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Abstract—In cognitive radio (CR) networks, “TTR”, a.k.a. “maximum” TTR can be infinite. Besides, the random CH
time-to-rendezvous, is one of the most important metrics fo  protocol cannot guarantee multiple rendezvous channets, a
evaluating the performance of a channel hopping (CH) ren- ha nymper of rendezvous channels between two SUs is called

dezvous protocol, and it characterizes the rendezvous dglavhen th d di it trast based CH
two CRs perform channel hopping. There exists a trade-off of erendezvous diversityn contrast, many sequence-base

optimizing the average or maximum TTR in the CH rendezvous Protocols ensure a finite maximum TTR (upper bound of TTR)
protocol design. On one hand, the random CH protocol leads to with a high rendezvous diversity, at the expense of incgrrin
the best “average” TTR without ensuring a finite “maximum” g large average TTR.

TTR (two CRs may never rendezvous in the worst case), or a  Naturally, we are particularly interested in the following

high rendezvous diversity (multiple rendezvous channels)On the . . . . -
ot%er hand, many sequgn(ce-b;sed CH protocols ensurIe) a finite uestion:ls it possible for an SU to determine when to switch

maximum TTR (upper bound of TTR) and a high rendezvous 0 the random or sequence-based CH protocol for achieving
diversity, while they inevitably yield a larger average TTR In the best performance in terms of both average and maximum

this paper, we strike a balance in the average-maximum TTR TTR, while preserving a high rendezvous diversity?
Lradhe-off dfor CR 4 rendezvousb by O:eéeHraging thle iadvgntgg};as ﬂr?f In wireless sensor networks, the wake-up schedule approach
ng}ghrt?(?r (érizcz?/erf/eggoebr}gfn, 3\,5: estabﬁ;?wtogodse'siSﬁp;l;Zme\)//var has been Wid_ely studied for addressing the_neighbor disgove
of creating a wake-up schedule whereby every CR follows the Problem, which allows each node to switch between two
sequence-based (or random) CH protocol in the awake (or age) modes (awake or asleep) such that two neighboring nodes can
mode. Analytical and simulation results show that the hybrd maintain the link connectivity with energy constraints, [[],
CH prOtSCC"S under this framevlvlork arel able to acheveda gf;redy [9]. Our research findings indicate that it is feasible to bare
:/C?t%r(%e saiﬁrc?ﬁg tﬁlﬁeize"f/ou?d?ve?gt;pper ound of TTR, e CI—_| processes of rapdpm and seqpence—b_ase_d protocols by
enforcing each SU to mimic the behavior of switching between
two modes in a wake-up schedule.
|. INTRODUCTION In this paper, we strike a balance in the average-maximum
“Rendezvous” ircognitive radio(CR) networks refers to the TTR trade-off for CR rendezvous by leveraging the advan-
process for two secondary users (SUs) to find each other otges of both random and sequence-based CH protocols. The
rendezvous/control channgtior to data communications][1]. contributions of this work are summarized as follows.
A rendezvous failureoccurs between two SUs when the 1) We establish a design framework of creating a wake-
rendezvous channel is unavailable due to the detection of up schedule whereby every SU follows the sequence-
primary users (PUs) or interference signals. based (or random) CH protocol in the awake (or asleep)
To alleviate the rendezvous failure problem, two types of = mode, such that two SUs can achieve rendezvous with
channel hopping (CH)endezvous protocols have been widely significantly improved average TTR, while an upper-
used to create multiple rendezvous channels between two bounded TTR and rendezvous channel diversity are
SUs [3], [B], [10], [13]. In a random CH protocol, two SUs guaranteed as well.
hop across channels at random in search of each other. In &) We present a unified approach of devising a series of
sequence-based CH protocol, each SU starts a channel goppin  hybrid CH rendezvous protocols that interleave random
process according to its own CH sequence and local clock; and sequence-based CH processes, and show that such
two SUs’ CH sequences are carefully chosen to spread out protocols can achieve a high rendezvous diversity within
rendezvous points over multiple pairwise common channels. an average TTR ofV slots, givenN channels.
The time-to-rendezvous (TTRY rendezvous delay, is usually 3) Analytical and simulation results confirm that the hybrid
used for evaluating the performance of a CH rendezvous protocols under the design framework are able to pre-
protocol. serve a small average TTR as well as a low upper-bound
There exists a trade-off of optimizing the average or max-  of TTR, without sacrificing the rendezvous diversity.
imum TTR in the design of a CH rendezvous protocol. The rest of the paper is organized as follows. We provide
The random CH protocol leads to the best “average” TTfRe system model and formulate the problem in Sedfion II.
of N timeslots givenN channels. However, two SUs mayln Section[dll, we describe the design framework of hybrid
never rendezvous in the worst case, which implies that t# rendezvous protocols based on interleaving techniques.
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We evaluate our proposed framework using simulation resuftom each other by a certain amount dbck drift—i.e., if

in Section 1V, and conclude the paper in Secfidn V. nodei’s clock is two slots behind that of nodg then node
j’s slot 2 will be its slot 0 (see Fid.]2). In order to achieve
Il. PROBLEM FORMULATION rendezvous, each node is capable of hopping across differen

channels in accordance with its CH sequence and local clock.
A. System Model We formulate node’s CH sequence as a function
We assume a CR network where each secondary user/node
is equipped with a CR operating over a set of orthogonal ;- NU{0} — C
frequency channels that are licensed to primary users. We t = 04,

denote each node in the network by its unique identifer (ID), . o
sayi € A, where A is the set of all possible IDs —i.e. whereN U {0} denotes the set of time slots that begin with

the secondary node with its 1D is termednode . The S0t 0 andd; maps each slot to a channel@ which means
set of channels which the nodes in this network can seri§@t node: hops onto the frequency chanrggl; at sloti. _
and operator over is called tleensible channel setlenoted ~ Rendezvous As aforementioned, there may be a certain
by C = {1,2,3,...,N}. The cardinality of the sensible @mount of clock drift between nodésand j's local clocks.

channel set is known as tisensible channel numhear simply & denote it byo;;, which means that nodés clock is oy
channel numbenwritten asN = |C]|. slots behind that of nodg If 0;; < 0, nodei’s clock is ahead
CH sequence and clock drift We consider a time-slotted ©f node j's in fact. If o;; = 0, they are synchronized. A
communication system in which time is divided into consec€ndezvous between nodeand;j is said to occur if they hop
utive time slots of equal lengtht,, wheret, is the time ©NtO the same frgquency channe] S|mult§1neously. Formally,
necessary for link establishment. For example, as prestrif€ndezvous is said to occur at nadeslot if 0;, = 04+, -
by IEEE 802.22[12]t, = 10 ms and thus time is divided into In this case, nodés slot¢ is called arendezvous slaind the
time slots of 20 ms in the IEEE 802.22 context. We doubféequency channel; , is called arendezvous channel
the link establishment time to be the slot duration because-et 7 (¢:,6;,0i;) denote the set of rendezvous slots given
two nodes can still have slot overlap no less thgnwhich that nodei's clock is;; slots behind that of nodg A note-
is adequate for link establishment, even if slot boundaares worthy problem is whether the serial numbers of rendezvous
misaligned between them (please see [Figl 1) [8]. Thus we Slats should be with regard to the local clock of nade node

safely assume that slot boundaries are aligned between twé" our definition, rendezvous slots are indexed in accardan
nodes. with the local clock left behind. For example, if notle clock

is behind that of nodg (o;; > 0), then rendezvous slots in
21, >t T (6;,0;,0;) are with regard to the clock of nodeotherwise,
the clock of nodg. If o;; > 0, {2,6} C 7(6;,6;,0,;) implies
that nodes and; rendezvous at nodés 2nd and 6th slots; if
oi; <0, it means that they rendezvous at the 2nd and 6th slots
CH sequence of nodej [ 1 ] 2 [ 0] 1 ] = with respect to nodg’s clock. This idea is natural because the
zeroth slot of the clock left behind denotes when both nodes
Figure 1. The CH sequences of nodésand j are start channel hopping.
{0,1,0,2...} and{1,2,0,1...}, respectively. They will ren-  Given that node’s clock is o;; slots behind that of node
dezvous in the third slot on channel 0. Although the bourdarij, let C(¢;,6;,0;;) denote the set of rendezvous channels
of their time slots are misaligned, since the duration ofad slbetween nodes and ;.
is 2tq, the slot overlap on channel 0 is greater thign

CH sequenceofnodei [ 0 [ 1 [ 0 [ 2 |«

B. CH Protocol Design Problem
CH protocol. A CH protocol is a fully distributed algorithm

2 sl .
slots whereby each node autonomously generates its CH sequence
. only employing the information of its ID. Formally, a CH
Clock of node / of1f2]3]a]s[ef7]8] = protocol is a map
Clock of node j [o]1]2]3]4]5]6[7]8] - I-A = ©
Figure 2: Nodes and j have their respective local clocks. A

Time slots are divided in accordance with each node’s local . .
clock, numbered as slot 0, slot 1, slot 2, etc. Local clocks yfhereA is the set of all possible IDs artdl = {f : NU{0} —

two nodes may differ from each other by a certain amount bf 1S the set of all CH sequences. Note thadnly depends

clock drift—i.e., if nodei’s clock is two slots behind that of O" the 1D (i.e., 0 is independent of the clock drift between
nodej, then nodej's slot 2 will be its slot 0. nodes, or the information of other nodes apart from

Many existing CH protocols arperiodic in the sense that

) ) o there exists a (minimum) positive constant integetknown
Each node has its local clock. Time slots are divided B the period length) such that

accordance with each node’s local clock, numbered as slot
0, slot 1, slot 2, etc. Local clocks of two nodes may differ Vie At e NU{0},60; 14 = 0y



The period lengthr is a function of the channel numbéf, 1Il. | NTERLEAVING-BASED FRAMEWORK FORHYBRID CH
denoted byr(N). For example, CRSEQ [11] has a period RENDEZVOUSPROTOCOLS
length of 7(N) = N(3N — 1) if N is prime; for the Jump-

stay (JS) algorithm in'[10], the period length#§N) = 3N hybrid CH rendezvous protocols that minimize the ATTR of

it Nis prime. : . CH protocols while preserving their TTR bound. We begin

Performance metrics We introduce three performance .. " : . .

. . with introducing the neighbor discovery wake-up schedule
metrics for evaluating the performance a CH rendezvo

rotocol H%sign problem. In accordance with a specified neighbor
P ' discovery wake-up schedule, any existing CH protocol can be

1) Maximum time-to-rendezvous (MTTR)e latency be- easily extended to a hybrid protocol under our framework.
fore nodes andj’s first rendezvous can be characterized

by min7(6;,6;,0;;), i.e., the minimal value in the o . .
set7(6;,0;,0,;). However, this latency relies on theirA. Definition of the Neighbor Discovery Wake-up Schedule

clock drift o;;. In practical scenarios, we are unaware | energy-constraint wireless sensor networks (WSNs), a

of what the_clock drift would be, which, in fact, is Aneighbor discoverywake-up schedulef nodei is a binary
random variable. Thus we care about the WorSt'Ca§€quence that consists of only zeros and ones

(maximum) latency given an arbitrary amount of clock

In this section, we propose a design framework for creating

drift, which is exactly thenaximum time-to-rendezvous x = {x{,x},..., x5 1}
(MTTR) Formally, the MTTR between nodésandj is _
given by whereV0 < t < T; — 1, x; € {0,1}. The length of the
sequence, i.eT1;, is termed theperiod lengthof the wake-up
MTTR(0:,0;) = max min 7 (6;, 05, 045). schedulex’. At the ¢-th time slot, ifx: = 1, the node will be

active (awake); otherwise, it will be inactive (asleep).

MTTR is a bound for time-to-rendezvous. In the ran- The duty cycleof a wake-up schedule quantifies the per-
dom channel hopping protocol (RCH)! [4], each nade centage of slots in which the node is active—i.e., the duty
randomly hops onto a channel at each time slot, anddycle of x’ is

is easy to show thad/TT R = +oo in this case—i.e., ﬁgl x

RCH fails to have a bounded time-to-rendezvous or a _T

guaranteed rendezvous diversity. ’

2) Average time-to-rendezvous (ATTRpart from MTTR, Obviously, the duty cycle ranges from 0 to 1. For instance, fo
we take into account the average (expected) latenty = {0,0,1,1,0}, its duty cycle will beZ = 40%. For the
before the first rendezvous, termed agerage time-to- Purpose of energy saving, the duty cycle is supposed to be as
time (ATTR) Formally, the ATTR between nodeésand small as possible.

j is given by We introduce the notion ofyclic rotationto characterize
clock drift between nodes. For a wake-up schedxle we
ATTR(0;,0;) = E[min T (65,05, 03;)]- define rotate(x’, k) = {x{,x},...,x/._} whereVt <

. . . . 0,T; — 1], x}! = x! .
3) Rendezvous channel diversity rate practical applica- 0, iy X X(t+k) mod T .
) Given any clock drift, aneighbor discoverypetween nodes
tions, some channels may encounter problems such .as_ . . .
X : 1 andj successfully occurs if and only ¥k € Z, 3t > 0 such
congestion, attack, eavesdropping etc., and thus beco ne
inappropriate for rendezvous and information exchange.
Ideally, we want to maximize the rendezvous diversity in
hopes that the two nodes can attempt to rendezvous o
all channels. We introduce the metric calleshdezvous
channel diversity ratewhich is defined for two nodes

andj such as

i _ J -
Xt mod 1, = Totate(X, k)] 4 7, =1

N neighbor discovery protocpl, assigns each node a wake-
up schedule in accordance with its desired duty cycle inrorde
to guarantee successful neighbor discovery between any two
neighboring nodes. If nodés desired duty cycle ig; € [0, 1],
) . [C(64,65,045) then it will be assigned the wake-up schedufe = v/(5;).

div(0;,6;) = ouer N Formally, a neighbor discovery protocol is a mafrom A C

B o ) EO, 1] to the set of binary sequences, wheke which is a
and quantifies the minimum ratio of the number ofypset ofj0, 1], is called the set of itsupported duty cycles

rendezvous channels to that of all sensible channelg,q,, is expected to satisfy thats;, 5; € A, Vk € Z, 3t > 0
It follows immediately from the definition that theg,ch that ’ B

rendezvous channel diversity rate ranges from 0 to 1.

CH protocol design problem The CH protocol design V(0i)t mod 7, = rotate(v(d;), k)t moda 7, =1,
problem is how to devise a fully distributed CH protocbl . e
whereby each nodeautonomously generate its CH sequenc\gherZTiV(ZrTjZ) 'zth: (I)engtrr: th]/(fi) (orv(9;))- Specifically,
0; such that the protocol can achieve bounded MTTR, smaﬁ €A, € 4 3t 2 0 suc a
ATTR and high rendezvous diversity rate in CR networks
environments, in spite of a random clock drift between two
nodes. whereT is the length ofv(9).

V(0)t mod 7 = rotate(v(0), k)¢ moa 7 =1,



B. Hybrid CH Protocols by Interleaving Random and Original CHseq. [1[2[3[1[2]3[t[2[3t[2][3[1]2[3]1] v
Sequence-based CH Processes

Suppose that is an arbitrarily given neighbor discovery
protocol and that) is a periodic CH protocol with period
|ength7.(N) NewCHseq_ V(23| r| 1| r|r|r|2]|3|1|r|2(r|r]|r| s

Padding scheme According to thepadding schemewe . . .
increase the channel numh&rto some integeV’ > N. We Figure 3: This figure illustrates an example of _the CH
view the newly added N’ — N) channels as aliases of thesequence_under the proposed framework. The original CH
original N channels. For example, if the channel number is §quence1|$1, 2,3,1,2,3, 1’_|_2r’]3’ -} ?_nd the wa(l;a—up sched-
we add a new channel, say, channel 4, so that the new chaﬁﬂ% '52{1’ ’11’ 0,1, 0’20’ 0} 2e resulting net\:v ) ”sequence
number amounts to 4. Channel 4 serves as a random charmial: 237> 1, 7,775 2,3, 1,7, 2,7, 7.}, where " repre-
sampled from the originaN' channels. sents a randomly-selected channel.

The first step of our proposed algorithm is to choose a___ . _
supported duty cycle, say, of the neighbor discovery protocolAlgorithm 1 CH sequence generating algorithm
v. Let x denoter(d) and we writeT" for the length ofx. As Input: Wake-up schedulex; original CH sequencé);.
aforementionedx satisfies that/k € Z, 30 <¢ < T —1 such Output: New CH sequencé)..
that 1T+ |x|;

x; = rotate(x, k) = 1. 2: > T denotes the length of the wake-up schedule.
. . o 3t <+ 0;
Then, byththe hpaddllng sctTHer:[ne}VEhe a!g?;\l;PmNW|||]V§|Ehtly4; > In the first place, initializet to 0, which means that we
increase the channel numh¥&rto N’ = eN: ; ; ;
N, ged(r(N"), 5T~ ) = 1) GivenNI’n:; he new chamnel ll?/egmos generating the CH sequence from timeglot

) ) Lat=0 - ) 5 1 <0
number, with the CH protocof at hand, every nodé has . . g.'s next slot that the algorithm is going to usefis .
ts CH &, with d lengthr = 7(N’ h i ’
its sequence); with period lengtht = 7(N'), where  +. \unile not rendezvouslo

Wake-up sched. x  [1[1]1[0]1{0[0]0[1[1[1[0]1[0]0[0] weeer

ged(r, 3, %) = 1. 8 if X;moar = 0 then
CH sequence generationWe now present in Algorithiall 4. ¢, + a random channel;
how nodei generates its new CH sequence in accordance wifg.  g|se |
the wake-up schedute and the original CH sequenég Note ;. 0, < 04
that with the padding scheme, we can safely assume that the ey 1;
channel numbedV satisfies thaged(r, 3", x;) = 1, where ;3. > Updatet’.

7 = 7(N) is the period length of the CH protocé—i.e., 14.  endif
for convenience of notations, we simply uadeto denote the s Nodei hops onto channel,, at thet-th time slot;
resulting slightly increased channel number (nam€ly after  15. end while '
the padding scheme is conducted.
As demonstrated in Algorithr] 1, at theth timeslot, the

resulting new CH sequence generated by-o.ur proposed frameé) It achieves at least the same rendezvous diversity as
WO.I‘k uses a slot that comes from the 9r|g|nal CH seqL.Jence the original CH protocol (thus preserves the rendezvous
0; if the (t mod T')-th bit of x equals 1 (i.e.x¢ moa 7 = 1); diversity)

otherwise, it uses a random channel. We eventually obtain a|13) If the c}llo.ck drift isk, let B be |{t € [0,T — 1] AN :

interleaved new CH sequendg x: = rotate(x, k); = 1}|, then the ATTR of the new CH
. . t — ) t — ’
Fig. [3 illustrates an example of the proposed frame- sequence, denoted byTT R, will be %-ATTR%L

work. In the example, the original CH sequence is B (o N .
{1,2,3,1,2,3,1,2,3,...} and the specified wake-up schedule i(tli;Trz);/]e}fs(:EgsAﬂlleR?T is small, ATT Ry: ~ N—i.e.,
is {1,1,1,0,1,0,0,0}. We demonstrate the resulting new P '
CH sequence generated in accordance with our proposed Proof: Suppose that two arbitrarily given nodes, say,
framework, where #*” represents a randomly selected channehodesi andj, have their original CH sequenég and6; with

The average TTR of random channel hoppingNs By period lengthr. Without loss of generality, we assume that the
interleaving the random CH process, we can improve thecal clock of nodei is k slots behind that of nodg—i.e.,
average performance (i.e., ATTR) of the original CH prothe 0-th slot of nodé is the k-th slot of node;. Hereafter, we
tocol 6. By leveraging the properties of wake-up schedulesumber time slots in accordance with nagdeclock. Sincex
the proposed framework maintains a bounded TTR and tisea wake-up schedule, we ha¥é < t, < T — 1 such that
rendezvous diversity inherited from the original CH pratbc

Theorem[Il presents the main result regarding the ren- Xy, = rotate(x, k)i, = 1.

dezvous performance improvement by the proposed method.
We focus on theaT + tp)-th slots,a = 0,1,2,.... Suppose

Theorem 1. The new CH sequence generated by Algorithmthat in thet,-th slot, nodei hops onto channef; ., while
has the following properties: node; hops onto channdl; .,. Let A be 3"/ " x;. In view
1) It can guarantee rendezvous withif1” slots (thus pre- of Algorithm[, nodei hops onto channé); ., .4 while node
serves bounded TTR). j hops onto channé; ¢,4.4 in the (aT + #o)-th time slot.




Sinceged(r, A) = 1, we have of | timeslots. A channel is viewed as “unavailable” when
PU signals are present in it. The PU traffic is the probability

{((e1 +ad) mod 7, (e2 + aA) mod 7)}a0,1,2,...,r-1 that PU signals are active in a channel under the specified

is a permutation of traffic pattern. Once two nodes hop onto a primary-user free
channel in the same timeslot, the rendezvous between them is
{(a,(ca —c1) +a)}a=0,12....7—1- established.
Consider We conduct simulations while varying the duty cycle of

wake-up schedules and the PU traffic. Specifically, we choose
{(05,0,0;,(c—c1)4a) Ya=0,1,2,...,7—1- wake-up schedules with duty cycles beifigl4, 7/14, 9/14,

. . . . 13/14 and 1, under PU traffic o225% and50%. Note that if
Since d is a CH protocol, given a CIOCk_ drift ofc; — c1) the duty cycle of the wake-up schedule happens td e
slots, two nodes that usé and0; as their CH seequences,,qiting CH protocol is exactly theriginal CH protocol—
respectively will rendezvous, say, @h different channels 1, 1andom CH process interleaved. And we employ the three

IS In fggt (tjhf? rendgzvouls diversity of the_or|g||nal Cthm:bC metrics defined in Se€_I[IB to evaluate the performance of
6) andT different time slots inr consecutive slots. Thereforeendezyous protocols.

there arel” solutions to the equation
B. Maximum TTR

bio =Oicrmcrrea The results for MTTR of original CRSEQ/Jump-stay and
wrt.a=0,1,2,....,7—1. Fora=0,1,2,...,7 — 1, when those resulting from our framework are shown in . 4. Note
Oia = 0} (co—c1)+ar bi,a Can takeC different values, which that if the duty cycle ig, the resulting CH protocol generated
implies that the new hybrid CH protoc@! under our proposed by our framework is exactly the original CH protocol (the
framework achieves at least the same rendezvous divessityofiginal CRSEQ or Jump-stay).
the original CH protocol. We can observe that despite different PU traffic intensity
Hence, we conclude that the new CH sequence can guafid for both CRSEQ and Jump-stay, a larger duty cycle
antee rendezvous withinT slots and that it preserves theleads to an increased MTTR (i.e., worse performance). The
rendezvous channel diversity of the original CH sequence. original CRSEQ/Jump-stay has the longest MTTR compared
Now we calculate the ATTR of the new CH sequence. Lgiith those generated by our framework.
B be This confirms that the proposed framework can preserve
bounded TTR (shown in Theorelh 1) and improve MTTR in
[{t € 0,7 —1JNN:x; = rotate(x, k), = 1}]. addition. With the import of random channel hopping slots,
SupposeX andY are uniformly random inf1, NJN N and our framework achieves better worst-case performance.
independent, we have [Bf = ¢] = Pi{X = Y] = & for any
fixed ¢ € [1, N]NN. The ATTR of the new CH sequence will ©- Average TTR

be We illustrate the results for ATTR of original CRSEQ/Jump-
B B i i i

ATTRy = = - ATTRy + (1 — =) - N. stay and those resulting from our framework in Hig. 5. It is
T T noteworthy that a larger duty cycle positively correlatathw

If £ is small, we haveATT Ry =~ N. m ATTR for both protocols and under different PU intensity.

Specifically, the original CRSEQ/Jump-stay (duty cycleagu
1) has the worst performance in ATTR. This validates the
theoretical analysis in Theordrh 1. A smaller duty cycle iepl
more stochastic ingredient (an increased number of random

In this section, we evaluate and compare the performarsiets are interleaved into the resulting CH sequence), lwhic
of existing protocols (e.g., CRSEQ [11] and Jump-Stay (J8) turn, significantly improves the average performance. To
[10]) and those hybrid protocols extended from our propossdmmarize, the CH protocols generated by our framework
framework (i.e., after the interleaving operation) viasiation outperform the original protocols (original CRSEQ/Jump-
results. stay).

In our simulations, there are a total numberof= 11 fre- ) )
guency channels and 20 pairs of nodes that need to rendez\dudiendezvous Channel Diversity Rate
via channel hopping. Meanwhile, each node determines itsRendezvous channel diversity rate is a metric for measuring
clock time randomly and independently, yielding a stodbasta CH protocol’s ability to establish rendezvous in variedrch
clock drift between each pair of nodes. We simulafd< N nels. The results for diversity rates of original CRSEQ/fum
primary transmitters operating o randomly chosen chan-stay and those resulting from our framework are presented
nels. A timeslot has a length of 10 ms. All secondary nod&s Fig. and [6(B), respectively. It can be observed that
are within the transmission range of any primary transmitteliversity rate declines as the duty cycle increases and that
In most existing work, it is assumed that a primary transmithe original CRSEQ/Jump-stay has the worst/smallest siyer
ter follows a “busy/idle” transmission pattern on a licethserate. This observation supports the conclusion of Thedrem 1
channel [[7], and we assume the same traffic pattern heraghat our proposed framework can preserve diversity rate. In
i.e., the busy period has a fixed lengthiafimeslots, and the addition, it validates that by introducing stochastic Cldts|
idle period follows an exponential distribution with a meamve can obtain an improved diversity rate.

IV. PERFORMANCEEVALUATION
A. Simulation Setup
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Figure 4: Maximum TTR of hybrid

protocols (duty cycle smaller than 1)
and the original CRSEQ/Jump-stay
protocol (duty cycle equals 1). We
interleave CRSEQ (or Jump-stay) with
random channel hopping in Fifg. 4|(a)

(or Fig.[4(D)).

V. CONCLUSION

In this paper, by leveraging the properties of neighbor
discovery wake-up schedules, we establish a design framié}
work for creating a series of hybrid CH protocols whereby
every SU employs the specified wake-up schedule to inter-
leave the sequence-based (or random) CH protocol in tHé
awake (or asleep) mode. Analytical and simulation results
show that the hybrid CH rendezvous protocols under theg;
proposed framework can significantly improve average time-
to-rendezvous and preserve a low upper-bound of TTR and
the rendezvous channel diversity simultaneously. It i als|g
validated by extensive simulation results that our method
remarkably outperforms existing CH protocols, CRSEQ and

Jump-stay.
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