A Fast Multi-Radio Rendezvous Algorithm in
Heterogeneous Cognitive Radio Networks

Cheng-Shang Chang
Institute of Communications Engineering
National Tsing Hua University
Hsinchu 30013, Taiwan, R.O.C.
cschang @ee.nthu.edu.tw

Abstract—In this paper, we propose a fast rendezvous algo-
rithm for a heterogeneous cognitive radio network (CRN), where
each user might have more than one radio. One of the well-
known problems for most multi-radio rendezvous algorithms
in the literature is that they are not backward compatible to
users with only one radio. To tackle this backward compatibility
problem, our approach is a hierarchical construction that groups
several time slots into an interval and proposes a novel algorithm
to emulate two radios with a single radio in an interval. By doing
so, at the interval level, each user behaves as if it had (at least)
two radios. For the two-user rendezvous problem in a CRN with
N commonly labelled channels, the interval length is chosen to
be 2M time slots, where M = 2[log,([log, N1)] + 10. We show
that the maximum time-to-rendezvous (MTTR) of our algorithm
is bounded above by 18M[n;/mi] - [nz/m2] time slots, where
n1 (resp. n2) is the number of available channels to user 1 (resp.
2), and m; (resp. mz2) is the number of radios for user 1 (resp. 2).
For the setting that each user is equipped with only one radio
and two available channels, our MTTR bound is only M and
that improves the state-of-the-art bound 16([log,log, N] + 1)
in the literature. By conducting extensive simulations, we show
that the expected time-to-rendezvous (ETTR) of our algorithm is
also better than the two commonly used multi-radio algorithms,
JS/Independent and JS/Parallel, in most parameter settings.
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I. THE MULTICHANNEL RENDEZVOUS PROBLEM

Rendezvous search that asks two persons to find each other
among a set of possible locations is perhaps one of the most
common problems in our daily life. Such a problem has been
studied extensively in the literature (see e.g., the book [1] and
references therein). Motivated by the problem of establishing
a control channel between two secondary spectrum users
in a cognitive radio network (CRN), the rendezvous search
problem has regained tremendous research interest lately. In
a CRN, there are two types of users: primary spectrum users
(PUs) and secondary spectrum users (SUs). PUs usually have
the licence to use the spectrum assigned to them. On the
other hand, SUs are only allowed to share spectrum with PUs
provided that they do not cause any severe interference to
the PUs. To do this, SUs first sense a number of frequency
channels. If a channel is not blocked by a PU, then that channel
is available to that SU and it may be used for establishing a
communication link. One of the fundamental problems in a
CRN is then for two SUs to find a common available channel
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and such a problem is known as the multichannel rendezvous
problem.

The objective of this paper is to provide a fast rendezvous
algorithm for the multichannel rendezvous problem with mul-
tiple radios. In the traditional setting of the multichannel
rendezvous problem, the number of radio for a user is assumed
to be 1. It is a common wisdom that increasing the number of
radios for each user can speed up the rendezvous process. For
this, let us consider a CRN with N channels (with N > 2),
indexed from 0 to N — 1. Time is slotted (the discrete-time
setting) and indexed from ¢ = 0,1, 2, .... There are two users
who would like to rendezvous on a common available channel
by hopping over these N channels with respect to time. The
available channel set for user 7, i = 1,2, is

Cc;, = {CZ‘(O),CZ‘(I), . .,ci(ni — 1)}7

where n; = |¢;| is the number of available channels to user i,
¢ = 1,2. We assume that there is at least one channel that is
commonly available to the two users, i.e.,

c1Ncy # ¢. (1)

Moreover, we assume that user ¢ has m; radios, where m; > 1,
i =1 and 2. Denote by X7 (t) (resp. X2(t)) the set of channels
selected by user 1 (resp. user 2) on its m; radios at time ¢. Then
the time-to-rendezvous (TTR), denoted by 7', is the number
of time slots (steps) needed for these two users to select a
common available channel, i.e.,

T =inf{t >0: X1(t) N Xo(t) £ ¢} + 1, )

where we add 1 in (2) as we start from ¢ = 0.

In this paper, we do not assume that the clocks of these
two users are synchronized. In order to guarantee rendezvous
within a finite number of time slots, we will construct periodic
Channel Hopping (CH) sequences based on the available
channel set to a user. For the setting that each user has two
radios, the rendezvous search is rather simple as shown in
[2]. In that setting, user ¢ can select two different primes p; o
and p; 1 (with p; o < p; 1) not smaller than n,, and run the
modular clock algorithm in [3] with p; o (resp. p; 1) for the
first (resp. second) radio of user ¢, ¢ = 1 and 2. Since there
is at least one prime selected by user 1 that is different from
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one of the two primes selected by user 2, it follows from
the Chinese Remainder Theorem that these two users will
rendezvous within pq; - po,; time slots. Let us simply call
such an algorithm the two-prime modular clock algorithm.

But the problem arises when each user only has a single
radio in the traditional setting. Then the Chinese Remainder
Theorem may not be applicable as they may select the
same prime. Such a problem also arises in many multi-radio
schemes, e.g. GCR [2] , RPS [4], AMRR [5], MSS [6], pro-
posed in the literature. To address the backward compatibility
problem that some users in a CRN might only have a single
radio, our idea is to emulate each radio of a user as it were
two radios. Specifically, we will construct CH sequences that
group several slots into an interval and within an interval each
radio selects two channels according to the two-prime modular
clock algorithm. When a user has more than one radio, we
simply divide its available channels as evenly as possible to
its radio(s). By doing so, the number of channels assigned to
each radio is much smaller and thus the primes selected by
each radio are also smaller. As a result, the maximum TTR
(MTTR) can be greatly reduced.

We summarize our contributions as follows:
(1) For the two-user rendezvous problem in a CRN with N
commonly labelled channels, we propose a fast rendezvous
algorithm with the MTTR bounded above by 18M [ny/m4] -
[no/ms] time slots, where M = 2[log,([logy NT)] + 10.
(1) Our algorithm is backward compatible with users equipped
with a single radio. For the setting that each user is equipped
with only one radio and two available channels, our MTTR
bound is only M and that improves the state-of-the-art bound
16([logy logy N + 1) in [7].
(iii) By conducting extensive simulations, we show that the
expected time-to-rendezvous (ETTR) of our algorithm is also
better than the two commonly used multi-radio algorithms,
JS/Independent and JS/Parallel [4], [8], in most parameter
settings.

II. THE CH SEQUENCES

A. Complete symmetrization mapping

As mentioned in the Introduction section, the idea is to
emulate each radio of a user as it were two radios in an
interval. In the setting with two radios, suppose user 1 selects
two channels a; and ao and user 2 selects two channels by
and by in a time slot. To emulate that with a single radio,
one needs the following four combinations (a1,b1), (a1,b2),
(az2,b1) and (az, by) to occur in an interval. As such, the length
of an interval is at least four time slots (if the clocks are
synchronized). If the clocks are not synchronized, it will take
longer. In the following, we introduce a class of codewords,
called complete symmetrization class, that makes sure that
these four combinations occur in an interval of M time slots.

Definition 1: (Complete symmetrization mapping) Con-
sider a set of M-bit codewords

{w; = (w;(0),w;(1),...

owi (M —1)),i=1,2,...,K}.

ALGORITHM 1: The Manchester mapping algorithm

Input: An integer 0 < 2 < 2F — 1.
Output: An M-bit codeword
(w(0),w(1),...,w(M — 1)) with
M =2x* L+ 10.
1: Let (B1(z), B2(x), ..., Br(z)) be the binary
representation of z, i.e., x = Y1, fB;(x)2" 1.
2: Use the Manchester encoding scheme to encode x into
a 2L-bit codeword,
Qﬁl(a:)ﬁl(x), Ba(x), Ba(x), ..., Br(x), Br(x)), where
Bi(x) is the (binary) inverse of §;(x).
3: Add the 10-bit delimiter 0100011101 in front of the
2 L-bit codeword to form a (2L + 10)-bit codeword.

Let

Rotate(w;, d)
= (wl(d),wl(d—l— 1),. .. ,wi((d—&- M — 1) mod M))
= (0;(0),w;(1),...,0;(M — 1)),

be the vector obtained by cyclically shifting the vector w; d
times. Then this set of codewords is called a complete M-
symmetrization class if either the time shift (d mod M) # 0
or i # j, there exist 0 < 7,79, 73,74 < M — 1 such that

@ (wi(m),w;(m)) = (0,0),

(i) (wi(r2), w;(r2)) = (1,1)

(111) (wi(T3)7’ll~)j(7'3)) = (O, 1), and

(iV) (’wi(7'4),’u~)j(7'4)) = (1,0).

A one-to-one mapping from the set of integers [1,..., K] to
a complete M-symmetrization class is called a complete M -
symmetrization mapping.

We note that if ¢ = j and (d mod M) = 0, then w;(7) =
w;(7) for all T and thus conditions (i) and (ii) hold trivially.
As such, we know that conditions (i) and (ii) always hold for
a complete symmetrization mapping.

In Algorithm 1, we show how one can construct a complete
M -symmetrization mapping by using the Manchester coding
(that replaces a bit 0 by the two bits 01 and a bit 1 by the two
bits 10). From Algorithm 1, we have for an integer 0 < x <
2L —1,

[}

(wz(0), we (1), ..., we(M — 1))
= (Oa 170’0707 ]-a 13 ]-70, 17B1(1')751(x)a
Ba(), Ba(x), ..., Br(x), Br(x)),

where (51(z), B2(), ..., Br(x)) is the binary representation
of z. In the following lemma, we show that the Manchester
mapping in Algorithm 1 is indeed a complete symmetrization
mapping.

Lemma 2: Algorithm 1 is a complete symmetrization map-
ping from =z € [0,1,...,2Y — 1] to an M-bit codeword
(wg(0), we (1), ..., wy(M — 1)) with M = 2L + 10.

Proof. From the Manchester mapping in Algorithm 1, we
know that the substring of 3 consecutive 0’s only appears in
the 10-bit delimiter 0100011101 and thus it appears exactly



once in the M-bit codeword for any cyclic shift d. This also
holds for the substring of 3 consecutive 1’s. Now consider
the codeword (w(0), wy(1),...,wy(M — 1)) and the cycli-
cally shifted codeword (wy (d),wy(d+1),...,w,((M — 1+
d) mod M)).
Case 1. (d mod M) = 0 and = # y: In this case, the 10-
bit delimiters of two M -bit codewords are aligned. Thus, the
conditions (i) and (ii) in Definition 1 are satisfied with 7y = 0
and 75 = 1. Since = # y, their binary representations are
different. Thus, there exists a k such that Si(z) # Br(y).
In view of the Manchester mapping, there exist 10 + 2k <
73,74 < 10 + 2k + 1 such that the conditions (iii) and (iv) in
Definition 1 are satisfied.
Case 2. (dmod M) =

In this case, the substring of 3 consecutive 0’s in
(wg(0), we (1), ..., wy(M — 1)) is aligned with the substring
of 3 consecutive 1's in (wy(d), wy(d+1),...,w, (M -1+
d) mod M)), i.e

(w20, w2 (1), . (M 1))

= (0,1,0 0, 0,1,1,1,0,1,*,*,...),

(wy(d), wy(d +1),...,wy((M — 1+ d) mod M))
:(0 0,1,1,1,0, 1,*7* ).

It is easy to verify that 74 = 0, 7o = 6, 73 = 2 and 7y = 1 for
this case.
Case 3. (dmod M) = M — 3:

In this case, the substring of 3 consecutive 1’s in
(wg(0), we(1), ..., wy(M —1)) is aligned with the substring
of 3 consecutive 0’s in (wy(d), wy(d +1),...,w, (M —1+
d) mod M)), i.e

(w0, (0), wy (1), .., wy (M — 1))

=(0 1,0,0,0,1,1,1,0,1,%,%,...),

( )swy(d+1),...,w, (M —1+d) modM))
:(*,*,*,0,1,0 0 0,1,1,...).

It is easy to verify that m; =3, o =9, 73 =4 and 74 = 5.
Case 4. (dmod M) ¢ {0,3, M — 3}:

In this case, the substring of 3 consecutive 0’s in
(wg(0), we (1), ..., wy(M — 1)) is neither aligned with the
substring of 3 consecutive 0’s nor aligned with the substring
of 3 consecutive 1's in (wy(d), wy(d+1),...,w, (M -1+
d) mod M)). Thus, we know that 2 < 71,75 < 4 and the con-
ditions (i) and (iii) in Definition 1 are satisfied. Similarly, the
substring of 3 consecutive 1’s in (w(0), wy(1),. .., wy (M —
1)) is neither aligned with the substring of 3 consecutive
0’s nor aligned with the substring of 3 consecutive 1’s in
(wy(d), wy(d+1),...,wy((M —1+d) mod M)). Thus, we
know that 5 < 75,74 < 7 and the conditions (ii) and (iv) in
Definition 1 are satisfied.

]

B. Each user has exactly two channels and one radio

Now consider the two-user rendezvous problem with a
common channel labelling of the N channels, indexed from
0 to N — 1. Suppose that each user has exactly two available
channels and one radio. Since there is a common channel
labelling of the N channels, without loss of generality we
assume that ¢;(0) < ¢;(1), ¢ = 1 and 2. Let

(ﬂl(z)’/g2(z)’ s 7ﬁ[log2 N7 (Z))

be the binary representation of z € [0,1,..., N — 1]. Based
on the available channel set, we assign user ¢ an integer x;
with

x; = max{k : Br(c;(0)) < Bi(e; (1))} — 1. 3)

The integer z; + 1 is the largest bit that the binary rep-
resentations of the two available channels ¢;(0) and ¢;(1)
differ. Note that 0 < z; < [log, N] — 1 and thus the
binary representation of x; requires at most [log,([logy N1)]
bits. Such an assignment method was previously used in [7],
[9]. In the following theorem, we improve the MTTR from
16([logy logs N1+ 1) in [7] to 2[logy([logy N1)] + 10 when
n; = 2 for all 7.

Theorem 3: Suppose that the assumption in (1) holds and

n; = 2 for i = 1, 2. User ¢ uses the Manchester complete sym-
metrization mapping in Algorithm 1 with the integer z; in (3)
to generate an M-bit codeword (wy, (0), wy, (1), ..., wg, (M —
1)) with M = 2[log,([log, N1)]+ 10. At time ¢, user i hops
on channel ¢;(0) (resp. ¢;(1)) if wy, (t mod M) = 0 (resp. 1).
Then both users rendezvous within M time slots.
Proof. We have shown in Lemma 2 that Algorithm 1 is
indeed a complete symmetrization mapping. If 21 # 9, it then
follows from the assumption in (1) and the four conditions (i),
(ii), (iii) and (iv) in Definition 1 for a complete symmetrization
mapping that these two users rendezvous within M time slots.
Thus, we only need to consider the case that x1 = xo.

If 1 = 2 = k for some k, then B (c1(0)) = Br(c2(0)) =
0 and Bi(c1(1)) = PBr(c2(l)) = 1. This implies that
¢1(0) # c2(1) as their binary representations are different.
Similarly, ¢1(1) # ¢2(0). Thus, under the assumption in (1),
we have either ¢1(0) = ¢(0) or ¢1(1) = co(1). Thus, the
two conditions (i) and (ii) in Definition 1 imply that these two
users rendezvous within M time slots. [ ]

C. Emulating two radios by a single radio

The result in Theorem 3 enables us to emulate two radios
by using a single radio. To do this, we partition the time into a
sequence of intervals with each interval consisting of 2M time
slots. The 2M time slots in an interval ensure that the overlap
between an interval of a user and the corresponding interval
of another user consists of at least M time slots even when
the clocks of the two users are not synchronized. Within an
interval, user ¢ runs the channel hopping sequence in Theorem
3 for a pair of two channels in its available channel set.
Thus, at the time scale of intervals, each user behaves as if it



ALGORITHM 2: The (simple) modular clock algorithm

ALGORITHM 4: The multiple radio algorithm

Input: An available channel set
c={c(0),e(1),...,¢(n—1)} and a period
p =l

Output: A CH sequence {X (¢),t =0,1,...} with

X(t) €c.

1: For each t, let k = (¢ mod p).

2. Itk <|c|—1, let X(t) = c(k).

3: Otherwise, select X (¢) uniformly at random from the

available channel set c.

ALGORITHM 3: The emulation algorithm

Input: An available channel set
c={c(0),¢(1),...,c(n— 1)}, the number of
radios m and the total number of channels in the
CRN N.

Output: m CH sequences with {X®)(¢),,t =0,1,...},

k=1,2,...,m for the k*" radio.

1: Assign the |c| channels in the round robin fashion to
the m radios. Let c(®) be the set of channels assigned
to the k** radio, k =1,2,...,m.

2: For the k" radio, construct the CH sequence by using
the emulation algorithm in Algorithm 3 with the input
c®) and N.

Input: An available channel set
c = {c(0),c(1),...,¢(n—1)} and the total
number of channels in the CRN N.
Output: A CH sequence {X (t),t =0,1,...} with
X(t) ec.

Partition time into intervals with each interval consists of
2M time slots, where M = 2[log,([log, N1)] + 10.

1: Select two primes p; > pg > |c|.

2: For the t*" interval, selects the first (resp. second)
channel according to the (simple) modular clock
algorithm in Algorithm 2 at time ¢ by using the prime
po (resp. p1) as its input. Let ¢, (¢) and ¢, (¢) be these
two selected channels.

3: If ¢,(t) = cp(t), replace one of them by another
channel in c.

4: Order these two channels so that ¢, (t) < cp(t).

5: Let z(t) 4+ 1 be the largest bit that the binary
representations of the two available channels ¢, (t) and
cp(t) differ, i.e.,

z(t) = max{k : Bi(ca(t)) < Br(ep(t))} — 1.

6: Within the #*" interval, uses the Manchester complete
symmetrization algorithm in Algorithm 1 with the
integer x(¢) to generate an M-bit codeword
(wm(t)(()), U/»L(t)(l), ce ,wl(t)(M - ].)) with
M = 2[log,([log, NT)] + 10.

7: At the 7" time slot in the #** interval, output the
channel cq () (resp. cy(t)) if wy(y) (7 mod M) = 0
(resp. 1).

had two radios. The detailed emulation algorithm is shown in
Algorithm 3.

To select the two channels in an interval, we follow the two-
prime modular clock algorithm in [2]. Specifically, user ¢ first
selects two primes p; 1 > p; 0 > n;. For the tth interval, user
i selects one channel according to the (simple) modular clock
algorithm (see Algorithm 2) at time ¢ by using the prime p; o
as its input period. It also selects the other channel by using the
same algorithm and the other prime p; ;. Replace the second
channel by an arbitrary available channel if these two selected
channels are identical.

Theorem 4: Suppose that the assumption in (1) holds. User
7 uses the emulation algorithm in Algorithm 3 to generate its
CH sequence. Then both users rendezvous within 18 Mnq - no
time slots, where

M = 2[log,([log, N )] + 10.

Proof. As a direct consequence of Theorem 3 and the
Chinese Remainder Theorem, we know that user 7 and user
J rendezvous within 2Mp; - p;1 time slots when the as-
sumption in (1) holds. As p;; can be found in (n;,3n]
[10], the MTTR is then bounded above 18V nq - no, where
M = 2]log,([logy N1)] + 10 (with N being the total number
of channels). [ |

D. Multiple radios

Now we consider the multiple radio setting. Suppose that
user ¢ has m; > 1 radios, + = 1 and 2. It is possible that
m; = 1 1in this setting. We first divide the n; available channels
as evenly as possible to the m,; radios so that each radio
is assigned with at most [n;/m;]| channels. Let cgk) be the
channel assigned to the k' radio of user . For the k' radio
of user ¢, construct the CH sequence by using the emulation
algorithm in Algorithm 3 with the input cgk) and N. The
detailed algorithm is shown in Algorithm 4.

Theorem 5: Suppose that the assumption in (1) holds.
User 7 uses the multiple radio algorithm in Algorithm 4 to
generate its CH sequence. Then both users rendezvous within
18 M [ni/m1] - [n2/meo] time slots, where

M = 2[log,([logy NT)T + 10.

Proof. Let cgk) be the set of channels assigned to the k*"
radio of user ¢, k = 1,2,...,m;, ¢ = 1 and 2. Under the
assumption in (1), we first argue by contradiction that there
must exist some 1 < kI <m; and 1 < k5 < my such that

oD ) 4

To see this, suppose that for all 1 < ky < mj and 1 < kg <
ma,
cgkl) N cgkg) = ¢.



This then implies that

o U () el = .
As ¢ = U;’i;lcgkl) and ¢y = U;”Q"’:Qcékz‘)
contraction to the assumption in (1).

Since the channels are assigned in the round robin fashion
to the radios, we know that

, we then reach a

] < [ng fma]

and .
52| < Tna/ma).

The MTTR result of this theorem then follows from the MTTR
result in Theorem 4 by using the k;fth radio of user 1 and the
k5™ radio of user 2. [ ]

To illustrate the construction of our CH sequences, let us
consider a CRN with two users: SU; and SU,. Suppose that
there are N = 6 channels, {0, 1,2, 3,4,5}, and each user has
a single radio, i.e., m; = mg = 1. The available channels for
SU;p is {1, 3,4} and the available channels for SUs is {2, 3}.
Thus, n; = 3 and ny = 2. As such, we can simply choose
P10 =3, P1,1 =3, p2,0 = 2, and po; = 3. In Fig. 1 and Fig.
2, we show the two selected channels for these two users in
the ' interval after Line 2 of Algorithm 3 and after Line 4
of Algorithm 3, respectively.

tMinterval]l 1 | 2 [ 3] 4|56 7 (8|9 (10]11|12]13]|14](]15
Catf 1 |34 1 (341|341 |3[4|1[3]4

SU,
Cxey 1|31 4| r|r |1 (34| r|r|1|[3|4|r]|r
Caf 2 (3231232312323 ]|]2]3]2

SU,
Cof 2 |3 | r |23 | r|2|3|r|[23|r]|2]|3]|TF

r: a randomly chosen channel from the available channel set.

Fig. 1. The two selected channels in the t*" interval after Line 2 of Algorithm
3.

Mitervat| 1|23 |4 ]|5]|6|7 8|9 |10|11(12(13(14(15

cof 133|131 |3 1]|1|3]|1]3|@3

SUICa(f AR A B 4| 3[4 4B 34|44

Clof 2 |12¥[2 (2|22 2(2%|2[2]2|A2)]2[2%]2

SUEC,,(;‘) 3 |3 [3)| 3 (3] 3 3% 3 @) 33|33 3@

*: a channel replaced by a randomly chosen channel from the available
channel set.

Underline: reordering of the two channels (so that cq () < cp(t)).

Fig. 2. The two selected channels in the #*"

3.

interval after Line 4 of Algorithm

In Fig. 3, we show the CH sequences of Algorithm 3 in
the first interval. To illustrate the effect that the clocks of
these two users are not synchronized, we assume that there
is a clock drift of three time slots between these two users.

Since N = 6, we have M = 2[logy([logy N])] + 10 = 14
and thus each interval contains 2M = 28 times slots. In the
first interval, SU; selects the two channels ¢,(1) = 1 and
¢p(1) = 4. The 3-bit binary representation of channel 1 (resp.
4) is (B3, B2, 81) = (0,0,1) (resp. (1,0,0)). As the largest
bit that these two binary representations differ is the third bit,
we have from (3) that z; = 2 (after Line 5 of Algorithm
3). The 2-bit binary representation of z; is (1,0) and the
Manchester encoding of x; is (1,0,0,1). Adding the 10-bit
delimiter 0100011101, the 14-bit codeword after the Manch-
ester mapping in Algorithm 1 is 01000111011001 for SU;
in the first time interval (after Line 6 of Algorithm 3). Thus,
the 28 time slots in the first interval, called the logical CHS
of SUy, are labelled with 0100011101100101000111011001.
Now every logical channel, labelled with O (resp. 1) in the
28 times slots of first interval, is mapped to the physical
channel 1 (resp. 4). This then leads to the physical channels
hopping sequence 1411144414411414111444144114 in the
first interval (after Line 7 of Algorithm 3). Similarly, SU;
selects the two channels ¢,(1) = 2 and ¢;(1) = 3. The 3-bit
binary representation of channel 2 (resp. 3) is (83, 52, 81) =
(0,1,0) (resp. (0,1, 1)). As the largest bit that these two binary
representations differ is the first bit, we have from (3) that
x9 = 0. The 2-bit binary representation of x5 is (0,0) and the
Manchester encoding of z3 is (0,1, 0, 1). Thus, its logical CHS
is 0100011101010101000111010101 and the corresponding
physical CHS is 2322233323232323222333232323. Now in
the second interval, SU; selects the two channels ¢,(2) = 3
and c;(2) = 4. These two users rendezvous at SUs’s 26"
time slot on channel 3 (see Fig. 3).

III. SIMULATION RESULTS

In this section, we conduct extensive simulations to com-
pare the performance of our proposed algorithm with the
two commonly used multi-radio channel hopping algorithms,
JS/Independent and JS/Parallel [4], [8], by an event-driven C
simulator. In [4], the MTTR of JS/Independent and JS/Parallel
are 3NP(P — G) + 3P, and (BNP(P — G) + 3P)/m,
respectively, where G is the number of common channels
between two users, P is a prime not smaller than N, and
m is the number of radios when m; = msy. Note that the
MTTR of JS/Parallel is infinity when mq # my. There are
many multi-radio schemes, e.g. GCR [2], RPS [4], AMRR
[5], MSS [6], proposed in the literature. However, they are
limited to the setting that the number of radios for each user
has to be larger than 1. As such, they are not applicable for
the traditional setting where some users might have only one
radio. To model the clock drift, each user randomly selects a
(local) time to start its CH sequence. In our simulations, we
assume that each SU has the information of the number of
channels N in the CRN and its available channel set.

In our experimental setup, we consider the rendezvous
between two users. The number of common channels between
two users is denoted by GG. User 1 and user 2 are equipped with
m1 and mo radios, respectively. For each set of parameters,
we generate 10,000 different available channel sets for these
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Fig. 3. An illustrating example of the CH sequences of Algorithm 3.

two users and perform 1,000 independent runs for each pair of
the available channel sets. We then take the maximum/average
time as MTTR/ETTR. The simulation results are obtained
with 95% confidence interval. Since the confidence intervals
of ETTR’s are all very small in our simulations, for clarity,
we do not draw the confidence intervals in the figures.

A. Impact of the number of channels when the number of
common channels is fixed
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Fig. 4. The effect of the number of channels on MTTR and ETTR with
ny =no =16, G =1 and m; = mo = 4.

In this simulation, we vary N from 32 to 256 with fixed
ny = ny = 16, G = 1 and m; = my = 4. In Fig. 4(a), we
can see that our algorithm has a much smaller MTTR than
the other two schemes, JS/Parallel and JS/Independent, when
the total number of channels NV is larger than 96. Moreover,
the MTTR of our algorithms is almost independent of N in
the range from 32 to 256. When n; and n, are fixed, the
MTTR of our algorithm is only affected by M, the number

of time slots in an interval, which is O(log(log N)) (as stated
in Theorem 5). On the other hand, the MTTRs of JS/Parallel
and JS/Independent are O(N?3). As such, their MTTRs are
worse than our algorithm when N is large. In Fig. 4(b), we
show the comparison results for ETTR under the same setting.
Similarly, our algorithm performs better than the other two
schemes when N is larger than 96. Moreover, the ETTR of
our algorithms is also almost independent of NV in the range
from 32 to 256. Once again, this is because the number of
time slots in an interval is O(log(log N)).

B. Impact of the number of channels when the number of
common channels is proportional to the number of channels
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Fig. 5. The effect of the number of channels on MTTR and ETTR with
ni =ng = N/8, G = N/16 and m1 = mg = 4.

Instead of having a fixed number of common channels, we
study the effect of the number of channels when the number of
common channels is proportional to the number of channels.
For this simulation, we vary N from 32 to 256 and set n; =



ny = N/8,G = N/16 with fixed m; = 4 and my = 4. In Fig.
5, we show the effect of the number of channels on MTTR
and ETTR in this setting. Since we increase the numbers of
available channels n; and no with respect to the total number
of channels N, the MTTR bound for our algorithm in Theorem
5 is now O(N?log(log N)), which is still better than O(N?)
for the MTTRs of JS/Parallel and JS/Independent. As shown
in Fig. 5, the MTTR and the ETTR of our algorithm are better
than those of JS/Parallel and JS/Independent in this setting.

C. Impact of the number of radios
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Fig. 6. The effect of the number of radios on MTTR and ETTR for various
settings of m1 and ma.

In this simulation, we fix N = 256, ny = no =16 and
G = 1. We then measure the MTTR and ETTR for various
settings of (mq,ms). As expected, both MTTR and ETTR
decreases when the numbers of radios m; and ms are in-
creased. As stated in Theorem 5, the MTTR of our algo-
rithm is O(1/(myms2)), which is much better than O(1) for
JS/Independent and O(1/m) for JS/Parallel. The simulation
results shown in Fig. 6 further verify that the MTTR and the
ETTR of our algorithm are better than those of JS/Parallel
and JS/Independent when the number of radios for each user
is large.

D. Impact of the number of available channels

In this simulation, we fix N = 256, m; = my = 4, and
G = 3, and vary ny; and ng (with n; = ng) from 8§ to 32.
In Fig. 7, as the number of available channels increases, the
MTTRs and the ETTRs of these three algorithms also increase.
This is because the number of common channels is fixed and
both users need to explore more channels to rendezvous. Even
though the MTTR of our algorithm is O(ninz) (as stated in
Theorem 5), the simulation results in Fig. 7 show that the
MTTR and the ETTR of our algorithm are still better than
those of JS/Parallel and JS/Independent.

3000

Ours i
0 JS/Parallel
2000 1| @ JS/Independent S

2500

1500

MTTR

1000 N

500

8 12 16 20 24 32
No. of available channels

(a) MTTR vs. the number of available channels
120

Ours A
100 +
B JS/Parallel
v ¥ e JS/Independent
oo f
23]
40 |
20
0 NEJ § § N

8 12 16 20 24 32
No. of available channels
(b)MTTR vs. the number of available channels

Fig. 7. The effect of the number of available channels on MTTR and ETTR
for various available channels with N = 256, m1 = mo = 4, and G =3.
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