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Abstract - Cognitive radio networks (CRNs) have emerging as a promising paradigm to alleviate the spectrum scarcity 
problem. A large number of protocols have been proposed in CRNs, such as rendezvous protocols that establish a 
communication link between users, MAC protocols, routing protocols, etc. However, many protocols (such as rendezvous 
protocols) assume that the spectrum availability keeps stable for a long time, which is an unrealistic assumption. In this 
paper, we propose a practical model for a dynamic CRN and evaluate various broadcasting protocols under the model. Both 
users’ geographical location and broadcasting activities are taken into consideration. We implemented a simulation testbed, 
which can plug-in any broad-casting protocols for CRNs and possesses the ability to configure a plethora environmental 
settings to meet various requirements. Furthermore, we propose a simple protocol “Cross” on the basis of the model. 
Through extensive evaluation, various protocols can be easily evaluated in our testbed and “Cross” has a good performance 
in scalability, throughput and broadcast delay. 
 
 
I. INTRODUCTION 
 
In recent years, the novelty of Cognitive Radio (CR) 
has increased typically with an aim of efficiently 
utilizing vacant spectrum for communication. 
Spectrum users are classified into Primary Users 
(PUs) and Secondary Users (SUs). PUs represent 
users that own the licensed spectrum and they have a 
higher priority to utilize licensed channels, in contrast 
to SUs who may only use those channels for 
communication if PUs are not utilizing them at that 
time. By allowing SUs to claim vacant licensed 
channels, the CR mechanism can dramatically 
increase the utilization efficiency of unused spectrum 
compared to traditional wireless networks, which is a 
promising paradigm to solve the spectrum scarcity 
problem. 
 
Many protocols have been proposed for cognitive 
radio networks (CRNs), such as rendezvous protocols 
that construct communication link between users, 
routing protocols, MAC protocols, etc. However, 
many of them assume the available channels for SUs 
are static for a long time, which is unrealis-tic. Some 
studies claim that a global communication channel 
can be maintained to exchange global topology 
information, but this is hard to achieve since it is 
usually impossible to find a channel that is always 
vacant for the entire lifetime of the network. Some 
works do not consider interference among multiple 
communications between users, for example some 
rendezvous protocols [5], [9] merely extend 
rendezvous protocols between two users to 
rendezvous among multiple users. Due to these 
assumptions, the evaluation of protocols in CRNs 
may not reflect the protocol’s performance in real-
world conditions. 
 

In this paper, we propose a simulation testbed for 
evaluation broadcasting protocols in dynamic CRNs, 
where the PUs’ activities may change the availability 
of SUs’ channels. In the testbed, both PUs and SUs 
coexist in the network. The activities of PUs follows 
a two-state Markov Decision Model, and a SU’s 
channel availability is derived from nearby PUs. 
More specifically, within the broadcasting range of 
any PU, a SU cannot utilize a channel that is 
occupied by the PU. In our testbed, we focus on 
evaluating broadcasting protocols under dynamic 
environments. 
 
There are many network simulators currently in use 
such as ns3 and OMNet++. However, these 
simulators only sup-port communications in 
traditional single channel networks. Hence, some 
previous studies propose an additional layer on these 
simulators in order to model the Cognitive Radio 
Environment. 
 
In [6], a Cognitive Radio Network (CRN) layer is 
imple-mented and simulated on OMNet++. However, 
it assumes that a common control channel exists, 
which is impractical,and many protocols have already 
avoided utilizing it. Also, PUs’ activities are defined 
as a constant channel availability prob-ability which 
is not practical. While in [7], a CRN layer is built on 
top of ns3 to add channel sensing and hopping ability 
to wireless nodes. It modeled the PU activity as a 
separate text file for each CR nodes to make 
decisions before simulation starts to run. This 
however means that if the simulation network is large, 
set up of these activity files can be time consuming. 
In addition, both simulators focus on modeling the 
capability of SU nodes. There is an apparent lack of 
ready to use testbeds focusing on evaluating CRN 
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broadcasting protocols in varied practical CR 
environments. 
 
The contributions of the paper are summarized as 
follows: 
 
We present a more realistic model to describe the 
dynamic settings in CRNs; 
We propose a simple but efficient broadcasting 
protocol (Cross) for the model; 
We implement a simulation testbed to plug-in and 
evaluate several broadcasting protocols and the 
results show that “Cross” has good performance 
in scalability, throughput and broadcast delay. 
 
II. RELATED WORK 
 
The concept of Cognitive Radio(CR) was first 
proposed in 1999 [8]. The goal of researches in this 
area is to develop a software-defined radio platform 
that can effectively utilize the wide spectrum 
available for communication. 
 
In previous studies, many protocol studies have 
different assumptions. One being Common Control 
Channel (CCC). [1] [2] [3] assumes a CCC for 
communication. This greatly reduced the difficulty of 
broadcasting since more information is available for 
decision making at each node. However, in practical 
situation, having a vacant channel ready for control 
information exchange at anytime is not efficient, and 
in many cases not possible. Some protocols on the 
other hand assumes nodes have no pre-existing way 
to exchange control information. Examples of such 
blind information protocols includes; [5] [9] [10]. 

 

 
TABLE I: Protocols Working Environment 

 
Another major difference in assumption that can 
greatly affect the protocol analysis is Static vs 
Dynamic channel availability. In Static assumptions, 
it is assumed that the available channels for users will 
not change through out the broadcasting period while 
Dynamic assumes available channel will change. 
Table I shows the condition that protocols is designed 
to work in. As Primary User can claim back their 
channel at any time, the dynamic channel assumption 
is more practical. 
 
In reality, most of the assumptions in previous studies 
are not feasible simply because channel availability is 
greatly affected by PU’s activity. Also, interference 

needs to be con-sidered in multi-user broadcasting as 
it affects the performance of protocols. Impractical 
assumptions cam lead to evaluations reflecting part of 
the broadcast efficiency or even not reflecting the 
truth. Hence, we propose a realistic model to describe 
the CRN broadcasting activity and evaluate 
performances of protocols under a more practical 
framework. 
 
III. CRN BROADCASTING MODEL 
 
A. Channel Model 
In a CRN, different frequency bands are documented 
for the purpose of communication. Taking the 802.11 
work-group [13] as an example, 5 different frequency 
bands are documented to be used for wireless area 
local network. Within these frequency bands, 
frequencies are further broken down into different 
channels. For simplicity, we name the channels by 
their numerical order, as Channel 1, Channel 2, etc. 
These channels are assumed to be non-overlapping, 
which implies communication on a specific channel 
does not interfere with communication on the other 
channels. In this paper, we assume there are M 
licensed channels in total and we denote them as U = 
f1; 2; : : : ; Mg. 
 
B. Wireless Node Model 
Wireless nodes are the physical components that 
make the decisions for communication. The nodes 
can be classified into two major types in a CRN, PUs 
who own the licensed channels and SUs who utilize 
available licensed channels for communication. In 
this paper, we assume that there are J PUs and K SUs 
that coexist in a Lm x Lm area. Denote the set of PUs 
as P = fpu1; pu2; : : : ; puJ g and the set of SUs as S = 
fsu1; su2; : : : ; suK g. The geographical location of a 
user (either pui 2 P or suj 2 S) is represented by (x; y) 
coordinates. We denote a node’s broadcasting range 
as d meters and two nodes are considered as 
neighbors when their euclidean distance is no larger 
than d for simplicity. 
 
We assume time is divided into slots of equal length 
t0 which is sufficient for two nodes to communicate if 
they are under the same channel. Nodes can start at 
different time slots and maintain their own local time 
Pti for a specific node ui. In a CRN, PUs behave 
differently from SUs and we introduce models for 
both users separately. 
 
1) Primary User: PUs represent nodes that have 
the pri-ority to use the licensed channels for 
communication. In previous studies, PUs are usually 
ignored or simplified either by fixing available 
channels for SUs or setting a single channel 
availability probability to indicate the activities of 
PUs. In practical situations, geographical location and 
channel occupancy activities of PUs both play 
important roles in a channel’s availability. 
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In our model, a PU pui is assumed to own a set of 
channels Ci U. The activities of pui are assumed to 
follow a two-state Markov Decision Model [14] [15] 
with states fON,OFFg on each channel. P (ON)i 
represents the probability of switch-ing from ON 
state (i.e. occupying channels Ci) to OFF state (i.e. 
releasing channels in Ci), while P (OF F )i represents 
the inverse. It is obvious that if pui is in the ON state, 
any SU suj within pui’s broadcasting range is unable 
to utilize channels in Ci. Taking both geographical 
location and activities of PUs into consideration 
could generate a more realistic SU channel 
availability model. 
 
2) Secondary User: SUs are nodes that do not 
register to use licensed channels. They are equipped 
with cognitive radios to sense and utilize channels 
that are not occupied by nearby PUs. In broadcasting 
problem, SUs can be classified into two types, Sender 
Nodes and Receiver Nodes. Senders are responsible 
for sending packets on a specific channel, while 
receives are nodes that listen on a certain channel for 
packets. A receiver node can change to be a sender 
node for further broadcasting, but a node cannot be 
both sender and receiver simultaneously. 
 
In the model, SUs sense channel availability in every 
time-frame to avoid interference with PUs. If a SU is 
within the broadcasting range of a PU who occupies a 
certain channel, this channel is considered 
unavailable for that SU. We assume the detection of 
channel availability is 100% correct since channel 
sensing is not the major focus of this paper. In any 
given time-frame t, SU can choose to hop to any 
available channel that is vacant from nearby PUs for 
broadcasting. Hence, this model generates a more 
realistic and practical environment for SUs to 
evaluate the broadcasting protocols. 
 
C. Communication Model and Broadcasting 
The communication model mainly considers 
information exchange between SUs. When SUs are 
deployed, sender nodes broadcast packets and 
receiver nodes become sender nodes to rebroadcast 
packets once they have received packages from a 
sender. 
We define the broadcasting process as follows. The 
network is considered to have one or more sender 
nodes that carry a same message to be distributed. 
Senders start to broadcast once the network is 
initiated and receivers become senders once they 
have received the message. The broadcasting pro-cess 
ends when all nodes in the network have received the 
message. 
 
In traditional single channel broadcasting, collision 
has received a lot of attention from researchers. Most 
protocol designs involve discussion on the 
interference between neigh-boring sender nodes. In a 
CRN’s broadcasting, the chance of collision is lower 

due to the existence of multiple channels. However, 
the collision problem can also affect the performance 
of protocols. Therefore, we also consider interference 
in the Communication Model. For simplicity, 
interference is considered to follow the Protocol 
Model [11], in which a collision exists when a 
receiver acquires packets from more than one senders 
at the same time and it is considered as no correct 
packet received. A successful connection happens 
when neighboring sender and receiver are able to tune 
into the same channel in the same time-frame with no 
communication collision. 
 
IV. PROTOCOLS 
 
In this section, we discuss about how to apply several 
notable broadcasting protocols to this dynamic 
channel environment, apply the rendezvous protocols 
for broadcasting, and finally we propose a simple but 
efficient protocol “Cross”. 
 
A. Broadcast Protocols 
Nodes in broadcast protocols are usually classified 
into senders and receivers. Wait for Mommy(WFM) 
[10] as simulated in our paper is a mathematical 
algorithm proposed to efficiently solve the 
rendezvous game where two people have to meet 
each other, but there are many choices of locations to 
meet. BRACER [12] is another broadcast protocol 
adding quality of service control. Since broadcast 
algorithms generates a hopping sequence for each 
user ahead of time, the channel might not be available 
at the required moment. In such a case, we consider a 
straight forward approach where the SU switches off 
in order to prevent interfering with the PU, and also 
save energy. This strategy can be applied to any other 
broadcast protocols with known available channels 
assumption. 
 
B. Rendezvous Protocols 
Rendezvous protocols aim at constructing 
communication link between two neighbor users on a 
common available channel. These protocols can also 
be used for broadcasting as follows: when two SUs 
discover each other on a common available channel 
they can communicate and exchange broad-casting 
information. When the broadcast is initialized at the 
start of every time-frame, the hopping decision is 
made ac-cording to the rendezvous protocol. In case 
two nodes are able to rendezvous, one of them carries 
the message to distribute and the message is sent 
from a sender to a receiver. A similar technique is 
applied in the Jump-Stay Protocol [5] evaluation of 
multi-user multi-hop scenarios. Similar to 
broadcasting protocols, the pre-generated hopping 
sequence may hit some unavailable channels. But we 
can apply the same strategy to switch off the SU. For 
the purpose of demonstration, we take Jump-Stay [5], 
DRDS [9] to simulation in our testbed. 
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C. Cross 
We present a simple but efficient protocol under this 
model and we name it “Cross”. In “Cross”, SUs are 
classified into Sender and Receiver where each one 
may have their own channel hopping decision. “Cross” 
accepts a user defined value K as a Quality of Service 
control, a smaller K input leads to a shorter 
rendezvous time with a reduction in total channel 
usage rate. 
 

 
 
Algorithm 1 describes the hopping decision that 
every sender nodes goes through. A node is 
considered to complete one cycle after K hops. A 
shift counter starting from 0 is maintained where it 
increments by one after each cycle. Nodes take the 
result of the sum of shift counter and their local time 
(t + n) modular with user defined K as the channel ID 
that is going to hop to in the next time-frame. If the 
designated channel is claimed by PU, add one to the 
channel ID then take modular with K as the new 
channel ID and this process repeats until a vacant 
channel is found. 
 

 
 
Algorithm 2 shows the hopping decision that every 
receiver node goes through. The receiver subtracts 
result of local time t modulus with user defined 
variable K and considers it as the channel ID of the 
destination of next time-frame. If the designated 
channel is claimed by PU, add 1 to the channel ID 
then take modulus with K and repeat till a vacant 
channel is found. 
 
V. CRN BROADCAST PROTOCOL TESTBED 
 
To investigate the performance of protocols under the 
pro-posed model, we implement a generic simulation 
testbed using C++. The testbed is capable of 
generating data for evaluating performance of any 
broadcast (and rendezvous) protocol in the proposed 
dynamic model. 

 
Fig. 1: CRN Testbed Overview 

 

 
TABLE II: Comparison of Simulation Environment 

 
Compare with the previous simulation environments, 
our testbed focuses on examining the performance of 
rendezvous protocols when they are utilized for 
broadcasting. We aim at providing a easy way to 
collect analytical data for protocol effectiveness. As 
shown in Table II, common protocol perfor-mance 
metrics, such as Broadcast Delay, Broadcast Success 
Rate, Collision Counts, are readily available in the 
logs of the testbed. These records can help protocol 
researchers focus on protocol design rather than 
panick to code their simulating environment. 
A. Network Topology 
In the simulation testbed, wireless nodes can be 
classified into either PUs or SUs. SUs may be further 
classified into Sender or Receiver. Any network 
topology can be set up using geometric coordinates (x; 
y). An effective broadcasting range has to be defined 
for each node, allowing them to further calculate their 
corresponding neighbors. At least one SU Sender and 
one SU receiver have to be defined such that the 
testbed is able to communicate. PUs are not a 
compulsory element in the Testbed, but PU activities 
are essential for evaluating real performance of 
protocols. While setting up a PU, a set of licensed 
channels and the probabilities of the two-state 
Markov Decision Model are defined. Each PU can 
have an independent model and channel set defined 
according to the specifications. 
B. Protocol Model 
After defining the network topology, Protocol Model 
is utilized by SUs to make hopping decisions. 
Calculation is made before every time-frame to 
decide which channel the node should hop to. 
Different decisions can be defined for SU Senders 
and SU Receivers. The Protocol Model is an easy 
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plug-in that can swap in different protocols to 
evaluate their effectiveness under a certain network 
topology or in general cases. In this paper, 5 different 
protocols are plugged in for performance analysis. 
C. Communication Model 
After a correct definition of network topology and 
hopping protocols, the model performs 
communication as follow: 
1. PU decides on or off according to user defined 

Markov Decision Model; 
2. SU Sender decides which channel to broadcast, 

con-strained by neighboring PU and protocol 
defined; 

3. SU Receiver decides which channel to listen, 
constrained by neighboring PU and protocol 
defined; 

4. SU Receiver turns into Sender if message is 
received The simulation ends in one of two 
possible ways. 

 
First, user may define a maximum time-frame for 
simulation and the simulation ends if this limit is 
reached. The other option that triggers the end, is that 
all SU receivers have received the message. 
D. Output Interface 
The output interface is capable of generating various 
logs to support CRN analysis.1) Nodes activity per 
time-frame; 2) Average Broadcast Delay of the 
Network; 3) Average time for Node to receive 
message; 4) Broadcast Success Rate; 5) Average 
Collision Count; 6) Network Topology; 
These data provides useful metrics in analyzing 
protocol performance. Inside the ”Nodes activity per 

time-frame” log, PU’s occupied channel under each 
time-frame is being logged. Each SUs’ channel used 
in every time-frame can also be seen. With the assist 
of this log, a more detailed or requirement specific 
analysis can be performed. 
 
VI. EVALUATION 
 
Consider a 250m 250m area with M available 
channels for the network, 1 initial SU sender is 
deployed in the middle of the field. K SU receivers 
are deployed randomly around the sender with at least 
one path for packet to reach from initial sender to 
each receiver. J PUs with random licensed channel 
set C, s.t. C M, are deployed randomly throughout the 
field. All PUs have a probability of P (on), P (of f) 
activity model. Each node have an effective range of 
100m. SU receivers are started at random times to 
create an asynchronous environment. Various 
performance metrics are collected to compare the 
results of algorithms. We have run simulation for 
Jump-stay (JS) [5], DRDS [9], WFM [10], and 
“Cross”. No control of quality is being setup for 
“Cross” to show case the bare protocol performance. 
A. Broadcast Success Rate 
Broadcast Success rate is measured by the Number of 
successful broadcast divided by Total number of 
broadcast. A successful broadcast is defined as the 
initial message can successfully reach all SUs in the 
network. The broadcast successful rate is mainly 
affected by the ability of protocol in discovering new 
nodes and the collision rate of the protocol. 

 

 
Fig. 2: “Cross” performs the best with more than 99% success rate while DRDS only have 16% success rate in 10 Channels 

Environment 

 
Fig. 3: “Cross” is the most efficient among all settings M=30, J=20, K=50,P(On)=0.5 
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Fig. 2 shows that “Cross” and Jump-Stay algorithm 
have more than 99% success rate from 10 to 100 
channels. WFM can generally maintain a success rate 
of more than 85%. However, DRDS algorithm has a 
significantly lower success rate when number of 
available channel is low, only 16% in 10 channels 
environment. Simulation results shows that DRDS 
has a very high collision rate when compare with 
other algorithms. This prevents nodes from receiving 
messages. In order to address this problem in general, 
more is discussed under the discussion section. 
B. Broadcast Delay 
Broadcast delay is defined as the time for all nodes to 
receive message carried by the initial sender after the 
network started. This metrics describes the 
effectiveness of protocol in tackling the fundamental 
problem of broadcast network where all nodes should 
receive the message as fast as possible. 
Fig 3 are figures with different environment settings, 
where c is the maximum portion of channel that a 

single PU can occupied. a) and b) are two general 
settings that have a different c setting while c) aim at 
showcasing a low tendency of PU from turning off. 
The simulation results shows that “Cross” performs 
the best under all 3 settings while JS have much 
longer delay compare with other three. Surprisingly, 
the result suggest that protocols performs the best 
under c) setting where PU is more often to be active. 
After studying the simulation figures, it suggests that 
collision occur less often under this setting which in 
turn reduced the delay. Hence, collision problem in 
Cognitive Radio Environment is worth researchers to 
pay more attention. 
C. Throughput 
Throughput of the network is defined as the average 
number of transmitted bytes in each slot [17]. It can 
indicate how effectively the message is being 
broadcast. In our simulation, 

 

 
Fig. 4: Throughput of “Cross” is highest among all settings same as Fig.3 

 

 
 

We consider a 1500B packet, size of the model in 
previous study [16], to be transmit when sender can 
reach a receiver. We compare the results against same 
algorithms in subsection A and B. Fig 4 a), b), c) 
have same environment settings with Fig 3 a), b), c). 
“Cross” have a highest throughput in all 
environments due to its faster ability in discovering 
neighbor nodes. While JS takes the longest to 
broadcast. Often times the initial sender takes longer 
to reach other receivers which delays the rebroadcast 

process a lot. Hence, the throughput is very much 
lower than the other three. 
 
D. Scalability 
Comparing scalability, we focus on the scale in two 
major factors; 1) Number of Channels, 2) Number of 
Nodes. 
 
Fig. 5 shows the changes of broadcast delay when 
number of channels available for the network 
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increases. DRDS and “Cross” maintained a low delay 
when number of channels increase while Cross have a 
61% lower broadcast delay in 100 channels 
environment. 
Fig 6 are data obtained while scaling up number of 
nodes in the network. DRDS and “Cross” again 
shows best scalability. Both protocols can maintain a 
similar broadcast delay while number of receivers 
scaled up from 10 to 100. While both protocols are 
scalable, “Cross” have an average of 45% lower 
delay overall. 
To sum up, DRDS and “Cross” are both scalable in 
above environment settings. JS can also maintain a 
similar delay while scaling Number of Nodes up, but 

the scalability in number of channels is much worse 
than others. In general, “Cross” have lowest delay 
and is most scalable at the same time. 
 
VII. DISCUSSION 
 
During the experiment process, we discovered that 
the interference between senders hindered the 
performance in all protocols to a certain extent. 
In our study, we consider adapting the Protocol 
Model [11] as the interference model where collision 
occurs when one or more neighboring sender 
broadcasts messages in the same channel at the same 
time. 

 

 
Fig. 7: The number of Collision for DRDS is extremely high in less channels environment 

 

 
Fig. 8: The Collision reduction method assist protocols to perform better when is between 0.1 to 0.3 
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Our proposal to reduce collisions is as follows. For 
any deterministic protocol, we define S and , where 
the sender node determined every S time-frame, with 
a probability of (1 ) to broadcast in next S time-frame. 
S should be a cyclic time where sender and receiver 
can communicate at least once if all channels are 
available. There is a chance that senders may switch 
off, thereby reducing the chance of two senders 
sending message to the same receiver at the same 
time. In section VII, we utilized our simulation 
testbed to evaluate the sensitivity of under different 
protocols. 
 
As shown in Fig.7 DRDS has a very high collision 
rate, an average 20755.2 collisions in 10 channels 
environment, which significantly hinders the 
performance. 
 
After applying our proposed method of collision 
reduction, the success rate for DRDS has significantly 
improved from 16% to 98% as shown in Fig.8 a). 
Although Fig.8 b) suggests the broadcast delay has 
increased after collision reduction, the 16% broadcast 
success rate before collision reduction is not 
acceptable. Fig.8 c), Fig.8 d) shows our simulation 
results from “Cross” and WFM. Reduction of 
broadcast delay can be seen when 2[0.1,0.4]. From 
results of our simulation, the minimum broadcast 
delay occurred when is at 0.2 or 0.3. Similar 
simulation can be performed using our testbed to 
decide value for enhancing performance of any 
protocol. 
 
CONCLUSION 
 
In this paper, we have presented a realistic node to 
describe the dynamic CRNs. This model allows 
researchers to evaluate protocols in a more practical 
way. We also presented “Cross”, a simple but 
efficient protocol that can perform well in the realistic 
model. For the purpose of comparing various 
broadcasting protocols under the model, we also 
implemented a simulation testbed that is capable of 
plugging in any hopping decision algorithms for 
evaluation. Finally, we discussed about the effect of 
interference to the protocols performance. We hope 
this study can raise more concern on the assumptions 
of simulating a practical CRN and initiate future 
studies on utilizing more realistic models to obtain 
more reliable performance data. 
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