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ABSTRACT 

 

Neighbor discovery is a critical task in cognitive radio ad hoc 

networks since the secondary users operate on available channels 

which are dynamically changing according to the primary users 

activities.  In this paper, we propose a neighbors discovery 

mechanism that provides how a secondary user could find its 

neighbor in cognitive radio ad hoc networks without any 

collaboration. In this mechanism, no prior knowledge of 

neighboring users is required. In the cognitive radio networks, the 

available channel sets are varying and users choose neighbor 

discovery strategies according to the number of available 

channels they observed. In other words, neighbor discovery 

strategies are adaptively changing in a dynamic environment. The 

strategies are simple and totally distributed, but these provide 

minimum time to rendezvous (TTR).  
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1. INTRODUCTION 

 

In recent years, many research works have been involved in the 

development of cognitive radio (CR) technology since it has been 

recognized as a new way to improve the spectral efficiency of 

wireless networks. In cognitive radio network, secondary users 

(SUs) are allowed to utilize free or idle portions of licensed 

channels (or spectrum) without causing any interference to 

primary users (PU) [19]. Generally, SUs detect the idle channels 

and access the channels [21]. The channel availability for SUs is 

varying according to PU activities which change dynamically in 

frequency, space and time [20]. Therefore, the available channels 

for each SU might also change dynamically. However, if a pair of 

SUs wishes to communicate with each other, they need to 

rendezvous on a channel that is commonly available to both of 

them and exchange necessary control information for negotiation 

such as request-to-send (RTS)/clear-to-send (CTS) handshaking 

of the 802.11 Distributed Coordination Function (DCF) [7]. This 

task is not trivial in CR networks since SUs may operate on 

different channels independently. This is generally called 

rendezvous or neighbor discovery problem [14].   

 

  

           (a)                  (b) 

 

 

Figure 1. (a) Users have different available channel sets and 

(b) users are dwelling on different channels independently.  

 

1.1. Problem Statement 

The neighbor discovery is more challenging in cognitive radio ad 

hoc networks as there is no centralized controller [17]. Figure 1 

represents the neighbor discovery problem of cognitive radio ad 

hoc networks.  As shown in Figure 1, there are four channels for 
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SUs and, user x and y have different available channel sets as the 

user y is in the transmission range of a PU, and users are 

currently dwelling on different channels.   When a user, user x, 

wants to communicate with its neighbor, user y, these two users 

need to rendezvous on a channel which is commonly available to 

them. In this case, the available channels are   

since  is occupied by a PU and, thus, not commonly available 

for both SUs.  

At the very initial state of the networks, SUs have no 

information regarding their neighbors such as the channel that the 

neighbor currently dwelling on. However, by performing channel 

sensing [16], SUs can achieve local information such as number 

of available channels, PU activities of each channel within its 

region, etc. If an SU needs to initiate any communication, it has 

to find its neighbor by using its own local information. Moreover, 

the SU needs to rendezvous with intended neighbor within a 

reasonable time interval which is, generally, called time to 

rendezvous (TTR). 

 

 

1.2 Related Works 

 

There are two famous approaches to enable neighbor discovery in 

cognitive radio ad hoc networks;  

1. Using dedicated common control channel (CCC) and  

2. Using channel hopping  

 

Using dedicated common control channel is the simplest 

way to enable neighbor discovery in CR networks. Most of the 

proposed medium access control (MAC) protocols for cognitive 

radio networks were designed by assuming the existence of a 

CCC and further assuming that it is available for every secondary 

user [11]. In fact, this approach originated from the concept of 

MAC protocols for multi-channel wireless networks [15] [18]. In 

this approach, the CCC serves as a rendezvous channel and all 

the necessary control information is exchanged among SUs via 

the CCC. In the CCC approaches, time is divided into two 

intervals; negotiation or control interval and data interval. When 

an SU wants to initiate communication, it first switches to the 

CCC during the negotiation interval and attempts to negotiate 

with the intended receiver or neighbor. After negotiating on the 

CCC, data communication can be accomplished during the data 

interval via other available channels, known as data channels 

[10]. Figure.1 illustrates the normal operation of a network with a 

common control channel. As shown in Figure.1, all users attempt 

to negotiate on the CCC during the control interval. After the 

negotiation is complete on the CCC, the users move to selected 

channels and perform data communications simultaneously 

during the data interval. Obviously, using a CCC can simplify the 

neighbor discovery process [13]; yet, it is often not feasible or 

impractical due to lack of CCC availability. 

The main drawback using the CCC approach is it is 

susceptible to primary user activities. When PUs appear on the 

CCC, all SUs must defer their transmissions on the CCC and 

vacate the channel immediately. Not only does PUs’ presence 

degrade the overall throughput of a CR network, but if the 

transmission period of PUs is significantly long on the CCC, the 

presence of the PUs may also block channel access for SUs. 

Moreover, the available channel sets in CR networks, including 

the CCC, change dynamically, hindering the establishment of an 

ever-available control channel for all SUs. Thus, in the dynamic 

environment, an ever-available channel for all SUs is unlikely to 

exist.  

 
 

 

Figure 2. Operation of a protocol with CCC 

 

    

Another popular solution to find the neighbors in CR 

ad hoc networks is using channel hopping sequences [1] [2]. The 

main advantage of the channel hopping sequences, compare to 

the CCC approach, is that SUs can rendezvous with the neighbors 

at any available channel. Therefore, it can overcome long-term 

blocking of PU and an ever-available common channel is not 

required. In this approach, SUs generate their own channel 

hopping sequences. When an SU (e.g., user x) needs to 

communicate with its neighbor (user y), it switches from one 

channel to another by following a predefined hopping sequence 

until it finds its neighbor. Figure 2 illustrates the operation of a 

channel hopping protocol.  As shown in figure, user x and y 

attempt to find each other by following their own hopping 

sequences. When they rendezvous on channel 2, they can 

perform communication.  

 

 

 
 

Figure 2. Operation of a sequence based protocol 

 

 

 

However, channel hopping protocols have the 

following shortcomings.  

 

a) Lack of network status information  
In sequence-based approaches, SUs generate channel 

hopping sequences with an assumption that all SUs use the same 

channel labels. With this assumption, sequence-based approaches 

provide upper bound of time to rendezvous. However, this is a 

big assumption since SUs have no information regarding the 

neighbors at the initial state of the network.  

 

b) Require Synchronization  
Most of the sequence-based approaches need 

synchronization among users [3][4] which is hard to achieve in 

ad hoc networks. For example, in [3], time is divided into fixed-

time intervals in which each represents one of the available 



channels. At the beginning of the time slot, every node in the 

network must switch to the corresponding channel for 

negotiation.  

 

 

c) Complexity 
The next difficulty in sequence-based protocols is 

overcoming the complexity of generating channel hopping 

sequences. Designing the channel hopping algorithm is a great 

challenge because when users generate channel hopping 

sequences, any pair of these sequences should overlap at least 

once within a sequence period, so that any pair of users which 

needs to communicate can rendezvous [6]. Moreover, the TTR 

values between any pair of sequences should be reasonable and, 

obviously, it is determined by channel hopping algorithm.  

In [3], channel hopping sequences were created in a 

round robin fashion and, as mentioned above, this protocol 

requires tight synchronization among SUs which is difficult to 

achieve in ad hoc environment. In [8], the authors proposed 

biased pseudo-random sequences. These sequences do not need 

tight synchronization, but the average TTR may not be bounded. 

The authors of [2] proposed permutation-based channel hopping 

sequences. In their proposal, the expected time to rendezvous was 

bounded by a quadratic function of the number of available 

channels. A quorum-based scheme was proposed in [9], and the 

authors claimed that rendezvous between any pair of users can 

occur at least once within 
2n time slots, where n is the number of 

available channels.  

In this paper, we propose an alternative way of 

enabling neighbor rendezvous in cognitive radio ad hoc 

networks. Our proposed mechanism uses neither dedicated 

common control channel nor channel hopping. So, the proposed 

mechanism does not require generating the predefined hopping 

sequences. In our proposed neighbor discovery mechanism, (1) 

SUs need only local information, such as number of available 

channels, to perform neighbors discovery. Therefore, it can be 

applied in a distributed manner. (2) The algorithms are simple 

and (3) these can provide less expected time to rendezvous than 

sequence-based approaches. Moreover, this mechanism is 

immune from some irrational assumptions such as (1) all 

channels are indexed with the same labels by secondary users and 

(2) tight synchronization among users.  

We present our proposed mechanism in section.2. In 

section 2, we describe the neighbor discovery strategies and 

discuss how to update the strategies according to the number of 

available channels that SUs observed.  Then, the comparisons of 

the numerical results are described in section 3. Section 4 

concludes the paper.  

 

 

2. NEIGHBORS DISCOVERY MECHANISM 
 

We assume that neighbor discovery process can be accomplished 

between two SUs if they rendezvous on the same channel and 

exchange necessary control information (i.e. neighbors discovery 

message (DOV) and acknowledgment (ACK)). DOV is just a 

probe message and any SU, which receives DOV, can simply 

reply the ACK. The goal of every SU is to find its neighbors with 

minimum delay or TTR. We also assume that the PU activities on 

the channels are dynamically changing. Thus, SUs updates the 

neighbor discovery strategies every round according to the 

number of available channels they observed.   

 

2.1 Neighbor Discovery Strategies 
 

When an SU needs to perform neighbor discovery, it performs 

channel sensing first and create an available channel set. All free 

channels (the channels that are not currently used by PUs) will be 

included in the available channel set. Then SU chooses one of the 

following two strategies; 

• Strategy one: Switch one available channel after 

another without repeating and find a neighbor. 

• Strategy two: Randomly select one of the available 

channels and wait for a neighbor on selected channel. 

SUs perform neighbor discovery until they rendezvous with their 

neighbors. First, the SU (user x) that chooses strategy one selects 

an available channel randomly. Then it switches to the selected 

channel and senses for the presence of PU. If the SU senses the 

channel is free, it will broadcast DOV and waits for the ACK. All 

message transmissions follow the principle of Distributed 

Coordination Function (DCF) of IEEE 802.11 [6] and the basic 

procedure of packets transmission can be seen in Figure.3.  

 

 
 

 

Figure 3. Procedure of packets transmission 

 

 

The time interval of the whole process is defined as one time 

slot, slotT , and it can be estimated as, 

 

slot
rate

ACK DOV
T DIFS SIFS B

T


    ,       (1) 

where, rateT  is transmission rate and B represents the random 

back-off. While the SU is waiting the ACK, it may receive DOV 

from other neighbors. If it receives DOV instead of ACK, it will 

simply reply ACK and neighbor discovery has completed for 

these two SUs. If user x does not receive any ACK or DOV, it 

shall switch to another available channel and broadcast the DOV 

again. This process is repeated and one round of neighbor 

discovery for user x is over when it has received the ACK from 

one of its neighbors or after it has visited all available channels. 

The necessary time interval for one round of neighbor discovery 

can be expressed as 

 .round slotT n T ,             (2) 

where, n is the total number of available channels.  

The SU that chooses strategy two, user y, just selects a 

random channel from the available channel list and waits its 

neighbor for one roundT . If it receives DOV from its neighbor, let 

say from user x, it will reply ACK and the neighbor discovery has 

been successfully accomplished between these two SUs, x and y. 

One round of user y is over after it has received DOV and replied 

ACK or one roundT  has expired. If user y does not rendezvous 

with any of its neighbor within a roundT , it will perform channel 

sensing again and update its strategies for next round. Choosing 



strategies for next round is independent of previous round but on 

the available channels it senses (the reason of why decision 

making depends on the available channels can be found in section 

2.3).  

 

2.2 Expected Payoffs   
 

The expected payoffs for different events are represented with 

TTR. According to neighbor discovery strategies, any pair of SUs 

can be in one of the following three events. 

• Event A: Both SUs choose the same strategy, strategy 

one. 

• Event B: SUs choose different strategies. 

• Event C: Both SUs choose the same strategy, strategy 

two. 

 

If event A occurs, both SUs try to find each other by 

switching from one channel to another without revisiting the 

channels. In this event, the probability of meeting these two users 

on is 

                                  (3) 

Then, the probability of not meeting at all within a round 

becomes     

                                                  (4) 

The probability of at least one rendezvous occurs within a round 

is 

 .                (5) 

 Then, the expected time slots for this event can be estimated as: 

 

        
1

[ ] (1 (1 ) )nE TTR nA n
   .  (6) 

 

If event B occurs, SU that chooses strategy one (user x) 

switches from one channel to another without repeating and tries 

to find its neighbors. Neighbor SU (user y) that chooses strategy 

two selects a channel randomly and waits its neighbor for 

one
roundT . The probability of meeting these two SUs on  

is
1

n
. If user x does not rendezvous with its neighbor, it will 

switch to another channel while user y is waiting on the selected 

channel. Therefore, The probability of meeting on next channel 

( ) is
2

n
. Similarly, the probability of meeting on 

becomes
3

n
. Then, the expected time to rendezvous for 

this event is 

 

     
1

1 2 ... 1
[ ]

2

n

B
i

i n n
E TTR

n n

   
   .          (7) 

 

 If event C occurs, obviously these two SUs will not 

meet each other within a round. One roundT is wasted in this 

situation and the expected time slots for this event can be 

expressed as 

 

                   [ ]C roundE TTR T n  .                               (8) 

 

Suppose p and q (= 1 - p) are probabilities of choosing 

strategy one and two respectively, then we can describe the 

overall expected time slots for one round with the following 

expression. 

 

2 21
[ ] (1 )( 1) (1 ( ) ) (1 )nn

E TTR p p n np n p
n


       . (9)                                                                                                   

 

2.3 Optimal Strategies  
 

Obviously the aim of SUs is to minimize the expected payoff. We 

take derivative to (6) and we get optimal value of p as 

                      
1

1
2 (1 ( ) ) 2n

n
p

n
n

n





 

.                         (10) 

 

It is clear that the optimal strategy profiles (p, q) are the function 

of number of available channels, n. Therefore (as mentioned in 

previous section), each SU updates its strategies every round 

according to the number of available channels it senses. 

 

3. NUMERCIAL RESULTS 
 

It is obvious that SUs do not want event C. The authors of [7] 

claimed that optimal values of p and q are 0.75 and 0.25 

respectively as n . In proposed neighbor discovery 

mechanism, SUs are more aggressive to choose strategy one, 

as , 0.8n p  . When we compare the results, proposed 

mechanism provides less occurrences of event C and it can 

achieve minimum E[TTR] as shown in Table 1. 

 

 

Table  1. The E[TTR] against different optimal values. 

 

 Optimal q E[TTR] 

 

n 

 

Ref [7] 

Proposed 

 ND 

 

Ref [7] 

Proposed 

ND 

2 

3 

4 

5 

6 

7 

8 

9 

10 

50 
n  

 

0.5000 

0.3333 

0.3220 

0.3012 

0.2914 

0.2842 

0.2791 

0.2753 

0.2722 

0.2521 

0.2475 

0.0000 

0.1000 

0.1351 

0.1531 

0.1641 

0.1714 

0.1767 

0.1807 

0.1838 

0.2043 

0.2000q  

2.0000 

2.6667 

3.5683 

4.3793 

5.2133 

6.0421 

6.8716 

4.3793 

8.5300 

8.5300 

1.5000 

2.1000 

2.7027 

3.3062 

3.9101 

4.5142 

5.1184 

5.7227 

6.3270 

30.5060 

 

 

We also compare the results of proposed neighbor 

discovery (ND) mechanism and that of random algorithm (RA) 

and orthogonal sequence-based algorithm (OSA) from [14]. 

Random Algorithm is similar to event A. Nodes (SUs) try to find 

each other by switching from one channel to another until they 



rendezvous one of their neighbors on a common channel. The 

expected time to rendezvous of the random algorithm is  

 

                              ,                              (11) 

 

where, n is the number of available channels and is the 

probability of a successful handshake. OSA algorithm is an 

alternative of random algorithm. The difference is, in OSA, nodes 

switch channel by following a predefined hopping sequence like 

sequence-based approaches and the expected TTR value OSA 

algorithm is 

 

                      
4 22 6 3

[ ]
3 ( 1)

OSA

n n n
E TTR

n n
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


.                (12) 

 

Figure.4 shows comparison of the results in terms of E[TTR]. As 

shown in the figure, the proposed neighbor discovery mechanism 

provides less TTR than that of OSA and random algorithms.  

 

4. CONCLUSION 
 

We have presented a neighbors discovery mechanism for 

cognitive radio ad hoc networks. In this mechanism, the neighbor 

discovery strategies are simple and totally distributed. It is 

flexible with dynamic nature of CR networks as SUs update their 

strategies according to the number of available channels. 

Moreover, the numerical results confirm that it provides less 

expected time to rendezvous than previous works.  

 

 

 

 
 

 

Figure 4. E [TTR] of OSA, RA and proposed neighbor 

discovery mechanism 
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