

blocks available in GNU radio. Its user interface is provided for GNU radio users to connect the 

blocks and to generate the flow graphs. It simplifies the use of GNU radio by allowing users to 

create Python files graphically instead of just creating them in a code. The objectives of GRC [20] 

are as follows: 

 Understand the functionality of the blocks 

 Design and implement signal flow graphs using standard blocks in libraries 

 Generate flow graph source code 

 Debug of flow graphs using instrumentation blocks 

GRC is on top of the normal GNU radio programing environment, which is in Python, and 

it translates the flow graph in the GUI into a Python script. Execution of a flow graph is simply the 

running of a Python file [20]. 

 

Figure 3.2 GRC interface 
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3.1.2 An Out-of-Tree (OOT) Module  

If GNU radio resources are lagging the functionality needed for a specific application, then 

there is an option to add a block of specific functionality into GNU radio. This allows users to have 

their own code and additional functionalities along with the main code. This individual functional 

block is known as out-of-tree module (OOT) [21]. A default installed tool gr-modtool is developed 

by GNU radio for assisting developers with making OOT module. Basic required things such as 

editing makefiles, boilerplate coding, etc. are done by gr-modtool. It aids developers, working as 

much as possible by editing makefiles and using templates, and allows developers to jump 

directly into DSP coding. GNU radio allows users to write an OOT module in C++ or Python. For 

writing a block, users have to communicate the following to the block [21]: 

 The number of input ports 

 The number of output ports 

 The item size of each port 

The user can create various types of blocks in GNU radio to implement desired signal 

processing. There are several block types users can create, which are listed below with number 

of input and output ports [21]: 

 Synchronous Block (1:1) – The synchronous block has equal number of input and 

output items per port. It may have any number of inputs or outputs. The sync 

block acts like a source if it has zero inputs, and it acts like a sink block if it has zero 

outputs.  

 Decimation Block (N:1) – The decimation block is a type of fixed rate block where 

the number of input items is the fixed multiple of the number of output items.  
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 Interpolation Block (1:M) – The interpolation block has a fixed number of output 

items and multiple input items, and it is also a type of fixed rate block.  

 General Block (N:M) – In general block, there is no relation between the number 

of input items and number of output items. It is a generic version of all the blocks.  

The processing of the block is implemented in the “work” function. The user must write a 

work function which reads input, processes the data, and writes outputs. Once the block is ready, 

user has to write an XML file which provides a user interface between the OOT module and the 

source code. It is necessary to modify the .xml file manually to access the module in GRC, and to 

pass the parameters specific to the module. The next step is to install the block and use its 

functionality under GRC.  

3.1.3 Working of GNU Radio with Software Defined Radio (SDR) 

An SDR consists of RF front end, analog to digital converter (ADC) and digital to analog 

converter (DAC), and a signal processing unit (e.g. FPGA). GNU radio is the software platform 

which takes care of the signal processing. Figure 3.3 shows the basic interfacing of GNU radio and 

an SDR. The radio signal is transmitted and received by the RF front end from an SDR. An ADC is 

used at the receiving end to convert received analog radio signal into digital format. The digital 

signal is then processed by the GNU radio. The opposite process is done at the transmitter side 

of an SDR. A DAC is used to convert the processed digital signal into an analog signal, and it is 

then transmitted.  

The transmitter and receiver path for a software-defined radio is shown in Figure 3.3. 

During the process of transmission, the command line interface acts as a source and an SDR acts 
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as a sink. When an SDR is used as a signal receiver, it acts as a source and a command line 

interface acts as a sink.  

 

Figure 3.3 Interfacing between GNU Radio and basic SDR 

3.2 Universal Software Radio Peripheral (USRP) 

Universal Software Radio Peripheral (USRP) is a software-defined radio family developed 

by Ettus Research for various RF applications. It is designed to interface radio signals with the 

software. The daughterboard is plugged onto USRP as per the need of an application and the 

USRP is then ready to use. Multiple daughterboards can be connected to a single USRP to allow 

transmission and reception simultaneously, allowing MIMO expansion.  The digitally converted 



35 
 

signal by the USRP can be interfaced with various software platforms like GNURadio, MATLAB 

and Simulink, Universal Hardware Driver (UHD), Labview, etc. [7].   

 

Figure 3.4 USRP board 

There are two parts that make up USRP: the motherboard and the daughterboard as 

shown in Figure 3.4. The hardware architecture of USRP motherboard includes Field 

Programmable Gate Array (FPGA), Universal Bus Controller (USB) 2.0 connectivity, USB 

microcontroller, ADC, and DAC. The USRP1 board has a ALTERA Cyclone FPGA and Cypress FX2 

USB microcontroller. The FPGA outputs the stream of data to the USB microcontroller. This 

microcontroller connects the FPGA and the computer via USB 2.0 bus. The USRP1 is designed in 

such a way as to allow hardware to operate from DC to 6 GHz. It consists of four 12-bit ADCs with 

a sampling rate of 64 MS/s and four 14-bit DACs with a speed of 128 MS/s [9]. USRP can be used 

on various frequency bands depending on which daughterboard is connected. The received RF 
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signal needs to be down converted to the baseband frequency before passing it to motherboard. 

The two onboard Digital Down Converters (DDCs) mix, filter, and decimate the incoming signal 

from 64 MS/s in the FPGA. There are two Digital Up Converters (DUCs) to up convert the 

baseband signal to 128 MS/s before translating it to the desired output frequency. The DDCs and 

DUCs simplify the analog filtering requirements. 

Some of the USRP1 features are as follows: 

 Four analog to digital converters (ADCs) with a sampling rate of 64 MS/s and four 

digital to analog converters (DACs) with a speed of 128 MS/s.  

 Four digital down converters (DDCs) and two digital up converters (DUCs) with 

programmable decimation and interpolation rates, respectively.  

 High-speed USB 2.0 interface with possible data rate of 480 Mb/s and can process 

signals up to 16 MHz wide.  

 Modular architecture supports wide range of daughterboards and fully coherent 

multi-channel systems enabling MIMO functionality. 
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Figure 3.5 Block diagram of USRP 

The daughterboard plugged on the USRP acts as a fully integrated RF front end. Various 

ranges of daughterboards now exist from Ettus Research and are compatible with USRPs. 

Receiver, transmitter, or transceiver boards can be mounted on USRP. The USRP1 supports two 

transceiver daughterboards allowing dual band dual transmit/receive operation. Application 

specific daughterboard(s) is(are) selected to transmit, receive, or both transmit and receive at 

desired frequency. For this application FLEX900 daughterboards are used. FLEX900 is a 

transceiver board which covers a range of 750 MHz to 1050 MHz. It is a full-duplex transceiver 

with one transmitter and one receiver. The transmission power of FLEX900 is 200mW, and it has 

8 dB noise figure. The gain of FLEX900 ranges from 0 to 90 dB.  

Ettus Research has a wide range of daughterboards available on the market allowing USRP 

to be used at different frequency bands starting from DC to 6 GHz. The list of available 

daughterboards is as follows:  
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 Basic RX: 1 to 250 MHz Receiver, for use with external RF hardware 

 Basic TX: 1 to 250 MHz Transmitter, for use with external RF hardware 

 LFRX: DC to 30 MHz Receiver 

 LFTX: DC to 30 MHz Transmitter 

 TVRX: 50 MHz to 870 MHz Receiver 

 DBSRX: 800 MHz to 2.4 GHz Receiver 

 WBX: 50 MHz to 2.2 GHz Full Duplex Transceiver 

 SBX: 400 MHz to 4 GHz Full Duplex Transceiver 

 XCVR2450: 2.4 GHz to 4.5 GHz and 4.9 GHz to 5.9 GHz dual band Half Duplex 

Transceiver 

 RFX900: 750 MHz to 1050 MHz Full Duplex Transceiver 

 RFX1200: .1.15 GHz to 1.45 GHz Full Duplex Transceiver 

 RFX1800: 1.5 GHz to 2.1 GHz Full Duplex Transceiver 

 RFX2400: 2.3 GHz to 2.9 GHz Full Duplex Transceiver 

3.2.1 Operation of USRP1 with GNU Radio 

The interface between USRP1 with GNU radio is as shown in  Figure 3.6. The operation of 

USRP1 with GNU radio can be explained with the help of this figure. The transceiver 

daughterboard fetches RF signal from radio environment, and the signal is converted to 

Intermediated Frequency (IF). The converted signal is then passed to the ADC and converted into 

a digital signal, which is then passed to the ALTERA FPGA. The signal is down-converted using 

DDC. Down conversion of the signal is necessary since the speed of the signal should be low 

enough to be handled by the USB controller. The received signal is transferred to a GNU radio 
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installed on a computer via USB 2.0 at a speed of 32 MHz [19] with the help of USB controller. 

The rest of the signal processing tasks are performed by GNU radio. This is the process for signal 

reception. To transmit the signal the same procedure is repeated, but in reverse order. The 

processed digital signal is carried using USB 2.0 from GNU radio to the FPGA and then it is up-

converted and given to the transceiver daughterboard capable of transmitting it in the RF 

environment. In case of transmission a DUC is used to up-convert the signal to IF frequency 

before passing it to DAC. The signal converted by the DAC is passed to the RF board where it is 

converted to RF signal and transmitted over the air. The up-conversion and down-conversion of 

the signal is important because the speed of the ADC and the USB 2.0 is slow as compared to the 

RF signal. The FPGA plays an important role in the down-conversion of the signal.   

 

Figure 3.6 USRP operation with GNU Radio 

GNU radio uses a UHD package to allow interfacing of USPR and GNU radio. The data is 

received and sent using the UHD libraries. The libraries allow us to configure the radio parameters 

of the USRP1 such as TX and RX gain, center frequency, bandwidth, etc. In GRC, we have two 

blocks available in UHD package: USRP Sink and USRP Source. USRP sink block is used in real time 
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radio transmission. This block reads a stream of data and transmits the samples. A USRP source 

block is used in the receiver application where the block receives the samples and writes to a 

stream.   

 

Figure 3.7 USRP Sink and Source blocks in GNU Radio  
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CHAPTER 4  

IMPLEMENTATION OF DSA-BASED CR SYSTEM 

4.1 Experimental Goal 

The goal of this thesis is to design and simulate a complete end to end, synchronized 

transmitter-receiver link for a CR application. For this thesis, we have considered an application 

of an IoT sensor; this device outputs its measured values via a json text file, which is 

packed/unpacked and modulated/demodulated with the help of a GNU radio and transmitted 

using a USRP1 at an unutilized frequency channel.  

4.2 DSA-based CR System Transmitter 

The transmitter has a packet encoder, a modulation block, a spectrum sensing block, a 

decision block, and a USRP sink. Figure 4.1 shows the transmitter side of the DSA-based CR 

system.  

 
Figure 4.1 DSA-based CR system transmitter 
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A file source block is used to transmit a text file stored on the computer. We provide a path to 

the saved file in the block. The block reads raw data values stored in a file in binary format. When 

the repeat is set ON, the file source block will loop back to the beginning of the file and continue 

to transmit when the end of file is reached. The file source transmits in the data type of bytes.  

The output of this block is then connected to the packet encoder. In the GNU radio, the packet 

encoder block can be used with GNU radio modulators such as GMSK, DPSK, or QAM. In this 

thesis, Gaussian Minimum Phase Shift Keying (GMSK) modulation is used, so the bits/symbol are 

set to 1. The packet encoder wraps the data into a packet with a header, preamble, and access 

code. The access code and preamble can be a string of 1s and 0s. The access code and preamble 

are used for synchronization between the transmitter and the receiver. To decode the 

transmitted file successfully, the access code at the transmitter and the receiver should match. 

The encoded packet is then sent to the next block, which is a modulator block. The modulation 

technique used here is GMSK modulation. It is one of the more efficient digital modulation 

techniques used in many radio applications. The advantage of GMSK modulation is data 

transmission with no phase discontinuities with efficient spectrum usage. Another reason behind 

selection of GMSK is its simplicity in design, but any modulation technique can be used. The 

modulated signal is given to the USRP sink, which then transmits the modulated signal at a given 

radio frequency.  

In CR system, transmitter has a spectrum sensing block, which is used to detect the 

presence of the PU signal and to look for the free channel. The signal detection part consists of a 

USRP source to sense the RF environment. The signal is detected using an energy detection 

technique implemented in the spectrum sensing block. The received signal magnitude is 
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calculated and given to the spectrum sensing block. The received signal power is then compared 

with the threshold value in the spectrum sensing block to detect the presence of the signal. The 

signal detection process is done by the spectrum sensing block, which will be discussed later in 

this chapter. The decision block is used to change the transmission frequency of the transmitter. 

The decision block receives the list of free channels from the spectrum sensing block and it 

informs the USRP sink about the first available channel. The USRP sink changes the transmission 

frequency according to the information provided by the decision block. The transmitter searches 

for an available free channel and then hops the channel when it finds the idle channel in the 

spectrum. To distinguish our signal from the other signals, an access code and ID is used. If the 

access code is different from the one used by the transmitter, our transmitter will detect the 

presence of other signals. The presence of other signals on that frequency will let the transmitter 

hop to look for other free channels and hop to that free channel for transmission. If access code 

and the ID match with the desired access code and ID, the transmitter will know the signal is our 

signal and it will not hop to another frequency. The access code and ID are needed to identify our 

signal to avoid channel hopping when our signal is detected. As the transmitter hops to the 

channel, the receiver should be able to detect our signal. Hence, both access code and ID are 

necessary at the receiving end to identify the desired signal and avoid confusion. The 

synchronization between transmitter and receiver is necessary to receive and decode the correct 

signal. A CR system transmitter senses the available spectrum and continues to transmit on the 

unutilized or idle channel to the CR system receiver. This makes it necessary to have a receiver 

to be cognitive as well and it should also change the frequency of reception when the transmitter 
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changes the frequency of transmission. In the DSA-based CR system, the transmitter and receiver 

must be synchronized all the time to achieve uninterrupted communication link.  

4.3 DSA-based CR System Receiver 

On the receiving end, where a USRP source is used to receive the signal, a spectrum 

sensing block, a decision block, a demodulator, a packet decoder, and a message sink block is 

used with a terminal sink to see the received message. The received text file is stored on a 

receiver computer using file a sink block. The following Figure 4.2 shows the receiver of the DSA-

based CR system.  

 

Figure 4.2 DSA-based CR system receiver 

The USRP source at the receiving end is used for two purposes: to receive the data and to sense 

the spectrum. The signal is received by the USRP source block and sent to the GMSK demodulator. 

The signal is demodulated and the received packets are transferred to the packet decoder block.  

The synchronization can be achieved between the transmitted signal and the received signal with 

the access code. The access code should be same as the transmitter to decode the packet 
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successfully. The output of the packet decoder is a byte of data given to the message sink block. 

The message sink block gathers received items into messages and inserts them into a message 

queue. The WX GUI terminal sink is used to see the received message. Also, the received message 

is saved on the computer using a file sink.  

Like the transmitting part, at the receiving end spectrum, sensing is done to check busy 

channels to receive the desired signal. As mentioned earlier, the energy detection technique for 

spectrum sensing is used to detect the presence of the signal. The spectrum sensing block will 

give the list of occupied channels to the decision block. In the case of the receiver, the decision 

block will look for the busy channels. The signal will be received and decoded using the GMSK 

demodulator and packet decoder. In the decision block, the IDs will be compared to look for the 

desired signal. If the received ID matches the given ID, the receiver will stay on the same 

frequency. If the received ID is different from the given ID, the signal will be rejected. Also, if the 

access code is different from the access code of the transmitter, the signal will be rejected and 

receiver hop the channels to search for the desired signal.  

4.4 Spectrum Sensing Block 

The usage of the spectrum sensing block shown in Figure 4.1 and Figure 4.2 is based on 

the energy detection spectrum sensing technique. Figure 4.3 shows the signal processing blocks 

used for the spectrum sensing and the flow of data.  
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Figure 4.3 Flow graph of spectrum sensing 

The USRP source block fetches the signal of the desired frequency given as a parameter. 

It receives the samples and converts them into a stream of data. The stream-to-vector block takes 

stream of complex samples coming from the USRP source and converts them into a stream of 

complex vectors. These complex vectors are of size FFT size. Fast Fourier Transform (FFT) is 

performed on the received vectors from the stream to vector block and it is passed through the 

Blackman-Harris window to overcome the spectral leakage problem. Again, the complex vectors 

are converted into a stream of complex samples. The complex to magnitude square block will 

give the squared magnitude of the FFT samples. A low pass filter is added to take the average of 

squared magnitude. The result, after the signal processing is fed to our spectrum sensing block.  

The block is designed using a C++ in GNU radio using an OOT module in GNU radio. The 

spectrum sensing block requires a few input parameters such as FFT size, threshold value to 

detect the presence of the signal, minimum and maximum bandwidth of the signal to be 

detected, sampling rate which is used to calculate the bandwidth of the spectrum to be sensed, 

central frequency, and guard band.  
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Figure 4.4 Spectrum sensing block 

Figure 4.4 shows how the spectrum sensing block looks in GNU radio companion (GRC), 

and how we can set the parameters of the block. FFT size selected here is 1024. The spectrum 

sensing block will receive and process 1024 samples. The threshold value is set to 0.5. The 

received signal power is compared with the threshold value. If the threshold value is greater than 

0.5, the presence of the signal is detected. If the signal is present on that frequency, then it will 

indicate that the channel is busy. One of the important input parameters the block needs is center 

frequency to decide which part of the spectrum we want to sense. Here, we have selected 905 

MHz as a center frequency and since we are using FLEX 900 daughterboards, the possible ranges 

could be anything from 750 MHz to 1050 MHz. The sampling rate we have used is 500 ksps. The 

sampling rate is what we need to calculate the bandwidth of the spectrum our block will be 

sensing. The bandwidth can be calculated using sampling rate, as follows: 

𝐵 = (𝐹𝑐 + 
𝐹𝑠

2
) − (𝐹𝑐 − 

𝐹𝑠

2
) 

where 𝐹𝑐 is center frequency and 𝐹𝑠 is the sampling rate, for example, here the center frequency 

is 𝐹𝑐 = 905𝑀𝐻𝑧 and 𝐹𝑠 = 500𝑘, then the spectrum sensing block will sense the spectrum from 
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904.75MHz to 905.25MHz. The bandwidth will be the same as the sampling rate. Hence, 

bandwidth will be 𝐵 = 500𝑘𝐻𝑧. After comparing the input signal power with the threshold 

value, the spectrum sensing block will assign a mode to every input signal. Mode 0 will indicate 

that the frequency is free for transmission, and mode 1 means there is a signal present on that 

frequency. A signal is defined by its central frequency and bandwidth. At the start and at the end 

of each signal a guard band is inserted to separate the channels. The bandwidth of the guard 

band is defined by the user and given as an input parameter to the spectrum sensing block. 

Hence, after searching the frequency and assigning the mode, guard band is inserted at start of 

the signal and at the end of the signal. The output till this point is frequency spectrum that the 

spectrum sensing block will be sensing. This will be indicated with mode 2. The spectrum sensing 

block fixes the range and gives it to the decision block with mode 2 indicating the start and end 

of the frequency band.  

Now the frequency band is fixed. The spectrum sensing block will assign mode to each of 

the frequencies available in this band. As discussed earlier, mode of the frequency will be decided 

by comparing the signal power with the threshold value. The task of the spectrum sensing block 

is to make a list of frequencies with its corresponding assigned mode and the available 

bandwidth. The minimum and maximum bandwidth is decided by the user. The minimum 

bandwidth is the bandwidth of the free channel available for the cognitive transmitter and the 

maximum bandwidth is the maximum bandwidth of the signal that the spectrum sensing block 

can sense. If the signal present in the spectrum has a bandwidth greater than the given maximum 

bandwidth value by the user, then the block will give an error message saying violation of the 

spectrum rules. The output of the block will be an error message displaying the detected 
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bandwidth of the signal. To resolve this problem, user can increase the value of maximum 

bandwidth if the bandwidth of the signal to be detected is higher. If all the needs of the spectrum 

sensing blocks are fulfilled, then the expected output of the spectrum sensing block will be a list 

with start and end frequencies of the signal with the bandwidth and mode as 2, occupied 

frequencies with their bandwidth and mode 1, and the available frequencies with the minimum 

bandwidth value and mode 0. The output of the spectrum sensing block is connected to the 

decision block as shown in Figure 4.3. In GRC, the input and output data type for the spectrum 

sensing block used is float. The output of the spectrum block will be in the form of vectors with 

3 items including frequency, bandwidth, and mode. 

4.5 Spectrum Rule 

The spectrum rule is defined using the minimum and maximum bandwidth in the 

spectrum sensing block. A user has to set values of minimum and maximum bandwidth for the 

spectrum sensing block. The spectrum sensing block will then sense the signals having bandwidth 

within the limits. The reason behind this rule is to simulate an environment where the CR system 

has to share the spectrum with other users. Hence, this rule makes the CR system not only able 

to find the spectrum holes and avoid interfering with other users but use the spectrum in a 

responsible way.  

The error message displayed by the spectrum sensing block is intended to let the user 

know that the detected signal having bandwidth larger than the set limits is a signal in the 

spectrum that violates this rule. If the signal detected is the signal transmitted using the CR 

system, then the parameters of the CR system must be adjusted to use the spectrum efficiently 

without interfering with other signals.  
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4.6 Decision Block 

The decision block is connected as shown in Figure 4.1 and Figure 4.2. The decision block 

receives input from the spectrum sensing block and the packet decoder. The spectrum sensing 

block gives a list of frequencies to the decision block and the packet decoder gives the decoded 

received message from the text file. The user must set two input parameters to the decision block 

as shown below in Figure 4.5.  

 

Figure 4.5 Decision block in GRC 

Figure 4.5 displays how the decision block looks in the GNU radio companion (GRC). The 

first input parameter user must set is ID, which will be a unique ID for each IoT device and will be 

included in the text file. The decision block will compare the ID with the received ID and make 

the decision on whether to stay on the same frequency or hop the frequency. The TX/RX input is 

added in the block to decide the functioning of the block. In the CR system, the spectrum sensing 

is done in both the transmitter and the receiver; the functioning of the decision block will be 

different. If the input is 0, then the decision block will perform the function as per the need of 

the transmitter. On the other hand, if the value assigned to the input is 1, it will act as per the 
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instructions given for the receiver. The value assigned other than 0 or 1 will not have any effect 

and the decision block will perform the operations for transmitter by default.  

The decision block will receive input data from the spectrum sensing block in the form of 

vectors with 3 items – frequency, bandwidth, and mode. The TX/RX input will decide the 

functioning of the block. If it is selected as 0, the decision block will search for an empty channel. 

For the transmitter, the decision block will look for frequencies with mode 0 and it will select the 

first free channel. The selected channel will be sent to the USRP sink as a command. The decision 

block uses Polymorphic Types (PMT) resources to generate command. In the GNU radio, PMT is 

used for stream tags and message passing. Using the PMT and UHD resources installed with GNU 

radio, user can change the USRP parameters during the real-time operation. Here, we just need 

to change the center frequency of the USRP sink block. The decision block will command the 

USRP to change the transmission channel to the first available channel from the list of available 

free channels. As the spectrum sensing block is scanning the whole frequency band, it will also 

detect the signal transmitted by our transmitter and will indicate that channel as a busy channel 

even if it is free. This will lead to unnecessary channel hopping. If it detects a signal other than 

the desired signal, then it should hop to the available free channel. To avoid this problem of 

unnecessary hopping, there are two synchronization techniques we included in our DSA-based 

CR system, which we have already discussed previously in this chapter. The receiver will not 

decode the message if it has a different access code. If the access code matches, the decision 

block will match the ID.  

The decision block receives another input from the packet decoder block. The packet 

decoder decodes the packet and extracts the payload message. The payload is nothing but the 
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text message from an IoT device (text file stored on a computer), which includes ID, temperature, 

and the humidity. The packet decoder converts the data into bytes and sends it to the decision 

block. The decision block will convert the received data into a character string. The next task for 

the decision block is to extract the ID from the received message. The extracted ID is then 

compared with the given input ID and the decision will be made. If the ID is the same as the given 

ID, the decision block will know the detected signal is our signal. Hence, the decision block allows 

the CR transmitter to dynamically access the spectrum when the channel is idle and not utilized 

by any other licensed user. 

The functioning of the decision block at the receiving end is different than at the 

transmitting end. When the TX/RX input is set to 1, the decision block will execute the operations 

for the receiver. At the receiving end, the decision block will look for the busy channel, i.e. it will 

look for the frequencies with mode 1. The receiver must search for the desired transmitter. To 

have an uninterrupted communication link, the cognitive receiver must change the frequency 

when the transmitter changes its frequency. Hence, the decision block will command the USRP 

to hop to the used frequencies and search for the desired signal. The desired signal detection is 

the same as in the transmitter. Hence, the decision block will play an important role in 

maintaining the synchronization between the CR transmitter and the CR receiver.  

4.7 Performance Analysis 

The transmitter and receiver of our DSA-based CR system are synchronized with each 

other with the help of an access code and a device specific ID. The receiver of the CR system also 

has a spectrum sensing and decision making part in order to achieve synchronization. The 

transmitter changes its transmission frequency as it gets free channel. When the transmitter 
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changes its frequency, the receiver will start searching for the transmitter. The receiver will 

search every busy channel out of the list of busy channels received from the spectrum sensing 

block. If the number busy channels are more, then the packet loss will be higher. In this case, 

receiver will miss some packets while searching for the transmitter as the transmitter will 

continue the transmission even if it changes its transmission frequency. To find the packet lost 

and get the performance of DSA-based CR system, we compared the transmitted text file with 

the received text file in different test conditions. First, we transmitted the text file setting the 

same frequency at the transmitter and the receiver. Second and third test we performed with 

one channel and two channel hopping respectively. The results obtained are shown in Table 4.1.  

Table 4.1 Performance analysis of DSA-based CR system 

Test Condition Packet Loss 

Without Channel Hopping 0.42% 

1 Channel Hop 13.15% 

2 Channel Hops 30.28% 

 

Table shows the packet loss increases with channel hopping. The packet loss depends on 

the number of channels, the time taken for spectrum sensing, the time taken for hopping the 

channel, and the how frequently transmitter hops the channel. If the receiver detects more busy 

channels in the spectrum, then the time taken for searching the transmitter will be more and the 

more number of packets will be lost. In the decision block, the received packets are compared to 

make the decision. Hence, the receiver frequency will not change unless the decision block 
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compares all the received packets. Hence, some of the packets are missed at the receiver. Also, 

the packet loss depends on the transmitter and receiver gain of USRP. In this thesis, an IoT 

application is selected. The packet loss is acceptable in this application since the output of the 

temperature and the humidity sensor remains constant for a significant period. 

The packet loss can be reduced by reducing the spectrum sensing time. The spectrum 

sensing time depends on the sampling rate. The higher the sampling rate, the time taken for 

spectrum sensing will be more. If we reduce the sampling rate, then the transmitter will have less 

options of free available channels. Therefore, the sampling rate must be chosen according to the 

application considering the effect of the packet on the performance of the system.   

4.8 Experimental Setup 

The experiment is set up with two computers with Ubuntu Linux 16.04 LTS installed on it. 

The computers have specifications: Intel i5 quad-core processor, 4 GB RAM, 320 GB hard drive, 

and USB 2.0. The latest version of GNU radio 3.7.10 is installed on both the computers. Two 

USRP1 devices are used to physically receive the signal from the real-time environment. The 

USRP1 devices communicate with the computers using USB 2.0. In this thesis, the 

daughterboards used are FLEX 900, which have frequency range from 750 MHz to 1050 MHz.  

The FLEX 900 daughterboards are full duplex transceiver boards which makes our system full 

duplex where we can transmit and receive using the same USRP device. The UHD provides the 

drivers necessary to make USRP1 with GNU radio and are installed with GNU radio. UHD provides 

both drivers and Application Programming Interface (API) for USRP1 for standalone application 

development. The cognitive transmitter transmits a packetized text file on the available free 
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channel and the synchronized receiver decodes the packet and stores the received text file on 

the computer. The format of the text file is shown in Figure 4.6.  

 

Figure 4.6 Text file format 

Table 4.2 shows the parameters set at transmitting end and at the receiving end. The 

parameters can be varied per the application.  
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Table 4.2 Parameters of DSA-based CR system 

 

 

 

 

  

Parameters Values 

FFT Size 1024 

Sample Rate  500k 

Modulation Type GMSK 

Center Frequency 905 MHz 

Samples/ Symbol  2 

Access Code 00100100100100 

Payload Length 4k 

Threshold 0.5 

Minimum Bandwidth  20 kHz 

Maximum Bandwidth 500 kHz 

Guard Band 50 Hz 
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CHAPTER 5  

EXPERIMENTAL RESULTS AND CONCLUSION 

5.1 Testing of USRP Transmitter and Receiver 

Initially, we started with the testing of USRP transmitter and receiver. We designed a 

flowgraph in GRC with file source, packet encoder and decoder, GMSK modulator and 

demodulator, and file sink. We used message sink and terminal sink blocks to observe received 

text message. The output of terminal sink is shown below in Figure 5.1. 

 

Figure 5.1 Output of terminal sink in GRC 

After the successful simulation of transmission and reception of text file, we added the 

USRP sink and source blocks to transmit and receive text file using USRP. The USRP allows real 

time transmission of signal in physical environment. We chose 905 MHz frequency to test the 

established communication link using two USRPs. The result was the successful reception of text 

file on the second USRP and it was stored on the computer where the second USRP was 
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connected. To observe the transmitted and received analog signal, the GNU radio has frequency 

sink block where user can observe the FFT plot of the transmitted and received signal. We need 

to select a center frequency to the frequency sink block and the FFT size. The FFT size we chose 

was 1024 to observe the signal. Figure 5.2 and Figure 5.3 show FFT plot of transmitted and 

received signal.  

 

Figure 5.2 Transmitter FFT plot 

 
Figure 5.3 Receiver FFT plot 
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5.2 Testing of Energy Detection Block 

The next step we implemented was an energy detector based spectrum sensing. We 

observed the received signal at every stage. As shown in Figure 4.3, the energy detection 

technique requires FFT of the received signal. The FFT size is 1024 samples. The signal received 

using the USRP source block is given to the FFT block. We have already seen the output the signal 

received using USRP source using a frequency sink in Figure 5.3. The output of the FFT block is 

shown in the figure below.  

 

Figure 5.4 FFT of the received signal with FFT size 1024 

 In Figure 5.4 we can see 1024 samples of the received signal. The signal is observed using 

a WX GUI scope sink in GRC. The Blackman-Harris window function is used to reduce the effect 

of spectral leakage, which is usually a problem with non-periodic data. The FFT block gives 

complex vectors which are then converted into stream of complex samples using vector-to-
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stream. The complex magnitude square block is used to calculate the squared magnitude of the 

complex samples. As seen in Figure 5.4, the FFT has negative amplitude as well. Hence, we have 

calculated magnitude square of the received signal. We observed the signal after complex to 

magnitude square block and it is shown in Figure 5.5. 

 

Figure 5.5 Output of the complex to mag^2 block 

In the above figure, we can observe that the signal amplitude is now positive. The signal 

amplitude is varying a lot, which needs to be smoothed before giving it to the spectrum sensing 

block. Hence, we need to take the average of all the streams received to compare the signal 

power with the threshold. This can be achieved using a filter. In our case, we have used a low 

pass filter, which gave us a very smooth signal. The observed low pass filter output is shown in 

Figure 5.6. The output of the low pass filter is connected to a spectrum sensing block. 



61 
 

 

Figure 5.6 Smoothened received signal output after low pass filter 

Initially in GRC, we tested our spectrum sensing block using a vector source. The vector 

source block produces stream of samples based on an input vector. The output of the vector 

source is connected to the spectrum sensing block. The spectrum sensing block detected the 

presence of the signals. The spectrum sensing block decides the start and end of the frequency 

band using sampling rate. The input parameters we used for testing of the spectrum sensing 

block was FFT size 30, i.e. signal was sampled into 30 samples. The threshold value used was 0.4. 

We used sampling rate 1k for the testing of the block and the center frequency was 5 kHz. The 

minimum and maximum bandwidth was set to 50 and 100, respectively. The guard band was 50. 

The output of the spectrum sensing block shows the frequency, bandwidth, and mode (whether 

it is free or occupied). The spectrum sensing block also gives the start and end of the spectrum it 

has sensed.  
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Figure 5.7 Input vector generated using vector source 

Figure 5.7 shows the input vector given to the spectrum sensing block. There are three 

signals present with amplitude 1, which we can see in the figure above. The output of the 

spectrum sensing block is shown in Figure 5.8. The start of the frequency band is indicated with 

mode 2. The detected signal has the mode 1, which indicates that the signal is detected at this 

frequency and is not available for transmission. The list of free channels is given with mode 0, 

indicating the channels are available for transmission. This output of the spectrum sensing block 

is given to the decision block to make the decision based on its functioning as a transmitter or 

receiver.  As shown in Figure 5.8, the output of the spectrum block gave us the list of busy and 

free channels. In the figure below, mode 0 indicates the channel is free and mode 1 indicates a 

busy channel. Mode 2 is used to notify the start and end of the band, which is sensed by the 

block.  
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Figure 5.8 Output of the spectrum sensing block 

The output also gives the occupied bandwidth of the signal along with frequency and the 

mode. The input parameter minimum bandwidth decides the minimum bandwidth of the 

detected signal, which the spectrum sensing block can detect. The maximum bandwidth is the 

maximum value of the detectable bandwidth of the signal. If the bandwidth of the signal detected 

is smaller or greater than the given input values, then the spectrum sensing block will generate 

an error message saying “There is an Violation of the Spectrum Rules”. To overcome this issue, 

either user must update the input parameters such as minimum and the maximum bandwidth or 

threshold value. Figure 5.9 shows the input vector where bandwidth of the signal is greater than 

the maximum bandwidth 100.  
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Figure 5.9 Input vector generated using vector source to test spectrum violation 

If we compare Figure 5.7 and Figure 5.9, we can observe the large signal bandwidth, which 

the spectrum sensing block will notify. The reason behind setting up a maximum bandwidth limit 

is to avoid the cognitive transmitter from transmitting on the frequencies closer to that frequency 

at which a signal with large bandwidth is present. Figure 5.10 shows an output of the spectrum 

sensing block giving spectrum violation errors as the bandwidth of the detected signal is greater 

than the given maximum bandwidth value. We can notice the minimum bandwidth 50, which 

also indicates the available bandwidth for transmission of the signal for CR user. Figure shows 

output of the spectrum sensing block when it is connected to USRP.  
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Figure 5.10 Output of the spectrum sensing block giving spectrum violation errors 

 

Figure 5.11 Output of spectrum sensing block when connected to USRP 
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5.3 Testing of Decision Block 

The decision block gives the command to the USRP. Hence, the output of the decision 

block will be a message. GNU radio has PMT resources available for passing message between 

the blocks. UHD resources in the GNU radio allow users to change tuning parameters in real time 

implementation. So, we change the center frequency of the USRP by sending a command through 

the decision block. To check the output of the decision block, we connected a message debug 

block in GRC to the decision block. The output message from the decision block is as shown 

below.  

 

Figure 5.12 Output of the decision block 

Figure 5.12 shows the message received by the decision block, received ID and the output 

message from the decision block. The GNU radio prints a message while changing the center 

frequency of the USRP, which is also shown in the figure above. To test the frequency hopping, 

we generated the same text file on a different frequency – 905.5 MHz with ID ‘26’. The input ID 

used for synchronization, which we selected was ‘25’. Figure 5.13 shows hopping from frequency 

905.5 MHz to 905 MHz when the ID did not match with the given ID 25. The figure also displays 

the message received at the decision block from the packet decoder and the extracted received 
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ID. As the ID is different, the center frequency of the USRP changed from 905.5 MHz to 905 MHz, 

which is our desired signal. 

 
Figure 5.13 Frequency hopping 

The reception stops when the transmitter changes its frequency of transmission as the 

receiver searches for the desired signal. Unless the access code and ID match with those given, 

the receiver will keep looking for the desired signal and the reception of the text file will stop.  

 

 

 

 

 

 

 

 

5.4 Conclusion 

This thesis presents the implementation of a DSA-based CR system using USRP and GNU 

radio. The two important functions of the CR system, spectrum sensing and dynamic spectrum 

access, are discussed in this thesis. We chose an example of an IoT device transmitting data on a 
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free available channel. In a similar way, CR can be used in various applications to access the 

underutilized licensed band. There are different techniques available for spectrum sensing, a few 

of which we have discussed in Chapter 2. The qualitative analysis of different spectrum sensing 

methods shows that energy detection is the simplest method to implement with the lowest 

computational cost. The most important advantage of energy detection technique is it does not 

require prior information about the spectrum and the PU. The energy detection spectrum sensing 

technique requires only the raw data collected in the form of FFT bins, which is then compared 

with the threshold value. The energy detection performs poorly at low SNR values. Also, the noise 

level is different at different scenarios. Hence, fixing the threshold level becomes troublesome. 

These limitations of the energy detection can degrade the performance of the CR system. 

The results proved that it is possible to detect the free channel in the underutilized 

spectrum without prior knowledge of the PU signal. The real time hopping of the frequency 

channel is possible using the output of the spectrum sensing block. The center frequency of the 

USRP can be changed during the operation using UHD resources. For the spectrum access, an 

interweave model is used, where CR senses an empty channel and accesses the empty channel 

opportunistically to transmit the data. The presence of other signals will lead the transmitter to 

search a free channel and hop to that frequency to continue its transmission. 

The receiver should know when the transmitter changes current transmission frequency. 

The synchronization can be achieved with an access code and device ID to avoid the confusion 

and unnecessary hopping of the transmitter as well. The receiver stops the reception when 

transmitter changes its frequency. This results in loss of packets till receiver finds the transmitter. 

The hidden node is another problem associated with the CR system. 
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5.5 Future Work 
 

The CR may have a great demand in the future as wireless communication is 

growing at a fast pace. There are different methods to sense the spectrum and can be 

used in the CR system or it is also possible to combine multiple techniques, and use them 

according to the need of an application. The hidden node problem can be resolved by 

cooperative sensing, which involves network of multiple SUs to sense the spectrum and 

use it efficiently. 

We can make the CR system more reliable by machine learning techniques for 

spectrum sensing. Machine learning techniques and game techniques can also be used 

to predict the behavior of the PU. By learning the PU’s behavior, a CR user can predict 

the presence of the PU at a specific frequency and can avoid that frequency band to avoid 

interference with the licensed user. This will make the CR system more robust and 

efficient for uninterrupted communication. It is also possible to form a network of 

cognitive radios using machine learning and game techniques. 
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