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ABSTRACT
Cognitive radios � CR � have the ability to dynamically
adapt to local spectrum availability. In a network com-
prised of CR-enabled devices, layer- � auto-configuration
involves determining a common set of channels � also re-
ferred to as the global channel set � to facilitate communica-
tion among participating nodes. This is a unique challenge
as nodes in the CR network are unaware of (a) their neigh-
bors and (b) the channels on which they can communicate
with a neighbor. In this paper, we propose a time-efficient
distributed algorithm for layer- � auto-configuration for a
CR network. Our algorithm finds the global channel set
in ���	�
����
������ timeslots, where � is the maximum
number of nodes deployed, � is the maximum number
of available channels for communication and � is the di-
ameter of the network. All nodes know � and � . We
present a diameter-aware and a diameter-unaware version
of the algorithm. For highly sparse networks � such as a lin-
ear chain topology where ����������� , with ������� and
����� � , the diameter-aware configuration protocol termi-
nates within �"!�#%$'&)(+*�! and the diameter-unaware version
terminates within �%�,!%#�$'&)(+*�! .
KEY WORDS
Cognitive Radio, Multi-channel, Auto-configuration, Dis-
tributed Algorithm

1 Introduction

Cognitive radio (CR) technology [1] allows wireless de-
vices to dynamically adapt to spectrum availability in their
geographical region. The owner of a (licensed) channel is
referred to as primary user and all other users of the chan-
nel as secondary users [2]. CR technology enables sec-
ondary users to scan and identify available channels in a
frequency spectrum. A channel is said to be available if
the secondary user can send and receive messages on the
channel without interfering with the primary user(s).

Communication infrastructure based on CR technol-
ogy is of particular relevance in defense and relief opera-
tions. Since the usage of spectrum varies widely from one
region to another [3], communication among users (sol-
diers in a platoon or relief personnel in a disaster-prone
area) must rely on a dynamic channel assignment scheme.
Also, in military applications and disaster recovery scenar-
ios such as the shuttle recovery effort in east Texas or hur-
ricane affected areas, significant parts of the spectrum are
likely to be available for use by secondary users.

When a secondary user (hereafter, referred to as a

node in the CR network) independently scans the spectrum
usage and maintains the set of available channels, the fol-
lowing layer- � auto-configuration issues arise:

1. How do nodes detect their neighbors and collectively
form a communication infrastructure in the absence of
a central authority?

2. How do nodes decide on the set of channel(s) that can
be used for communication?

Wireless communication among neighbors is possible
if the source node and destination(s) tune to the common
channel at the same time. In the layer- � auto-configuration
problem in a CR network, a common set of channels (re-
ferred to as the global channel set, - , in this paper) needs
to be determined. The motivations behind finding - are:
(i) There may be multiple groups of nodes deployed in a
geographical area, say in a military operation (there may be
many platoons, with each platoon being a group) or at the
site of a natural disaster (firemen, paramedics, police being
three groups). It is important that each group chooses a
unique channel for communication among themselves with
few nodes acting as gateways between groups.
(ii) Tuning overheads are incurred when nodes have to
switch from one frequency to another. By making nodes
communicate on a globally common channel, say $/.103254�610 ,
we can avoid such tuning overheads.
(iii) Node mobility leads to frequent changes in network
topology. For such systems, communication over $/.103254�610
provides a simple and effective solution ([4], [5]).
(iv) Since $ .103254�670 is available at all the nodes, which could
be distributed over a wide geographical region, using a
globally common channel (such as $ .103254�610 ) leads to a fairly
stable communication infrastructure.

Finding a common set of available channels (i.e.
global channel set) for communication is non-trivial be-
cause of the divergence in the sets of available channels
at individual nodes and the absence of a central authority1.
The complexity of the problem is further increased due to
the following reasons:
(i) Nodes do not have prior knowledge about the number
and identities of nodes in their neighborhood.
(ii) Nodes are unaware of the existence of a common chan-
nel and its identity (if there is one).
(iii) Changes in neighborhood due to node mobility can
play a significant role in computing - . So, it is very im-
portant that the distributed computation terminates quickly.

1This is because communication infrastructures in military and relief
operations are usually ad hoc in nature.



Let � be the total number of possible nodes and���������
be a set of � possible channels the nodes can

operate on. In this paper, we propose a layer- � auto-
configuration protocol that enables the nodes to dynami-
cally compute the global channel set, - in a distributed
manner. All nodes know

�	�����
�
and the value of � 2.

We present both diameter-aware and diameter-unaware ver-
sions of the protocol. The worst-case time complexity of
both versions of the algorithm is � �	� ��� 
 ��� � times-
lots. If � is known, then the number of bits exchanged per
message is � �	��� . Otherwise, the number of bits per mes-
sage is � �	� 
��	&�
 � � . The protocol runs independent of
the cardinality of the global channel set - . To the best of
our knowledge, there is no existing work in the literature
that addresses this layer- � auto-configuration problem for
cognitive radios.

2 System model

Throughout this paper, we consider a mobile multi-hop
wireless network formed by a group of CR-enabled nodes.

2.1 Node characteristics

Every node, say � , is assigned a unique identifier, say ��� � �
in the range � �������	��� , where � is an upper bound on the to-
tal number of nodes. Since the envisioned applications are
military and relief operations where the maximum number
of soldiers in a platoon or firemen assigned for relief ef-
forts is known a priori, we assume that the maximum num-
ber of nodes ( � ) is known to every node. For simplicity,
we assume ��� � � ��� throughout this paper. Every node
has a single wireless transceiver that can transmit or re-
ceive in any of the � channels of

� �������
. Each node is

equipped with a GPS receiver [6] to enable time synchro-
nization among nodes. In military and disaster relief oper-
ations, it has recently become a norm for personnel to carry
GPS-equipped devices ([7]).

2.2 Medium characteristics

We assume that the communication medium is loss-free.
Let

�������
� � � $���� $�� ������$"! � represent the universal set of
available channels that can be potentially used by all nodes
for communication. All the nodes know � and

�#�����
�
. (For

example,
�������
�

can include a set of � � channels in the $ -%'&)(+*
range.) We assume that every channel has a unique

identity.

2.3 Network operation

Nodes in the CR network perform one of the following two
operations at any time: (i) layer- � auto-configuration, or
(ii) normal operation as shown in Figure 1. These two op-
erations repeat periodically every , time units. The time at
which each operation starts is known in advance to all the

2When the radios are built, they have a range of frequencies they can
operate on.
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Figure 1. Operation cycle of a diameter-aware node

nodes. This is made possible by exploiting the GPS capa-
bility [6] and by letting every node know the value of , 3.
(T is configurable.) During the layer- � auto-configuration,
nodes learn about other participating nodes in the network
and also determine the global channel set, - . In the nor-
mal mode of operation, the nodes may behave similar to
the nodes in any other multi-hop wireless network, such as
MANET [8] or mesh network [9]. It is necessary to period-
ically invoke the layer- � auto-configuration protocol to ac-
count for varying global channel set, - , due to the changes
in network topology and/or channel availability set main-
tained by individual nodes. (See Section 4.3 for more de-
tails.)

3 Layer- 4 auto-configuration protocol

During layer- � auto-configuration process, time division
multiple access (TDMA) scheme is used for communica-
tion among nodes. Time is split into equal intervals referred
to as frames as shown in Figure 1. Each frame is further
divided into � timeslots, each of equal length. The slot as-
signment for a node, say � , is done in advance according to
its ��� � � . Since �5� � � �6� , node � transmits during the �87:9
slot in each frame (see Figure 1) and all other nodes are in
receive mode. This ensures that every node in the network
gets one chance to transmit without collisions during each
frame.

3.1 Data structures

The following data structures are maintained at every node� :
��� � � Identity of the node �� �

Set of available channels from
� �����
�

at � (sorted)
�+;=< � Set containing one-hop neighbors of node �> $ � Preferred channel for node �
- Global channel set? Current round number

Availability set,
� �

is obtained by node � by scanning the
medium and estimating the available channels. This step is

3Note that all nodes can have 00:00:00 GMT on January 1, 2000 as the
starting reference time.



external to our algorithm. Nodes � and � are neighbors of
each other if both are within communication range of each
other and

�	���)�������� . A preferred channel for node � is a
channel on which transmissions by � can be received by all
of its neighbors. If there are multiple common channels,
any one of them can be selected as a preferred channel.
The concept of a round is defined to monitor the progress
of the configuration protocol, like any other synchronous
distributed algorithm [10]. Initially, ��� � � � � , � ;=< � �� , > $ � � � ��	
	 , - � � �

and ? � � .

3.2 Diameter-aware auto-configuration

Assume that all the nodes are aware of the diameter of the
network, � . The followingalgorithm determines the global
channel set. The algorithm consists of two phases (see Fig-
ure 1).

3.2.1 First phase

The first phase consists of two rounds. During the first
round, each node � determines its preferred channel � > $ � � .
During the second round (of the first phase) all nodes ex-
change their preferred channel information with their re-
spective neighbors. Each round consists of � frames
( � � ��� � �����
� ! ) and each frame consists of � slots as
shown in Figure 1. During frame � � ��������� ��� , ev-
ery node � with $ ��� � �

tunes its transceiver to channel
$ � .
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Figure 2. A Sample CR Network
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Figure 3. Transmissions during Phase I

First Round: Consider the � 789 frame � � . All nodes tune
to channel $ � and every node � transmits the contents of
its set - on channel $ � � ��� during � 789 timeslot of frame
� � . This corresponds to ����� � ����� � 
��	� 789 timeslot from
the beginning of the first round. During the remaining time
slots in this frame, node � is in the receive mode. If $ ���� � � ,

then node � remains silent during the � 7:9 slot of frame � � . If
node � receives node � ’s transmission (during the ��789 slot)
of a frame ��� , node � learns that � � �+;)< � and $�� ��� � .
In this case, node � updates its data structures.

Consider the sample network shown in Figure 2.
Here, node � transmits the set - � � � � �)$����1$��)� dur-
ing frames � � and ��� at ����� � �%��� �,
 � � �! �789 and
���:$ � ����� �,
 � � � ��� 789 timeslots (from the beginning
of the first round). During slots ��� ��� � �%�"� � 
 � , and
�'� ��� � � ����� � 
 � , node � remains silent since $ � and $�#
do not belong to

� � . Figure 3 shows the transmissions of
the four nodes during the first round. After the first round,
each node � knows the identities of all its one-hop neigh-
bors (maintained locally in set �+;=< � ) and their respec-
tive availability sets. Node � updates the set - as follows:
-
� - � � � �%$%&�')(+*,�-� � . It also increments ? by one.

Node � can select one of the channels in the up-
dated set - as its preferred channel (> $ � ) for transmis-
sion. When node � transmits on its preferred channel dur-
ing � 789 timeslot, its transmission can be received by all of
its one-hop neighbors if all nodes � � �+;)< � tune to > $ �
during � 789 timeslot. For the sample network in Figure 2,
�+;=< � � �)� �"$ � � � and the updated set - for node � is
- � � � �.$/&�')(+0��-� � ��� $ � � . So, when node � transmits on
the channel $�� during the first timeslot, its transmission can
be heard by all of its one-hop neighbors if they tune to $1� .
After the first round, only node � knows about its preferred
channel. Before node � begins to transmit only on > $ � , it
has to inform its neighbors about its selection. The second
round of the algorithm is used for this.

Second round: Nodes exchange the updated set - in
the second round. Every node � transmits - on channel
$ � � �	�

during � 789 timeslot of frame � � . Once again,
consider the sample network shown in Figure 2. After
the first round, the updated set - at nodes ��������� are � $1� � ,
� $���� $��)� , �)$����1$��)� and � $ ���1$��)� , respectively. Transmission
by nodes ��������� during the second round are shown in Fig-
ure 3. Nodes use a deterministic mechanism to select a pre-
ferred channel from among the channels in - at the end of
the first round (for example, the smallest channel). A node
implicitly conveys this information to all its one-hop neigh-
bors during the second round by transmitting its updated - .
At the end of the second round, each node � updates the set
- as described before and increments ? by one. In our ex-
ample, the updated set - after the second round at nodes
��������� are � $�� � , � $�� � , �)$�� � and � $�� � , respectively. Note
that this updated set now gives the set of channels that are
common to a node and all other nodes that are within its
� -hop distance.

3.2.2 Second phase

The second phase of the algorithm consists of � � � frames
with each frame divided into � timeslots (see Figure 1).
Each node � now transmits only on its preferred channel,> $ � , (that was agreed upon during the first phase) during its
pre-assigned timeslot. This effectively reduces the number
of timeslots, and in turn, reduces the time complexity of the
algorithm. As in the first phase, each node � continues to
transmit its updated set - . At the end of the 2 789 frame of the
second phase, each node � knows the set of channels that



are common to � and all the nodes that are within � 2 
 � �
hops from node � . Thus, for 2
��� � � � ? � ��� , every
node � is aware of the global channel set and the algorithm
terminates.

Upon termination, the proposed auto-configuration
protocol provides the following:

� All the nodes are able to identify their one-hop neigh-
bors.

� Every node � learns the set of channels that is com-
mon to itself and all nodes within 2 -hop distance from
node � , for each � � 2 ��� . This information is very
useful when - � � to support some communication
infrastructure (see Section 4.1).

� It identifies the global channel set - , and hence, en-
ables the normal operation (that follows the auto-
configuration process) to take place on one of the
channels in the set - (if non-empty).

While the auto-configuration process uses slotted time, any
other communication mechanism (such as scheduling, con-
tention or reservation-based scheme) can be used during
the normal operation of the nodes.

3.3 Diameter-unaware auto-configuration

Consider the case where all the nodes are not aware of the
diameter of the network, � . Note that even though all the
nodes know the set - in � rounds (see proof of correctness
in Section 3.4), the nodes lack sufficient local knowledge
to determine that � rounds have been completed and the
auto-configuration protocol may be terminated.

Peleg proposed a distributed time-optimal leader elec-
tion algorithm that runs in � �	��� time even when the nodes
in the general network lack the knowledge of � [10]. We
propose to run Peleg’s algorithm in parallel with our layer-
� auto-configuration protocol to determine the terminating
condition in a diameter-unaware scenario. Before proceed-
ing further, recall that the term round signifies the dura-
tion it takes for every node in the network to communicate
with all of its neighbors. Peleg’s algorithm runs for at least� ���� 
 ��� rounds. Since the set - is available in � rounds
and each node only performs a set intersection operation at
the end of every round, further rounds of same procedure
will not change - . Thus, running Peleg’s algorithm in par-
allel with the auto-configuration protocol will not affect its
correctness as far as determining the set - is concerned.

To run Peleg’s algorithm in parallel with the config-
uration protocol, every node � includes the following two
additional pieces of information along with the set - dur-
ing each transmission: (i) estimate of the leader (highest��� � value seen so far), say ��� ��� , and (ii) estimate of
longest distance (in number of hops), say * , from node 	
to any node in the network. This information is updated ev-
ery round. A potential leader node, say � , receives increas-
ing values of * at the end of every second round. Upon
receiving three consecutive identical values of * , node �
concludes that it is the leader in the network and it has im-
plicitly communicated with all nodes in the network. It
then broadcasts a signal for other nodes to terminate. For
more details on this algorithm, readers are referred to the
research note in [10].

3.4 Proof of correctness

Let - � � be the set of channels that are common to node �
and all the other nodes that are within 2 -hops from node � .
Global channel set - � - � � .
Theorem: Consider an arbitrary node � in the network. At
the end of � rounds, where � is the diameter of the net-
work, node � is aware of - � � .
Proof � by induction � :
Basis step �
	 ����� : Consider a node � that is a neighbor

of node � . Let $ � � � � � ���
. During 2 789 frame, node �

is in receive mode on $ � except in the � 7:9 timeslot (when
it transmits). As a result, node � will hear � ’s transmission
on $�� in the � 789 timeslot of 2 789 frame. Similarly, node �
will hear from all its neighbors with $1� in their availability
set during the 2 789 frame (of � timeslots). As � is the
maximum number of channels in

�#�����
�
, by the end of � �

timeslots, node � would have heard from all its neighbors.
Thus, at the end of the first round, node � is aware of - � � .
Induction Hypothesis: Assume the result is true for some

	 �
Z 
�� ����	�� � , i.e. at the end of 	 789 round,

node � is aware of - ��� .
Inductive Step: Consider the �
	 
 ����� 7 round. Node � hears
from all its neighbors during this round. By inductive hy-
pothesis, for any arbitrary node � that is a neighbor of � , �
receives - � � during the �
	 
��%��� 7 round. Consider a node �
that is 	 -hops away from node � and greater than 	 -hops
away from node � . The set - � � includes the information
about the set

� �
. The node � can now be at most 	 
��

hops away from � . At the end of �
	 
������ 7 round, � will
be aware of

� �
through - � � . This is true for any arbitrary

node � that is in the �
	 
 ��� -hop neighborhood of node � .
Thus, - �
��� 
 ��� is available at the end of ��	 
 ��� rounds.

Hence, at the end of � rounds, node � has - � � , which
is same as the global channel set - . �
3.5 Complexity analysis

The diameter-aware auto-configurationprotocol requires �
rounds for completion. The first two rounds require � �
timeslots each and the remaining ���
��� � rounds require �
timeslots for each round. Thus, the time complexity of the
protocol is � �	� � 
 �	��� � �5� timeslots. As each node
transmits information related only to its channel set, the
number of bits carried per payload is ���	��� .

For a network of � � nodes4 and � � channels5, a linear
chain topology (diameter, � ����� � ) and timeslot dura-
tion of ��	 ! [12], the diameter-aware protocol terminates
within � !�#%$'&)(+*�! . Note that the timeslot duration of ��	 !
includes the time required for changing channel frequency,
preamble required to establish message bit synchroniza-
tion, and guard bands for synchronization error and propa-
gation time6.

Peleg’s time-optimal leader election algorithm termi-
nates in $ * 
 � rounds, where * � � � � * . In the

4In the army, a unit of thirty to forty soldiers forms a platoon.
5In IEEE 802.11b devices operating in the 2.4 GHz band [11], there are

three non-overlapping channels (Channels  , ! and  " ) that are #%$'&)(�*
apart. Assuming the same distribution, a #�+,(-* band may be divided
into .%/ non-overlapping channels.

6Details on computation of timeslot duration were obtained from per-
sonal communication with Jeff Barton, Rockwell Collins Inc.



worst case, * � � . Thus, our diameter-unaware auto-
configuration protocol requires � � � timeslots (for the
first two rounds) and $ � � timeslots for termination de-
tection. Thus, the time complexity of the diameter-unaware
protocol is � ��� � 
 $ ��� timeslots. This protocol requires
every node to transmit the channel set, estimate of high-
est UID node and the estimate of longest distance from the
highest UID node to any other node in the network. Thus,
it requires ����� 
 �	&�
 � � bits per message payload. Once
again, for ��� ��� , ����� � , � ��� � � and timeslot du-
ration of ��	 ! , the diameter-unaware protocol terminates
within �%�,!%#�$'&)(+*�! .

4 Discussion

In this section, we introduce some special cases and dis-
cuss how the proposed configuration protocol behaves un-
der such circumstances.

4.1 Comments on empty global channel set
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Figure 4. Algorithm execution when set - is empty

If the global channel set, - , is non-empty, the follow-
ing two conditions have to be true at each node � :

� �	� � ��� � ���� ��� � � �+;=< � (1)� � � � � �.$%&-'�(+* � � � �� � (2)

Condition ���%� formally defines �+;=< � as stated in Sec-
tion 3.1. It implies that node � has at least one common

channel with each neighbor. Condition ��� � implies that
node � has at least one common channel with all its neigh-
bors. Note that ��� ��� ���%� , but the converse need not be
true and this would lead to an empty global channel set
as illustrated in Figure 4. Here,

� # � � � ��� $��)� and� # � ��� � � $ � � , but
� # � � � � � ��� ��� � . As shown

in Figure 4, each node correctly determines the set - to be
empty after � � %

rounds. If the set - is empty, nodes
can always revert back to the last non-empty set - that was
recorded at the end of a round. This can be done by hav-
ing nodes maintain an additional data structure such as - � �
defined in section 3.4. In this example, - � � ���)$ � � $ � � $ � � ,
- � � ���)$ � �1$ � � , - � � ��� $ � � and - � # � � . Thus, node �
can deduce that channel $ � is common to itself and all other
nodes that are three hops away. Similarly, -�� � ���)$ � � $�� � ,
-	� � ��� $ � � and -	� � � � . Thus, node  can deduce that
channel $ � is common to itself and all other nodes that are
two hops away. The nodes � , � , $ and � can form a clus-
ter and communicate among themselves using channel $ � .
Similarly, nodes � ,

%
and  can form another cluster and

communicate using channel $ � . For inter-cluster commu-
nication, node � can act as a gateway node, as node � can
communicate with nodes in either cluster.

4.2 Comments on auto-configuration over-
heads

Layer- � auto-configuration operation and normal operation
are repeated periodically every , time units. Alternat-
ing between layer- � auto-configuration and normal oper-
ation requires that the normal operation be suspended for
some time every , time units. This may disrupt ongoing
higher layer communication (for example, TCP connec-
tions), which may be a high penalty to pay, especially for
networks with low mobility. So, instead of alternating be-
tween these two modes of operation, it would be better to
interleave the auto-configuration rounds between the nor-
mal operation so that configuration process is continuously
ongoing. For this,� The normal operation may also need to have a slotted

and framed structure. This is to ensure that the context
switching (which is more frequent here) may be done
in a manner that is independent of the communication
protocol used for normal operation.

� Traffic-bearing slots during normal operation may be
longer than the timeslot duration of the proposed auto-
configuration protocol. One could possibly pack sev-
eral configuration slots into “borrowed” traffic slots.

4.3 Comments on changes to the global
channel set, 


Some of the factors that affect the integrity of the global
channel set - computed by the proposed layer- � auto-
configuration protocol are:� Nodes may not turn on their radios at the same time,

and hence, may invoke the auto-configuration proto-
col at different times.

� Network topology changes. New nodes in the network
could arrive or the existing nodes from the network



could depart at any time. Thus, it is possible that a
single network could get partitioned and one or more
such partitions could merge later to form a single net-
work.

� Changes to channel availability set maintained by in-
dividual nodes (possibly due to arrival of the primary
user of the globally common channel, $/. 032 4�610 ) will also
trigger re-computation of the global channel set.

To address changes to the set - due to all the above
factors, we claim that the auto-configuration protocol has
to be re-invoked. Consider a newly arrived node. If the
newly arrived node decreases the cardinality of the set -
by at least one, then we term it as a contributing node.
Suppose a run of the auto-configuration protocol resulted
in the selection of $7.103254�670 for communication among ex-
isting nodes. When a contributing node (say � ) arrives, it
would not be able to communicate with the existing nodes
in the network if $ .103254�670 �� ��� . Thus, nodes in the neigh-
borhood of � would remain unaware of � ’s arrival. Due to
this lack of knowledge, they would have to scan through
all the � channels in

�	�����
�
. Also, the total number of

new nodes joining the network is not known a priori. Thus,
a time-slotted mechanism appears to be needed, whereby
each node transmits in its pre-assigned timeslot. A total
of � � slots would be required to detect a newly arrived
node and learn about its availability set. After this, �������
rounds would be required to propagate this information
throughout the network. This is equivalent to re-invoking
the auto-configuration protocol. Thus, in order to handle
changes to globally common channel $/. 032 4�610 and/or the set
- , every node in the network re-invokes the layer- � auto-
configuration protocol every , time units (see Figure 1),
where , is significantly larger than the time required for
the auto-configuration protocol to terminate. For example,
we may choose , to be equal to � � � time taken by the auto-
configuration protocol.

5 Conclusion

In this paper, we addressed the layer- � auto-configuration
problem in a CR network and presented a distributed algo-
rithm for finding a global channel set wherein nodes have
no prior knowledge of their neighborhood. Our algorithm
consists of two phases. In the first phase, every node learns
its neighborhood information and selects a preferred chan-
nel for transmission. In the second phase, nodes exchange
messages on the preferred channels to compute the global
channel set. We showed that all nodes in the network deter-
mine the global channel set in ���	�
����
 ����� timeslots for
both diameter-aware and diameter-unaware versions of the
algorithm. For reasonable network deployment scenarios,
the time taken is of the order of tens of seconds. The pro-
posed solution also provides every node the set of channels
that are common to itself and all other nodes that are 2 -
hops away. This information is particularly useful when the
global channel set is empty to facilitate a communication
infrastructure among clusters of nodes connected through
gateways. We further believe that �����
�	� 
���� � times-
lots is a fairly tight lower bound for this problem. Future
work will focus on proving lower bounds and developing
heuristics that might execute faster for various special sce-
narios.
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