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Abstract—In Cognitive Radio (CR) networks, establishing a
link between a pair of communicating nodes requires that
their radios are able to “rendezvous” on a common channel
(a.k.a. a rendezvous channel). When unlicensed (secondary)
users opportunistically share spectrum with licensed (primary
or incumbent) users, a given rendezvous channel may become
unavailable due to the appearance of licensed user signals, which
makes rendezvous impossible. Ideally, any node pair should be
able to rendezvous over every available channel to minimize the
possibility of such rendezvous failures. Channel hopping (CH)
protocols have been proposed previously for establishing pairwise
rendezvous. Some of them enable pairwise rendezvous over all
channels but require global clock synchronization, which is very
difficult to achieve in decentralized networks. In this paper,
we present a systematic approach, called asynchronous channel
hopping (ACH), for designing CH-based rendezvous protocols for
decentralized CR networks. The resulting protocols are resistant
to rendezvous failures caused by the appearance of primary user
signals and do not require clock synchronization. We propose an
optimal ACH design that maximizes the rendezvous probability
between any pair of nodes, and show its rendezvous performance
via simulation results.

I. INTRODUCTION

Link establishment in Cognitive Radio (CR) networks re-

quires two communicating nodes to “rendezvous”—i.e., find

each other on a common channel (referred to as a rendezvous

channel)—prior to initiating data communications. In the

opportunistic spectrum sharing (OSS) paradigm, unlicensed

(secondary) nodes equipped with CRs are required to refrain

from transmitting in the channels where licensed (primary)

user signals are detected. Ideally, the rendezvous points be-

tween any two secondary nodes should be spread out over all

available channels so that the risk of rendezvous failures due

to the appearance of primary user signals is minimized.

In certain types of networks, such as ad hoc networks, pre-

cise clock synchronization among nodes may not be feasible.

It is a significantly challenging problem to design an asyn-

chronous channel hopping (CH) protocol (i.e., one that does

not require clock synchronization) that enables rendezvous

between any pair of nodes within communication range.

Existing asynchronous CH protocols can be classified into two

categories, namely sequence-based CH [1], [2], [9], and ran-

dom/uncoordinated CH [6], [7]. However, the sequence-based

schemes only support a very limited number of rendezvous

channels between any two secondary nodes, and the random
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CH schemes may incur very large rendezvous latency before

two secondary nodes can successfully rendezvous.

We coin the term asynchronous rendezvous problem in the

context of decentralized CR networks to denote the following

problem: How can two channel hopping secondary nodes,

without clock synchronization, achieve pairwise rendezvous

with a guaranteed latency upperbound in the presence of

primary user signals? We pose the following two requirements

on any solution to the asynchronous rendezvous problem: (1)

enable pairwise rendezvous between any two CH sequences on

every available channel to maximize the chance of rendezvous

success; and (2) ensure that the time-to-rendezvous (TTR) is

upper bounded even if the nodes’ clocks are asynchronous.

The first requirement ensures that the rendezvous failures due

to the presence of primary user signals are minimized. The

second requirement makes it possible to upper bound the

medium access latency of secondary user nodes.

This paper presents a systematic approach for designing

asynchronous channel hopping (ACH) protocols that addresses

the asynchronous rendezvous problem. To the best of our

knowledge, there is no existing CH scheme that satisfies the

two aforementioned requirements. Moreover, we propose an

optimal ACH design that maximizes the rendezvous prob-

ability between two channel hopping nodes. Our approach

generates ACH sequences by exploiting two properties of

the array-based quorum systems: (1) the intersection property

enables the rendezvous points to be spread out over all

available channels (i.e., a pair of nodes can rendezvous on

every channel); and (2) the rotation closure property enables

the TTR between any pair of CH sequences to be upper

bounded without requiring clock synchronization. The rest of

this paper is organized as follows: we provide the system

model and formulate the problem in Section II. In Section III,

we introduce the optimal ACH system for CR networks. In

Section IV, we evaluate our proposed ACH scheme using

simulation results and conclude the paper in Section V.

II. PROBLEM STATEMENT

A. System Model

We assume an opportunistic spectrum sharing environment,

where secondary users equipped with CRs are operating over

N orthogonal frequency channels that are licensed to the

primary user. Channels are labeled as 0, 1, ..., N − 1. Each



node1 is equipped with a single half-duplex transceiver. Hence,

a node can only listen to or transmit over one channel at a time.

A packet sent over a channel can be heard by any node within

the communication range of the transmitting node.

1) Time-slotted system: We consider a time-slotted commu-

nication system, where a global system clock exists. The local

clock of each node may be synchronized to the global clock or

may differ with the global clock by a certain amount of clock

drift. A network node is assumed to be capable of hopping

between different channels according to a channel hopping

sequence and its local clock. A packet can be exchanged

between two nodes if they hop onto the same channel in the

same timeslot. We assume that one timeslot is long enough

to exchange multiple packets. If multiple nodes happen to

rendezvous in the same slot on the same channel, they can

follow a channel contention procedure (e.g., 802.11 RTS/CTS

protocol).

2) Channel hopping (CH) sequence: A CH sequence deter-

mines the order with which a node visits all available channels.

We represent a CH sequence u of period T as a set of channel

indexes: u = {u0, u1, ..., ui, ..., uT−1}, where ui ∈ [0, N − 1]
represents the channel index of sequence u in the ith timeslot

of a CH period.

Given two CH sequences of period T , u and v, if ∃ i ∈
[0, T − 1] s.t. ui = vi = h, where h ∈ [0, N − 1], we say that

u and v rendezvous in the ith timeslot on channel h. The ith

timeslot is called the rendezvous slot and channel h is called

the rendezvous channel between u and v. Given N channels,

let C(u, v) denote the number of rendezvous channels between

two CH sequences u and v, and C(u, v) ∈ [0, N ].
3) Coexistence with primary users: All secondary nodes

coexist with primary users without causing interference. A

secondary node is able to detect the primary user signals using

spectrum sensing techniques2, and thus avoids transmitting

on a channel where primary user signals are detected. The

primary user signals may appear in any channel.

4) Asynchronous channel hopping system: Given a CH

sequence u, we use rotate(u, k) to denote a cyclic rotation of

CH sequence u by k timeslots, i.e.,

rotate(u, k) = {vj |vj = u(j+k) mod T , j ∈ [0, T − 1]},

where k is a non-negative integer. For example, given u =
{0, 1, 2} and T = 3, rotate(u, 2) = {2, 0, 1}.

Using the rotation closure property, we formally define an

asynchronous channel hopping (ACH) system below.

Definition 1: An asynchronous channel hopping (ACH)

system of period T consists of CH sequences where any two

distinct CH sequences u and v satisfy the following rotation

closure property:

∀k, l ∈ [0, T − 1], C(rotate(u, k), rotate(v, l)) ≥ m,

where positive integer m is the degree of overlapping of the

ACH system.

1In this paper, we use “node” and “secondary user” interchangeably.
2The fast sensing technique prescribed in IEEE 802.22 typically employs

energy detection and performs sensing at speeds of under 1ms per channel [3].

If their CH sequences satisfy the rotation closure property, two

channel hopping nodes can rendezvous with each other on at

least m distinct rendezvous channels even if their clocks are

asynchronous. In addition to the degree of overlapping, we

introduce another metric for evaluating ACH systems.

The Minimum Rendezvous Probability (MRP) of an ACH

system is defined as the lower bound of the probability that a

pair of CH sequences from an ACH system will rendezvous

in a given timeslot. In an ACH system H with period T
and a degree of overlapping value of m, two sequences are

guaranteed to rendezvous at least m times on m distinct

rendezvous channels during a sequence period. Thus, we

define the MRP for an ACH system H as γ(H) = m
T

.

B. The Optimal ACH System Design Problem

To minimize the chance of rendezvous failure due to the

appearance of primary user signals, one needs to maximize

the number of distinct rendezvous channels. We would ideally

want an ACH system of period T to guarantee N distinct

rendezvous channels between any two CH sequences for every

T consecutive timeslots when N channels are available— i.e.,

the ACH system’s degree of overlapping is m = N . The MRP

of such a system is N
T

, and maximizing the MRP for a fixed

value of N is equivalent to minimizing the sequence period,

T . We define an optimal ACH system as a system that has a

degree of overlapping N and also the maximum possible MRP

value. To devise an optimal ACH system, one has to solve the

following problem:

Problem 1: Given an ACH system H of period T and

assuming there are N channels,

minimize T,
subject to ∀u, v ∈ H,u 6= v, ∀k, l ∈ [0, T − 1],

C(rotate(u, k), rotate(v, l)) = N.

The lower bound for T is given by the following theorem.

Theorem 1: In an ACH system H with a degree of over-

lapping value of N , the period of a CH sequence must be N2

or greater.

Proof: Suppose we have two sequences, u and v, from

an ACH system of period T . Let ku,h denote the number of

timeslots in sequence u that are assigned with the channel

index h ∈ [0, N − 1]. Then, we can express the period length

T as

T =

N−1
∑

h=0

ku,h =

N−1
∑

h=0

kv,h =

N−1
∑

h=0

(

ku,h + kv,h
2

)

. (1)

Without loss of generality, we fix u and cyclically rotate v
by l, l = 0, 1, ..., T − 1. Since C(u, rotate(v, l)) = N , for any

channel h ∈ [0, N − 1], each vi = h in v must rendezvous

with ku,h timeslots that are assigned to channel h in u as

l is incremented from 0 to T − 1. Any two timeslots with

the channel index h in v cannot rendezvous with the same

timeslot in u for the same rotation amount, l. Since there are

kv,h timeslots in v that are assigned to h, the total number of

rendezvous timeslots in v associated with channel index h, as

l is incremented from 0 to T − 1, is ku,h · kv,h.
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Fig. 1. Two quorums, p and q, each with 8 elements, in an array-based
quorum system. Both of them are constructed using a 3× 6 array. An array-
based quorum contains a column of elements (squares colored in grey) and
a span of elements (squares labeled with ‘S’). One quorum’s column must
have an intersection with a span of the other. For instance, in the figure, p’s
column intersects q’s span at the square that is located in the first row of the
third column. Similarly, p’s span intersects q’s column at the square located in
the first row of the sixth column. Note that performing cyclic rotation by one
slot to either of the array-based quorums yields a third distinct array-based
quorum (e.g., q′ = rotate(q, 1)), and the intersection property is maintained
after the cyclic rotation. Intersected squares between p and q′ are marked with
circle markings, and the intersected squares between q and q′ are marked with
square markings.

On the other hand, C(u, rotate(v, l)) = N for any amount

of cyclic rotation to v. Thus u and rotate(v, l) must ren-

dezvous in channel index h at least once. The total number

of rendezvous timeslots associated with channel index h (as l
is incremented from 0 to T − 1) is at least T . Thus, we have

ku,h · kv,h ≥ T .

Since
(

ku,h+kv,h

2

)2

≥ ku,h · kv,h, we can readily derive

ku,h + kv,h
2

≥
√
T . (2)

Combining (1) and (2), we get T =
∑N−1

h=0

(

ku,h+kv,h

2

)

≥
N
√
T . Therefore, we conclude T ≥ N2.

In the next section, we describe the optimal ACH design in

which the period of the CH sequences is O(N2).

III. THE OPTIMAL ACH DESIGN

A. Two Properties of Quorum Systems

We provide a brief description of two properties of quorum

systems [4], [5] to facilitate the readers’ understanding of our

approach for designing ACH systems.

1) Intersection property:

Definition 2: Given a finite universal set U = Zn =
{0, ..., n − 1} of n elements, a quorum system Q under U
is a collection of non-empty subsets of U , which satisfies the

following intersection property: p ∩ q 6= ∅, ∀p, q ∈ Q. Each

p ∈ Q (a subset of U ) is called a quorum. Here, Zn denotes

the set of non-negative integers less than n.

For example, Q = {{0, 1}, {1, 2}} is a quorum system

over U = {0, 1, 2}. In Q, two quorums, {0, 1} and {1, 2},

“intersect” with each other—have a common element, 1.

2) Rotation Closure Property: Here we introduce the con-

cepts of cyclic rotation and the rotation closure property in

the context of quorum systems. Note that in Section II-A4,

we extended these concepts so that they are applicable to CH

sequences.

Given a non-negative integer k and a quorum q in a quorum

system Q under the universal set U = {0, ..., n− 1}, we use

rotate(q, k) to denote a cyclic rotation to quorum q:

rotate(q, k) = {(i + k) mod n|i ∈ q} .
For example, suppose we have a quorum system Q =
{{0, 1}, {1, 2}} under U = Z3. For quorum q = {0, 1} and

k = 2, rotate(q, k) = {2, 0}. Now let us define the rotation

closure property of quorum systems.

Definition 3: A quorum system Q over U = Zn is said to

have the rotation closure property if the following holds:

∀p, q ∈ Q, ∀k ∈ [0, n− 1], rotate(p, k) ∩ q 6= ∅.
B. Relationship between Quorum Systems and ACH Systems

By utilizing the intersection property of quorum systems,

a set of CH sequences can be generated such that any pair

selected from the set is guaranteed to rendezvous when the

boundaries of the two selected CH sequences are synchro-

nized [1]. However, merely relying on the intersection property

of quorum systems is not sufficient to guarantee rendezvous

when the two CH sequences are asynchronous (i.e., the bound-

aries of the two CH sequences are misaligned).

Our research findings indicate that quorum systems that

satisfy the rotation closure property can guarantee pairwise

rendezvous between two asynchronous CH sequences. An

example is given below.

• Suppose we have a quorum system Q, under the universal

set U = Zn, that satisfies the rotation closure property.

Two quorums p, q ∈ Q must have an intersection even if

an arbitrary amount of cyclic rotation is applied to either

one of them.

• Suppose we have an ACH system that includes two CH

sequences of period T = n, i.e., u and v. Given a channel

index h ∈ [0, N − 1], we assign the channel index h to

u and v in the following way: let ui = h if i ∈ p and

let vi = h if i ∈ q, where i ∈ [0, T − 1]. It is obvious

that the rotation closure property of Q guarantees that the

two CH sequences rendezvous on channel h even if an

arbitrary amount of cyclic rotation is applied to either of

the CH sequences.

The array-based quorum system has the rotation closure

property [4], and this category of quorum systems can be

constructed using an r × l array, A[·][·]. The universal set U
is {0, ..., r · l−1}, and there is a one-to-one mapping between

the array element A[i][j] and the element (i · l + j) in the

universal set, where i ∈ [0, r−1], j ∈ [0, l−1]. We propose the

following array-based quorum system: a quorum is constructed

by picking a full column of elements, plus l elements, each

one located in a different column of the array. We call the full

column of elements as the column of the quorum and the other

l elements as the span of the quorum. Note that the column

and the span of the same quorum have a common element.

An example of the array-based quorum system is illustrated

in Figure 1. In the example, given two quorums, p and q, p’s

column must intersect with q’s span, even if a “cyclic rotation”

is applied to either p or q. From this example, we can see that

the array-based quorum system satisfies the rotation closure
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Fig. 2. An optimal ACH system when N = 3. The sender’s clock is ahead of the receiver’s clock by (2+ δ) timeslots where δ ≤ 1/2. The sequence arrays
of the sender and the receiver that generated the respective CH sequences are also shown. It can be easily seen that the two CH sequences have N distinct
rendezvous channels despite the clock drift and that the overlap duration on each rendezvous channel is (1 − δ).

property. The cyclic rotation of q generates another quorum,

q′, of the same type.

C. Constructing the Optimal ACH Design

In our approach, a sender and a receiver use two different

approaches to generate their respective CH sequences. The

sender (or the receiver) generates an array-based quorum

system using an N × N array and assigns channel index

values to quorums’ columns (or spans). The procedure for

constructing the sequences is described below.
The sender constructs an N ×N array, S[·][·], which stores

the channel index values assigned to columns’ elements.

1) The sender randomly assigns N channel indexes to the

N columns of S[·][·] such that each channel index is

assigned to exact one column. All array elements in the

same column are assigned the same channel index.

2) Let hj denote the channel index assigned to the j-th

column, where j ∈ [0, N − 1]. The sender derives every

channel index of its CH sequence in the following way:

ui·N+j = hj , where i, j ∈ [0, N − 1].

The receiver constructs an N ×N array, R[·][·], which stores

the channel index values assigned to spans’ elements. On basis

of R[·][·], an array-based quorum system can be constructed,

from which the receiver chooses N quorums that have N
disjoint spans. Let sk denote the span that contains the array

element R[k][0] where k ∈ [0, N − 1].

1) The receiver randomly assigns N channel indexes to

the N spans such that each channel index is assigned to

exact one span, and all array elements belonging to the

same span are assigned the same channel index.

2) Let h′

k denote the channel index assigned to the span

sk. The receiver derives every channel index of its CH

sequence in the following way: vi·N+j = h′

k if R[i][j] ∈
sk where i, j ∈ [0, N − 1].

Using above methods, the sender and the receiver can assign

one of the channel indexes to each of the timeslots of their CH

sequences. We refer to S[N ][N ] and R[N ][N ] with their array

elements fully assigned as the sequence array of the sender

and the sequence array of the receiver, respectively. Figure 2

illustrates an example ACH system built using a 3 × 3 array

when N = 3.

Proposition 1: The sender and receiver sequences gener-

ated using above methods form an ACH system of period N2

that has a degree of overlapping of N and satisfies the rotation

closure property.

Proof: For the sake of our discussions, suppose the

length of a timeslot is 1. As previously mentioned, the sender

sequence u and receiver sequence v are generated using two

N × N arrays. Without loss of generality, let us suppose

the sender’s clock is i slots ahead of the receiver’s clock,

where i ∈ [0, T − 1] is an arbitrary integer. With respect

to the receiver’s clock, sender’s sequence u is equivalent to

rotate(u, i), and the operation rotate(u, i) yields a new CH

sequence u∗. In the sequence array of u∗, all the elements

in each column are assigned the same channel index, and

thus N columns contain N channel indexes. If the sequence

array of u∗ and the sequence array of the receiver (see the

example in Figure 2) are superimposed on top of one another,

every column of the former overlaps with one of the spans of

the latter. One can readily observe that there are N overlaps

of N distinct channel indexes. An overlap occurs when the

same channel index appears in the same position (i.e., same

row and column positions) in the two arrays. Thus, u∗ and

v have N distinct rendezvous channels within a sequence

period T = N2. Since i ∈ [0, T − 1] is an arbitrary

integer, ∀k, l ∈ [0, T − 1], C(rotate(u, k), rotate(v, l)) = N .

According to Definition 1, H = {u, v} has a degree of

overlapping N and satisfies the rotation closure property.

The two CH sequences in the optimal design have N distinct

rendezvous channels and the sequence period is N2 timeslots.

Thus, the optimal ACH design has an MRP value of 1/N ,

and the average TTR of this optimal design is O(N). As long

as at least one channel is free of primary user signals and is

available for the sender and the receiver, the TTR is bounded

by N2. Since a sender sequence and a receiver sequence

satisfy the rotation closure property, they can be used by a

pair of sender and receiver nodes to solve the asynchronous

rendezvous problem in the context of opportunistic spectrum

sharing. Note that the ability to rendezvous in N distinct

channels is very important—it minimizes the likelihood of

rendezvous failure due to appearance of primary user signals.

IV. PERFORMANCE EVALUATION

A. Simulation Setup

In this section, we compare the rendezvous performance

of four asynchronous CH schemes via simulation results:

random channel hopping (RCH) [7], sequence-based ren-

dezvous (SR) [2], asynchronous quorum-based channel hop-

ping (AQCH) [1], and the optimal ACH. We simulate ten pairs

of secondary nodes using ns-2 [8] in a 1000m×1000m square
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area. Every secondary node has a single half-duplex radio,

and the transmission range of every secondary radio is 250m.

In the simulations, the radios of all the secondary users and

the primary users can access 11 channels (i.e., the number of

channels available to the CR network is N = 11). The duration

of a timeslot is 10ms. Each secondary node independently

generates its CH sequence using the agreed CH scheme and

performs channel hopping in accordance with the sequence.

Once two nodes rendezvous on a channel, the link between

them is established. Ten independent simulation runs were

conducted for each simulation result. We simulated X primary

transmitters operating on X channels that are randomly chosen

in each simulation run. All of the secondary nodes are within

the transmission range of any primary transmitter. A channel

is considered “unavailable” when primary user signals are

present in it. All secondary nodes should refrain from trans-

mitting in unavailable channels during the period of primary

user transmission. The simulations were performed under the

assumption that the nodes’ clocks are not synchronized. In

each simulation run, each node determines its clock time

independently of other nodes. Thus, there is a random clock

drift between any two nodes.

Proportion of rendezvous pairs. We use the term ren-

dezvous pair to denote a pair of nodes that are able to

rendezvous successfully. We also define the term proportion

of rendezvous pairs as the ratio between the number of

rendezvous pairs and the total number of node pairs that

attempt rendezvous expressed as a percentage. We measured

the proportion of rendezvous pairs while varying the number of

primary transmitters, and the results are shown in Figure 3. As

expected, SR and AQCH showed inferior performance com-

pared to the other two schemes due to the fact that they have

small degree-of-overlapping values. In contrast, the optimal

ACH scheme guarantees the maximum possible value for the

degree of overlapping, viz N , which explains its maximized

robustness against the aforementioned vulnerability.

Average TTR. To show the advantage of optimal ACH

over RCH, we compare the two schemes using average TTR.

Although RCH has a high proportion of rendezvous pairs (see

Figure 3), it requires a significantly greater TTR, compared to

optimal ACH, to establish rendezvous, as shown in Figure 4.

Rendezvous rate. We define the rendezvous rate as the

number of successful rendezvous per slot. The rendezvous

rate is another measure for quantifying a CH scheme’s ability

to establish rendezvous in the presence of PU signals. The

measured rendezvous rates for the four CH schemes are given

in Figure 5, which shows that the optimal ACH scheme has

the highest rendezvous rate among the four CH schemes.

V. CONCLUSION

In this paper, we have presented a systematic approach for

designing channel hopping (CH) protocols for CR networks

that enable rendezvous between any two nodes even if their

clocks are asynchronous. Our approach is novel in that it

considers degree of overlapping, clock synchronization and

channel access latency issues in the design of asynchronous

CH schemes. An asynchronous CH scheme for CR networks

needs to satisfy the following important requirements: (1)

enable pairwise rendezvous between any pair of CH sequences

(one used by the sender and other used by the receiver)

on every available channel; and (2) ensure that any pair of

CH sequences achieve rendezvous with an upper bounded

time-to-rendezvous (TTR). The proposed asynchronous CH

scheme uses array-based quorum systems to generate the CH

sequences, and those sequences satisfy the two requirements

mentioned above. In addition, the proposed CH scheme max-

imizes the rendezvous probability between any pair of CH

sequences.
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