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Abstract—Rendezvous is a fundamental operation in cognitive
radio networks (CRNs) for establishing a communication link on
a commonly-available channel between cognitive users. The
existing works on rendezvous implicitly assume that each
cognitive user is equipped with one radio (i.e., one wireless
transceiver). As the cost of wireless transceivers is dropping, this
feature can be exploited to significantly improve the rendezvous
performance at low cost. In this study, we investigate the
rendezvous problem in CRNs where cognitive users are equipped
with multiple radios and different users may have different
number of radios. We first study how the existing rendezvous
algorithms can be generalized to use multiple radios for faster
rendezvous. We then propose a new rendezvous algorithm, called
role-based parallel sequence (RPS), which specifically exploits
multiple radios for more efficient rendezvous. Our basic idea is to
let the cognitive users stay in a specific channel in one dedicated
radio and hop on the available channels with parallel sequences
in the remaining general radios. We prove that our algorithm
provides guaranteed rendezvous and derive the maximum time-
to-rendezvous (TTR) and upper-bounds on the expected TTR.
Extensive experiments are conducted to evaluate the proposed
solutions.

Keywords — wireless networks; cognitive radio networks;
rendezvous.

L INTRODUCTION

With the traditional static spectrum management, a majority
of the licensed spectrum is underutilized in most of time while
the unlicensed spectrum is over-crowded due to the growing
demand for wireless radio spectrum from exponential growth
of various wireless devices [1]. Dynamic Spectrum Access
(DSA) is a new technology which exploits the wireless
spectrum in a more intelligent and flexible way. Cognitive
radios, devices which can sense the spectrum for idle channels
and further access them by adaptively adjusting the
transmission parameters, have been envisioned as a promising
enabler for DSA. With cognitive radios, the unlicensed users
(or cognitive users, or secondary users (SUs)) can
opportunistically identify and access the vacant portions of the
spectrum of the licensed users (or primary users, PUs).

In cognitive radio networks (CRNs), SUs are even not
aware of the presence of each other beforehand. The process of
two or more radios of SUs to meet and establish a link on a
commonly-available channel is referred to as “rendezvous” [1].
Rendezvous is a fundamental and essential operation for
establishing communication links of SUs. Channel-hopping
(CH) is one of the most representative techniques for

rendezvous. With CH technique, each user of a CRN selects a
set of available channels and hops among these channels for
rendezvous with its potential neighbors. If all users have the
same available channels, we call it symmetric model. We call it
asymmetric model otherwise, i.e., different users might have
different available channels. Basically, the existing CH
algorithms can be classified into two categories based on their
structures: i) centralized systems, and ii) decentralized systems.
The decentralized systems can be further classified into two
subcategories depending on whether employing the common
control channel (CCC) or not. Because of space limitation, we
refer the readers to [2] for a survey and taxonomy of the
existing rendezvous algorithms.

To the best of our knowledge, all the existing rendezvous
algorithms [2-15] implicitly assume that each user is equipped
with one radio (i.e., one wireless transceiver). As the cost of
wireless transceivers is dropping, this feature can be exploited
to significantly improve the rendezvous performance at low
cost. In particular, when a SU is equipped with multiple radios,
the time-to-rendezvous (TTR, i.e., the time required by the
rendezvous operation) can potentially be reduced by a large
amount while the additional cost (i.e., cost of the extra radios)
is low.

In this paper, we study the rendezvous problem in CRNs
where each SU is equipped with multiple radios and different
SUs may have different number of radios. We make three
contributions.

i) We investigate a new approach (i.e., exploiting
multiple radios per user) to significantly improve the
rendezvous performance at low cost.

ii) We generalize the random algorithm and the existing
rendezvous algorithms in order to use multiple radios
for faster rendezvous.

iii) We propose a new rendezvous algorithm, called role-
based parallel sequence (RPS), which specifically
exploits multiple radios for more efficient rendezvous.
We derive the maximum TTR (MTTR) and upper
bounds on the expected TTR (E(TTR)) of this
algorithm. We conduct extensive simulation to
demonstrate that its MTTR and E(TTR) decrease
significantly with the number of radios.

Table I summarizes the differences between the proposed
algorithm and the existing rendezvous algorithms.



TABLE 1. COMPARISON OF OUR ALGORITHM AND THE EXISTING
RENDEZVOUS ALGORITHMS UNDER THE SYMMETRIC MODEL

RPS Existing Algorithms

Applicable to
CRNs with yes no
multiple radios
Applicable to

heterogeneous yes no
CRNs
P
MTTR [2 X [7] — 1] >3P
max{m,n}
[ P
_ 5P —
max{m,n}P 1 |l = + 2P+
E(TTR) ([7] - 1) 1 1
max{m,n} —1 14+ x
+ P 3Qm+7l.—1

P
min{m,n} —1
Remarks: i) m, n are the numbers of radios of two users; Q is the number of channels; P is the smallest
prime number which is not smaller than Q. ii) In the existing algorithms, we select the Jump-Stay
algorithm for comparison since it is shown to have the best overall performance [2]. MTTR and E(TTR)
of the existing algorithms are derived by independently applying the Jump-Stay algorithm in each of the
radios. iii) In a heterogeneous CRN, different SUs may be equipped with different numbers of radios.

I. FORMULATION

We consider a CRN consisting of K (K>2) users. We
assume that the network is time-slotted and all timeslots are
with the same and fixed length. The licensed spectrum is
divided into Q (Q>1) non-overlapping channels C =
{c1, ¢z, .0, Co}, Where ¢; denotes the i-th channel and usually is
called channel i for convenience. We assume that all users in
the networks know indices of channels. Let C; € C denote the
set of available channels of user i (=1, 2, -, K), where a
channel is said to be available to a user if the user can
communicate on the channel without causing interference to
any PUs. C;can be identified by a spectrum sensing method
(e.g., [8]) before the rendezvous process. Without loss of
generality, we consider the rendezvous of a pair of users, say
user i and user j, i# and i, j=1, 2, -, K. User i is equipped
with m (m > 1) radios and user j is equipped withn (n > 1)
radios. Note that m may not be equal to n in heterogeneous
CRNs. Let G denote the number of commonly-available
channels of user i and user j. The CH sequence of user i is
denoted by {S{, 3, 5%, } s where
St = {551,552,553,---,557,1} represents that user i hops on
channels {S};, S, Sk, -+, St} (SE.€C;) on m radios in timeslot £.
In Figure 1, we assume that user 7 is equipped with 3 radios and
user j is equipped with 2 radios. It gives a view of the
sequences of users i and user j. R; represents the i-th radio of
user.

vector

We consider the following two models [2-3, 8-10].

i)  Symmetric model. All users have the same available
channels. In other words, C; = C;.

ii) Asymmetric model. The available channels of user i
are different with user j. But, there is at least one
commonly available channel for them. That is,
Ci * C]andG #* 0.
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Figure 1. Structure of sequence when users have multiple radios

We assume that time-synchronization is not available in the
networks. In each timeslot, user i hops on m channels and user j
hops on n channels to attempt rendezvous. We say that a
rendezvous is achieved if user i and user j hop on a same
channel in any of the radios in the same timeslot. Since time-
synchronization is not available, “the same timeslot” of CH
sequences means that the overlap of two timeslots is sufficient
to complete all necessary steps for rendezvous. In this sense,
we can assume the CH sequences of all users are slot-aligned
even without time-synchronization [2]. We define the
rendezvous problem as follows.

Rendezvous problem: Given a multi-hop CRN consisting of
K (K>2) users, C; denotes the set of available channels of user i.
The problem is to design a rendezvous algorithm to generate
the CH sequence on the multiple radios of the users, such that
any pair of users are guaranteed to hop on a commonly-
available channel in one of the radios in the same timeslot,
regardless of different time when the users start their CH
sequences.

III. SOLUTIONS

We generalize the random algorithm and the existing
algorithms to use multiple radios for faster rendezvous in
sections III.A and IIL.B respectively. In section III.C, we design
a new rendezvous algorithm which specifically exploits
multiple radios for more efficient rendezvous.

A. Generalized Random Algorithm

When there is a single radio, the random algorithm
randomly selects an available channel in each time slot and
attempts to achieve rendezvous on this channel in this slot.
When there are multiple radios, this random algorithm can be
generalized as follows: each radio randomly and
independently selects an available channel in each time slot
and attempts to achieve rendezvous on this channel in this slot.
When two or more radios happen to select the same channel,
these radios will randomly select again until they select
different channels. The following theorem gives the
performance properties of the generalized random algorithm.

Theorem 1. The E(TTR) of the generalized random

m+n

rendezvous algorithm is equal to under the

P
symmetric model. Its MTTR is equal to infinity.
Proof: The proof'is given in [16].



B. Generalized Existing Rendezvous Algorithms

In the literature, several rendezvous algorithms have been
proposed for CRNs with one radio per user. We consider two
strategies to generalize these algorithms to use multiple radios:

a. Independent Sequence: Apply an existing algorithm in
each radio which generates CH sequence independently.

b. Parallel Sequence: Apply an existing algorithm to
generate a CH sequence. The CH sequence is in parallel
performed in all radios.

We first consider the Independent Sequence strategy. With
the Independent Sequence, each radio of a user is treated as a
virtual user which independently attempts rendezvous by
performing existing algorithm A. This strategy is formally
presented as follows.

Independent Sequence

1: Input: Q, m, A, C; //existing algorithm A and user i
2: 1=1; S} = {8k, Sk, Sy, oo, St
3: Sy k € (1, m)//the k-th sequence generated by A
4: while (not rendezvous)
for k— 1tom

Stre= Saus;
end
=t+1;
Attempt rendezvous on ?};
:end

Y X33

1

In line 3, since the user has m radios, it generates m
independent CH sequences by algorithm A. In line 6, the k-th
sequence is performed in the k¢4 radio. Let MTTR pdenote the
MTTR of 4 in CRNs with single radio. The following theorem
states that applying existing algorithm 4 in multiple radios
independently does not decrease the MTTR, compared with
MTTR,. That is, advantage of multiple radios is not properly
utilized in this strategy.

Theorem 2. If two users perform existing algorithm 4 in
multiple radios with Independent Sequence, the maximum
time-to-rendezvous (MTTR) is equal to MTTR,.

Proof: The proof'is given in [16].

Among the existing rendezvous algorithms, the Jump-Stay
algorithm performs well [2]. We apply it to multiple radios.

Corollary 1. Under the symmetric model, any two users
performing Jump-Stay in multiple radios with Independent
Sequences achieve rendezvous in at most 3P timeslots which

is an upper-bound of MTTR. E(TTR) is not greater than
51)3—_4 +———x 2P+1+ %), where P is the smallest prime

number which is not smaller than Q.

3Qm+n—1

Proof: The proof'is given in [16].

We now consider the Parallel Sequence strategy. Each user
applies an existing algorithm to generate a CH sequence.
Then, this CH sequence is in parallel performed in all radios
of the user. For instance, algorithm A4 generates CH sequence
{81, 82, 83, 84, *}. Suppose that a user is equipped with three

radios. In the first timeslot, the three radios hop on sy, s, and
s3, respectively. In the second timeslot, the three radios hop on
84, 85 and s, respectively, and so on. The strategy of Parallel
Sequence is formally presented as the following, where user i
is equipped with m radios.

Parallel Sequence

:Input: Q, m, A, C; //existing algorithm A and user i
=15 St = (St St Sty s St}
: Sy; //the sequence generated by A
: while (not rendezvous)
for k—1tom

Stlk= SA((t-l)xn1+k);
end
=t+1;
Attempt rendezvous on S¢;
:end

N AR A S e
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Line 3 reveals one key point. That is, each user has only one
sequence which is generated by 4. In line 6, m channels in S,
will be copied to m radios in each timeslot.

Theorem 3. Suppose that all users are equipped with m radios.
Under the symmetric and the asymmetric models, any two
users performing existing algorithm A4 in multiple radios with

. . MTTR
Parallel Sequence achieve rendezvous in at most [TA]
timeslots.

Proof: The proof'is given in [15].

Corollary 2. Suppose that all users are equipped with m radios.
Under the symmetric model, any two users performing Jump-
Stay in multiple radios with Parallel Sequences achieve

. 3P] .. .
rendezvous in at most [;] timeslots. E(TTR) is not greater

than (S?P + 13—1 + %) /m, where P is the smallest prime number
which is not smaller than Q.
Proof: The proof'is given in [16].

C. New Algorithm

The analysis in Section B reveals that the Parallel
Sequence strategy can better exploit multiple radios to achieve
smaller MTTR. Hence we adopt this strategy in our algorithm.
Our basic idea is to assign multiple radios with two roles:
general radio and dedicated radio. There is only one
dedicated radio and the remaining radios are general radios.
Users hop on available channels in the general radios while
stay on a specific channel in the dedicated radio. The
rendezvous is expected to be achieved between the general
radios of one user and the dedicated radio of the other.
Suppose that a user is equiped with m radios. Our algorithm,
Role-based Parallel Sequence (RPS), is described as follows.

i). All radios are divided into two groups, (m—1) general
radios and one dedicated radio.

ii). A starting index i is randomly selected from [1, P—1]. A
step-length r is randomly selected from [1, P—1]. P is the
smallest prime number which is not smaller than Q.

iii). The (m—1) general radios in parallel hop on P channels
with step-length 7 in the round-robin fashion.



iv). The dedicated radio stays on one channel for [#]

timeslots and switches to next channel for the same
duration. The stay channel is taken from [1, O] in the
round-robin fashion.

v). If the channel is not available to the user, a random
available channel will be selected to replace it.

The algorithm is formally presented as follows.

RPS Algorithm
1: Input: O, m, C;
2:t=1; St = {S}1, SE, Sty o, Shn} 5
3: P=the smallest prime number not smaller than Q;
4: i=RandomSelect(1,P); = RandomSelect(1,0Q);
5: while (not rendezvous)
6: for k«— 1to(m-1)
7 Sk =(H((t-1)x(m-1)+k-1)xr-1)%P+1;
8

if S5, >0Q
9: St = Stk %Q;
10: if SheC
11: Si.=RandomSelect(C));
12: end
13: sé,,;([%] - 1) %Q +1;
i [ /m—l]
14: if S, eC;
15: St,=RandomSelect(C;);
16: =t+1;
17:  Attempt rendezvous on 57;

18: end

In line 4, starting index i and step-length » are preselected
randomly. In lines 6-9, the (m—1) general radios will hop on
continuous (m—1) channels with i and ». In line 13, the
dedicated radio will switch to the next channel after [ﬁ]

timeslots. It can guarantee a rendezvous under the asymmetric
model. Lines 10-11 and 14-15 ensure that the channels are
available to the user.

Theorem 4. Under the symmetric model, let m and n denote
the number of radios of two users, respectively Ifm+#n,

MTTR of RPS is not greater than (2 X [ ) and
E(TTR) of RPS 1is not

ax{m, n}]
greater than e ——

P 2

%; if m=n, MTTR of RPS is not greater than
min{m,n}-1
m ) and E(TTR) of RPS is not greater than
P

i)
Proof. We assume that user i is equipped with m radios while
user j is equipped with n radios. Figure 2 lists the four
subcases of rendezvous under symmetric model. Figures 2(a),
2(b), and 2(c) happen when m # n. Since the results depend on

which user starts hopping first, we assume m<un, i.e., [ﬁ] >

[ﬁ] Figure 2(d) happens when m = n. A remarkable

distinguishment between them is whether the length of each
round of the two users is same.

rendezvous [ £ ‘ [LJ rendezvous
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Figure 2. Four cases of RPS under the symmetric model

Case 1: Figure 2(a). I” > [ﬁ] implies that there is a

permutation of all channels before the dedicated radio of user
i transfer to next channel. The rendezvous is achieved between
general radios of user j and dedicated radio of user i during

the first [ﬁ] timeslots. Thatis, TTR < [ﬁ]

Case 2: Figure 2(b). In this subcase, | < [ﬁ] implies that

there is no enough timeslots for user j to have permutation of
all channels before the dedicated radio of user i transfer to
next channel. The rendezvous can only be guaranteed between
general radios of user i and dedicated radio of user j during

the first 2 [-2-| - 1 timeslots. That is, TTR < 2 [-2-| - 1.
n-1 n-1
Case 3: Figure 2(c). User j starts firstly. User j has a
permutation of all channels in any continuous [ﬁ] timeslots.
When user i starts, it will stay on one channel for [L]
timeslots. [—] [ ] So, a rendezvous is guaranteed
before [i] timeslots.
n-1

Case 4: Figure 2(d). m=n. the rendezvous is achieved before
the first [L](or [L]) timeslots.
m-1 n-1

When m # n, in the above analysis, [ﬁ]is replaced by

[m] and [ﬁ] by [m] According to analysis

of these cases, we prove that MTTR is(Z X [maxfm ot 1).

Combining with the occurrence probabilities we derive an
upper-bound of E(TTR) under the symmetric model.

[ P 11T P J+1
Imin{fm,n}-11" Imax{mn}-1l" P

X
max{m,n}-1

,
1 Fromei
E(TTR) <2 X ] -1

] [l

(2 x [maxf{’m,n}] - 1) +%

There is only one case when m = n. The MTTR and the
upper-bound of E(TTR) are both [—] or [ (]

n-1

()

Xt

[max{::,n}—l] s [max{m,n}— 1]



Theorem 5. Under the asymmetric model, let m and n denote
the number of radios of two users, respectively. If m # n,

MTTR of RPS is not greater than (2 x [max’{’m n}] —1)+

P .
[min{m’n} X (Q — G) and E(TTRZ) of RPS is not greater
([asmmr=l-2) , g
than [max{m,n}—1] ZX[m] + [min{m,n}] x(Q—G); if

m=n, MTTR of RPS is not greater than ([ﬁ] X(Q—-G+
1)) and E(TTR) of RPS is not greater than ([L] X (Q —

m—1
G+1)

Proof. Due to the limited space, we list case 1 and 2 under the
asymmetric model. The assumption is same with the
symmetric model.
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Figure 3. two cases of RPS under the asymmetric model

Under the asymmetric model, since the available channel
sets of two users are different from each other, the users may
achieve many potential rendezvous (rendezvous 1 to (0—G) in
Figure 3). In Figure 3(a), user j has a permutation of all

channels before [ﬁ] and the dedicated radio of user i stays
on one channel during this period. There is a potential
rendezvous before [ﬁ], this channel may be not a commonly
available channel to all users. The next potential rendezvous
can be guaranteed in the next round of user i ([ﬁ] to

2% [ﬁ] in Figure 3) because only after these timeslots the

dedicated radio of user i will transfer to the next channel. We
can say, under asymmetric model, we expect a rendezvous
between the dedicated radio of the user with less radios (user i)
and the general radios of the user with more radios (user j).
The worst case is repeating the rendezvous under symmetric
model for (Q — G) times. Above all, the new MTTR should be

equal or smaller than [Wl X (@ — G). We assume the

probability of event that a commonly available channel
appears on the 1sz to (Q — G)-th potential rendezvous is equal.

The upper-bound of E(TTR) when m # n extend for
P

e —— X (Q — G) in all cases. In this way,

[
E(TTR) < |max{m,n} — 1

]J[W]_l) [ P

P * [mingmny -1
Zx [min{m, n}— 1] mintm.n}

And similarly, the MTTR and the upper-bound of E(TTR)
when m=n is ([ﬁ] X (Q -G+ 1)). .

|x@-o

IV. SIMULATION

In simulation, TTR is counted as the number of timeslots
that it takes for the two users to achieve rendezvous. For the
Independent Sequences and the Parallel Sequences, the Jump-
Stay algorithm [3] is applied. Under the symmetric model, all
channels are available to all users. Under the asymmetric
model, we introduce a parameter € (0<6<I) and randomly
select channels from the channel set, such that the average size
of commonly-available channels is equal to 0. We let 6=0.5
and equally assign the rest channels to the two users (i.e., each

user has (%)Q channels and each pair users have 60

commonly-available channels). For each set of parameter
values, we perform 1,000,000 independent runs under the
symmetric model and 10,000,000 independent runs under the
asymmetric model and then compute E(TTR) and MTTR
accordingly.

We first study the merit of multiple radios over single
radio. We adopt Jump-Stay [3] in the single-radio scenario and
the generalized Jump-Stay algorithm (parallel Jump-Stay
described in Section III.B) in the multi-radio scenario. Figure
4 shows the results for the symmetric model. It can be seen
that using multiple radios can significantly reduce both E(TTR)
and MTTR. For example, when there are 20 available
channels and the number of radios is increased from 1 to 2,
E(TTR) is decreased from 12.944 to 5.426 while MTTR is
decreased from 65 to 35. For the asymmetric model, Figure 5
shows that multiple radios can give larger performance
improvement. For example, when there are 20 available
channels and the number of radios is increased from 1 to 2,
E(TTR) is decreased from 19.463 to 6.898 while MTTR is
decreased from 206 to 48.
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Figure 4. Performance of multi-radio and single-radio under the
symmetric model

We now study the performance of the proposed
rendezvous algorithm and the generalized versions of the
existing algorithms. We let m=3 and n=4. Figure 6 and 7 show
the results for the symmetric and asymmetric models
respectively. We see that the proposed algorithm gives the



best performance in terms of both E(TTR) and MTTR. For
example, for 20 available channels under the symmetric model,
the proposed algorithm gives an E(TTR) of 1.933 and a
MTTR of 14, while the generalized version of the best existing
algorithm (parallel Jump-Stay) gives an E(TTR) of 2.388 and
a MTTR of 39. These results show that the proposed algorithm
can better exploit the availability of multiple radios for more
efficient rendezvous.
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Figure 5. Performance of multi-radio and single-radio under the
asymmetric model
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Figure 7. Performance of the proposed rendezvous algorithm and the
existing rendezvous algorithms (generalized to multi-radio) under
the asymmetric model

V. CONCLUSIONS

We studied a new approach to rendezvous in cognitive
radio networks. In this approach, each user is equipped with
multiple radios (wireless transceivers) so that the rendezvous
performance could be significantly improved at low cost.
Under this approach, we designed a rendezvous algorithm
which specifically exploits multiple radios for efficient

rendezvous. We derived the maximum TTR (MTTR) and the
upper bounds on the expected TTR (E(TTR)) of this algorithm,
and demonstrated via extensive simulation that its MTTR and
E(TTR) could be significantly reduced. Therefore, the
proposed approach and the proposed rendezvous algorithm
could cost-effectively improve the rendezvous performance.
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