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Abstract

Rendezvous is a fundamental process establishing a communication link on common
channel between a pair of nodes in the cognitive radio networks. How to reach
rendezvous efficiently and effectively is still an open problem. In this work, we propose
a guaranteed cycle lengths based rendezvous (CLR) algorithm for cognitive radio
networks. When the cycle lengths of the two nodes are coprime, the rendezvous
is guaranteed in 7; * T; + ¢ time slots, where 7; and 7} are two prime numbers
representing the cycle length of nodes ¢ and j respectively, and § € [0,T;) is the time
skew under asynchronous scenario. When 7; and T} are not coprime, i.e., T; = Tj, the
deadlock checking and node IDs are combined to decide the time point and the way
to independently change the cycle length on each node to guarantee rendezvous. In

detail, as long as the deadlock situation is detected at t = T° 4+ kx*T}  each node

can independently oscillate its cycle length between T and T}' based on the k+1-th bit
of the node ID, where k = 0,1, - - -, [logmaz{ID;, ID;}]—1, and T?, T;' are two prime

numbers defined for 7}. T°

max max

= T;xT.+T, (T, is some constant) and 7. = TP+T 4T,
are two thresholds used for deadlock checking, which represents the length of the
maximum possible rendezvous period between the two nodes. As long as the current
checking bits between the two nodes are different, the rendezvous will be reached in
the following rendezvous period, guaranteed in 7)., + [logmaz{ID;, ID;}] * T\

max max

time slots. The theoretical analysis also proves the guarantee of the CLR algorithm

Xix



under both the two cases. We use three metrics: success rate of rendezvous, expected
time to rendezvous and channel load to conduct simulation studies. The simulation
results show that the CLR algorithm always has higher successful rendezvous rate of
100%, and stable and low expected time to rendezvous compared to the HH algorithm.
In addition, the channel loads are smoothly distributed on all channels with CLR,

while HH algorithm depends on the channels with smaller IDs.



Chapter 1

Introduction

With the increase of spectrum demanding on various services and applications, the
spectrum scarcity remains a critical problem for wireless communications. Dynamic
Spectrum Access (DSA) was then proposed with cognitive radio networks (CRNs).
The DSA technique specifies a 3-tiered spectrum sharing framework [2], 3] that im-
proves the efficiency in usage of licensed spectrum. With DSA, secondary users (SUs)
can dynamically detect and access the idle licensed spectrum used by primary users
(PUs). However, the dynamics of PUs’ activities force SUs to adapt to the variations
in channel availability. Thus, finding common available channel among the SUs on
demand is the first task before communicating. The process that the SUs establish

the communication link on the common channels is called rendezvous.



Common control channel based rendezvous schemes [4], [5, [6] use the predetermined
common control channel to coordinate the rendezvous among the nodes on demand.
In detail, all the nodes wishing to establish a communication link with the other
nodes firstly need to communicate on the common control channel to exchange the
control information and further find the common channels between them. Although
this method simplifies the rendezvous process, the heavy traffic load on the common
control channel causes network congestion and requires high overhead cost. To over-
come these issues, blind rendezvous algorithms based on channel hopping (CH) were
then proposed [7, [8, [0]. The JS rendezvous algorithms proposed in [10, [11] achieve
guaranteed rendezvous by constructing CH sequences combining periods of jump-
pattern and stay-pattern. But JS assumes that the nodes in the CRN have the same
number of available channels even under asymmetric model. The SeR algorithm pro-
posed in [I2] was guaranteed in asynchronous environment by combining the parity
slots and permutations of the available channels, but it is only applicable to the sym-
metric model. In [§], the SYNC-ETCH algorithm constructing 2N — 1 different CH
sequences, with intersections on different channel over each two of the CH sequences,
was proposed for synchronous scenario, and the improved SeR algorithm (ASYNC-
ETCH) is used to address the asynchronous rendezvous problem. However, ETCH
algorithms were only for symmetric models. The probability based CH algorithm
proposed in [I3] depends on the preassigned order of the node IDs in the network to

further assign roles to each node, which is not able to give the upper bound of the



time to rendezvous (TTR). The asynchronous quorum based rendezvous algorithm
utilizing the cyclic rotation closure property of the cyclic quorum system is proposed
in [14], in which the rendezvous can only be reached on two of the available channels,
and its asynchronous Latin square based algorithm can only be applied to symmetric

model.

To address the assumption made by the asymmetric model that different radio in
the CRN has same number of different available channels, the heterogeneous model
based rendezvous algorithms [7, [15, [16] for heterogeneous CRN were proposed. In
heterogeneous model, different radio has different spectrum sensing capability. It
is clear that the heterogeneous model is more realistic than the asymmetric model,
where the available channel set between any two nodes are different in both length
and the range of the available channels. The heterogeneous hopping (HH) algorithm
in [7] assumed that the labels of the available channels of each node are consecutive,
by which the smallest channel ID was chosen as the rotation number and the channel
with the smallest ID as the parity channel. The performance of HH depends on the
channel IDs significantly. In [I7], the rendezvous scheme for two-channel scenario
was firstly proposed, which is then applied to fully available spectrum scenario and
partially available spectrum scenario by using the TP and MTP respectively. But two
problems exist in this paper, firstly, the labels of the globally available channels is a
consecutive number sequence. Secondly, as observed in [15], the performance of MTP

is not highly efficient even if the spectrum is fully available. The DSCR algorithm in



[15] is based on a set of globally labeled available channels, so the same channel label
(or index) of a channel is used between a pair of nodes. In other words, they do not
consider the oblivious setting for channel labeling. Here, the definition of oblivious
channel labeling is available in [I6]. It is clear that the algorithms proposed in [17] is

also non-oblivious.

In this project, we propose an oblivious guaranteed rendezvous algorithm called cy-
cle length based rendezvous (CLR) algorithm. The CLR algorithm guarantees ren-
dezvous no matter 7; and 7} are coprime or not under heterogeneous model and asyn-
chronous scenario considering oblivious channel labeling. To guarantee rendezvous
when the cycle lengths of two nodes (7; and 7}) are not coprime, we introduce thresh-
old T},.. based deadlock checking and node ID based cycle length change mechanisms.
The threshold T,,,. is defined as the length of the maximal possible rendezvous pe-
riod of the two nodes. There are two possible values: i) TP = T; * T, for the first
deadlock checking, where T is the maximum possible cycle length of the nodes in the
CRN calculated by the minimum prime number no less than C' (C' is the maximal
channel sensing ability of all the radios in the CRN). ii) T} = T? % T! + T for the
future checking, where T and T}' are two prime numbers defined for T;. If rendezvous
between the two nodes is not reached after hopping 77, time slots (first deadlock
checking), the two nodes will independently change its cycle length by checking the
first bit of its binary ID. The future deadlock checking using 77!  will be combined

max

with the other bits of node IDs to conduct cycle length change. The rendezvous will



be reached as long as the current checking bits between the two nodes are different,

where T; # T} is met. The CLR has the following features:

1. When T; and T} are not coprime (7T; = Tj), it applies threshold based deadlock
checking and node ID based cycle length change to guarantee rendezvous in

10 .. + [ogmax{ID;, ID;}]| * T} . time slots.

max max

2. The CLR algorithm is proved to be guaranteed under all the possible time skew
d € [0,T;) (asynchronous system) via both theoretical analysis and simulation

study.

3. The CLR algorithm is able to run on the heterogeneous model with oblivious
channel labeling. The performance of CLR algorithm is totally independent
with the channel IDs, and channel loads are smoothly distributed on each chan-

nel.

The rest of the report is organized as follows. The system model and problem for-
mulation are provided in Chapter [2 Chapter [3| presents the details of the proposed
CLR algorithm and the theoretical analysis. The simulation results are presented in
Chapter [d Chapter [f|reviews the existing work related to the rendezvous problem in

CRNs. We conclude our work in Chapter [6]






Chapter 2

System Model and Problem

Formulation

In this chapter, we will firstly introduce the rendezvous problem, and then present the

system model and problem formulation. Table [2.1] summarizes the notations used.

2.1 Rendezvous Problem

In CRNs, the spectrum availability of each node is dynamic due to PUs’ prioritized
activities. Thus, the rendezvous process that the two nodes find common available

channels between them is the first critical step before the formal communications. The



channel hopping technique is the most commonly used method for blind rendezvous

between any two nodes in CRNs.

In channel hopping scheme, the time is slotted with the same and fixed length. Each
node independently builds a CH sequence on its available channel set by following
the corresponding CH sequence generation algorithm. When the node wants to start
a communication, it attempts rendezvous with the other node by hopping on its CH
sequence. In detail, at each time slot, the node hops on one of the channel in its CH
sequence, as long as the two nodes wish to rendezvous hop on the same channel at
the same time slot, the rendezvous between them is reached. RTS/CTS techniques

can be used to detect if the two nodes are on the same channel.

Fig. shows an illustration on how the two nodes reach rendezvous by using channel
hopping scheme. Node i hops on the CH sequence {1,2,3,5,8,9} round by round
until the rendezvous is reached with node j who hops on {3,4,6,8,10,12,13}. The

shaded slot shows nodes ¢ and j reach rendezvous at time slot ¢t = 11.

t 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
nodei | 1 {23589 1|23 |5|8[9|1]|2[3|5]|8]|9
nodej| 3|46 |8 |10[12(13|3 |4 |6 |8 (1012|133 |4 ]| 6|38

Figure 2.1: Illustration of the rendezvous process with available channels
of nodes: C; ={1,2,3,5,8,9}, C; = {3,4,6,8,10,12,13}.




Table 2.1

NOTATION
Variable | Description
C; | The set of available channels of node 1.
¢; | The i-th channel in the C; of node 1.
C | The maximum sensing capability of the radios in the CRN.
T, | The maximal possible cycle length of nodes in the CRN,
calculated by the minimum prime number no less than C.
Tnaz | The threshold for deadlock checking, defined as the
length of the maximal rendezvous period.
B; | The binary ID, binary representation of the ID of node .
bi | The [ — th bit of B;
T; | The cycle length of node 1.
S; | The CH sequence of node 7.
Si(t) The channel hopped by node ¢ at time slot ¢.
SZ»[Q‘"] The z-th round of the CH sequence of node .
59 | The y-th channel in the z-th round of the CH sequence.
0 | The time skew between CH sequences of nodes ¢ and j.
T | The length of the rendezvous round between the CH sequences of
nodes ¢ and j.

2.2 System Model

We consider a CRN of multiple nodes. Each node has a unique ID, denoted as ID;,

for example, the MAC address of the radio can be used as its ID. The binary repre-

sentation of the ID;, called binary ID of node 4, is defined as B; = {b},b?,--- ,b!"},

17 7))

where b € {0,1} is the k-th bit of B; and W; is the width or number of bits of B;.

We assume I D; is in decimal format, so W; = [log I D;]. In addition, the bit sequence



of B; is in the order of least significant to most significant bit. For any two nodes i

and j in the CRN, B; # B;, so there is at least one different bit in their binary IDs.

In this report, we only discuss the two-node scenario. Each node is equipped with a
single radio. Let C; = {co,¢1,- -, ¢jc,|-1} be the set of channels available to node 1,
and |C;] is the total number of available channels. Assume that the channels available
to each node cause no interference to any PU. We consider heterogeneous model, thus
C; and C; can be different in both total number of available channels and range of
the available channels, and we have C; () C; # (. Assume that all the radios in the
CRN have the same mazimal sensing capability, denoted as C, thus for any node 1,

G| < C.

To attempt rendezvous, the radio of each node hops on one channel at each time
slot. The rendezvous is reached when the radios of the two users hop on the same
channel at the same time slot. The number of time slots required to rendezvous is
defined as Time to Rendezvous (TTR). The Maximal Time to Rendezvous (MTTR)
is the TTR in the worst case, and the Expected Time to Rendezvous (ETTR) is the
average TTR over different cases. The rendezvous period is defined as a period where
the hopping and alignment of the CH sequences of the two nodes ¢ and j repeat. Let
the length of the rendezvous period be T'. The length of rendezvous period between
nodes ¢ and j in Fig. is 15, where nodes ¢ and j repeat the hopping and the

alignment from t = 1 to ¢t = 15 at t = 16. The deadlock in rendezvous is defined as

10



the situation where the two nodes can not rendezvous with each other forever, and in
this report we decides deadlock situation by a certain amount of time, the threshold

Tz, which is the length of the maximal rendezvous period.

2.3 Problem Formulation

We consider an asynchronous system in designing the algorithm. The time skew is
defined as the number of time slots the CH sequences of the two nodes misaligned,
so any time skew is possible in the asynchronous system. It should be noted that we
only consider the slot-aligned CH sequences in this report. Let J be the time skew
between the CH sequences of the two nodes 7 and j, § > 0. Without loss of generality,
we assume node i always starts hopping earlier than node j if 6 > 0. That is, if node
1 starts hopping at time slot ¢, then node j starts at ¢t 4+ §, and ¢ is in the range:

6 € [0,T5).

Let the CH sequence of node 1 be S; =
{Sfo), Si(l), cee SZ-(Ti_l), SZ-(Ti), cee 552*Ti_1), SZ-(Q*T"), -}, where Si(t) represents the
channel hopped at time slot ¢, and 7; is a prime number representing the cycle
length of the CH sequence. The cycle length 7T; is defined as the minimum prime

number that is no less than |C;|. The CH sequence can also be defined in cycles

as: S; = {SZ-[O], SZ-[I], Sim, ...}, where S}ﬂ is the z-th cycle. For each cycle of the CH

11



t ! 2 3 4 5 6 7 8 9 10 11 12 13 14 IS5
nodei | 3|6 | 8|57 |3]6|8|5|7]3|]6]8]|5]7
nodej |2 |3 |1 |23 |1 |23 |12 3 |1]|2]3]]1

(a) Synchronous situation, § = 0.

t 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
nodei |36 |8 |57 [3]6[s8]s5]7][3]e6]8][5]7]3]6]8]5
node j sl 23231 ]2]3]1]2]3 2

(b) Asynchronous situation.

Figure 2.2: Rendezvous processes on synchronous and asynchronous sce-
narios with C; = {3,5,6,7,8}, C; = {1,2,3}. a) Time skew § = 0. b) Time
skew § = 4.

sequence, SZ[‘T} = {SZ[:E’O], Si[x’”, .. ,S[x’T"_l]}, where S}x’y} denotes the y-th channel at

]

the x-th cycle. Thus the time slot when radio ¢ hopes on channel SZ-[m’y] ist=uxxT;+y.

As shown in Fig. [2.2(b)| the cycle length of nodes ¢ and j are T; = 5, T; = 3, and
their CH sequences are S = {3,6,8,5,7}, S = {3,1,2}. The time skew between

two CH sequences can be any value between [0, 5).
The rendezvous problem of finding the time slot the rendezvous is reached between

nodes ¢ and j can be defined as follows:

S =5\ (2.1)

where t is the TTR for node i, and t — § for node j. Then the maximal time slots

required for rendezvous between the two nodes can be defined as MTTR = maxyst.

12




Chapter 3

Cycle Length based Rendezvous

Algorithm

In this chapter, we will present the cycle length based rendezvous (CLR) algorithm,

as well as the theoretical analysis on the performance of the CLR algorithm.

3.1 The CLR Algorithm

The CH sequence of the proposed CLR algorithm is constructed based on cycle length.
For each node i, we define two cycle lengths as follows: i) T, the minimum prime

number no less than |C;| (function nextPrime(|C;| — 1) in Algorithm [1)). ii) 7}}, the

13



smallest prime number greater than T} (function nextPrime(T;) in Algorithm [1).
During the rendezvous process, each node will oscillate its cycle length T; between
{T?, T}'} based on the value of each bit of its binary ID. Based on the two possible cycle

lengths, the two CH sequences for each node are constructed in cycle as following;:

Simm = {CO7 C1y (4> C215 Cr2, " - 7Cz(TiO—\Ci|)}
(3.1)

[=1] _
Si - {007 C1y 5 GC)y Caly G2, " 7Cz(Ti1—\Ci|)}

where ¢,;,7 € {1,2,---} is an arbitrary channel in C;. At each cycle z, the node
i will choose one of its two CH sequences based on its cycle length. If T, = T,
s = sl e = 1) gl = g Fig. shows an illustration on how to build
the CH sequences of each node based on the two cycle lengths. It is clear that, the
CH sequence generated by our algorithm is totally independent to the channel IDs

and is oblivious.

We consider two cases based on the cycle length of each node when design CLR algo-
rithm: i) 7; and T} are coprime, i.e., T; # T}, in which the rendezvous is guaranteed at
the first rendezvous period within T; %7} 4 ¢ time slots. ii) 7; and 7} are not coprime,
i.e., T; = T}, where rendezvous may not be reached within the first rendezvous period.
For the second case, a threshold T,,.., which is the length of the maximum possible

rendezvous period between the two nodes wishing to rendezvous, is used to check the

14



sl 213161 8]9]3
node i l[xl]
S| 1121368926 |8]|3]1
(a) The two CH sequences of node i.
o sk 2451791011
noae
/ sPtl2als |79 01| 2]5|910

(b) The two CH sequences of node j.

Figure 3.1: Illustration on generating the two cycle lengths and the corre-
sponding CH sequences of each node. (a) For node i, C; = {1,2,3,6,8,9},
thus 7P = 7,7} = 11. (b) For node j, C; = {2,4,5,7,9,10,11}, thus
T]Q =7, le = 11. The channels in shaded slots are randomly selected from
C; or Cj.

deadlock situation. We consider two cases for the definition of the threshold T},4.:

i) T, . = T;*T.+ T. used at the first deadlock checking, where T} is the maximal

max

possible cycle length of the nodes in the same CRN, i.e., T; <= T, for any node i; ii)

T} .. = T2« T+ T. used for the future deadlock checking. Considering the time skew

between the two nodes, T, is added into both the two thresholds. For the first dead-
lock checking occurs at t = TP (the rendezvous between nodes 7 and j is not reached

max

after hopping 7.0 time slots), the equality between T; and T} will be learned by both
the two nodes attempting rendezvous. Then each node will independently update its

cycle length between TP and T based on the first bit of their binary IDs B;. For the

future deadlock checking occurs at t = T° 4+ kxT:

max max?

k=12, maz{W; W;}—1,
each node will independently update its cycle length based on the other bits of their

binary IDs until rendezvous is reached.

For nodes i and j, based on the definition of the binary ID, 3Jk k& €
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{1,2,--- ,max{W;,W;}}, such that, b} # b¥. Let [ € {2,--- , maz{W;, W;}}, the fol-
lowing two situations exist during the deadlock checking on bit b}: i) current checking
bit b = 0, node i sets its cycle length to T; = T?; and ii) b = 1, node i sets its cycle
length to T; = T}'. Then node ¢ hops on the CH sequence generated by Eq. with
the new cycle length. If the rendezvous is not reached within 70} = = T2 * T}! + T,
time slots, deadlock situation occurs (b} = bé-, T; = Tj), node ¢ will check the next bit
bglﬂ). Otherwise, the rendezvous will be guaranteed during this rendezvous period
(b # bé», T; # T;). It should be noted that if the rendezvous is not reached until all

the bits in B; has been checked, then Bj-/ = 0 when ' > W;, if W; > W;; vice versa.

Fig. [3.2] shows the rendezvous process described above. When ¢ < T; * T., node i
hops on its CH sequence with T; = T until the rendezvous is reached (Fig. |3.2(a))),
otherwise, the deadlock situation will be encountered (first period of Fig. [3.2(b)]).
When t > T; % T,, the two nodes will hop on its CH sequence with the selected cycle
length and independently conduct deadlock checking based on threshold 7},,,. The
cycle length will be oscillated between T and T} based on the binary ID as the
deadlock is detected. As long as the current checking bits between nodes i and j are
different, the cycle lengths between them will also be different, and the rendezvous

can be reached in the following rendezvous period, as shown in the third period of

Fig. 3.2(b)|

16



T,=5T;,=3

User i 550) 551) SEZ) 553) Sl@-) SES) 556) 557) Sgs) 559) SEIO) sgll) 5512) 5513) 5514)

il e | ¢ | ¢ | ¢B) | ¢ | ¢B)| ¢6) | ¢7)| ¢@®) | ¢ | ¢(10) | (A1) | ¢(12) | ¢(13) | ¢(14)
User j Sj S]. S]. Sj Sj Sl. S]. S]. SI. S]. S]. Sj S'j Sj S].

(a) T; and T are coprime, T; # T).

T,=T{ =3 b}=1T;=T}=5| bi=1T;=T} =5
0 1
node i SEO) 5;@ Sgr?,,,,x—n SEO) slgl) SETL.*T,-) Sz@ Slgl) Slgz) SES) 5514)

_ 70 _ 1 _ _ 7l _ 2 _ _ 70 _
T;=T%=3 bl=1T;=T!=5| b}=0T;=T)=3

| @ ] | @Thax—D)| ¢@] | | TTH| @] D] ¢@| B .| cA®)
nodej |S;"| S; s; Sl S Sj' LS 87 87 S S

(b) T; and T, are coprime, T; = T}.

Figure 3.2: Illustration of the rendezvous process when § = 0 and TP =
3, T} = 5;TJQ =3, le = 5. (a) When T; # T}, the rendezvous is guaranteed
within T; * T; = 15 time slots. (b) When T; = T; = 3, they may not
rendezvous within 7T; * T, time slots (deadlock situation). At time slot ¢t =
T9 .z, node i with b} = 1 changes its cycle length to T; = T}! = 5, while
node j with b} = 1 changes to T; = le = 5. The two nodes may still not
rendezvous within this rendezvous period (T = T * T! = 15). Continue
checking on the second bit at t = T+ T\L .- node i with b? = 1 changes

max max*

its cycle length to T; = Ti1 = 5, while node j with b? = 0 changes to
T; = Tjo = 3. The rendezvous between them will be guaranteed during the
following 15 time slots.

In Algorithm , the function toBinary(ID;) is used to convert the I D; to binary for-
mat. The function minPrime(-) will return the next prime number greater than the
parameter. In line [2) the two cycle lengths are initialized, and the two corresponding
CH sequences for node ¢ are generated in line The T? and Si[xo] are initially as-
signed to node ¢ in line [d In line [f] the two threshold used to do deadlock checking
is defined. For the deadlock checking process from line [§ to [24] lines are the
checking on the first bit, while lines are the future checking on the other bits.

The rendezvous is attempted on each channel of the CH sequence in lines [25{31].
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Algorithm 1 CLR Algorithm

Input: Available channels set C; = {cg, ¢y,

I1D;, time skew o

,Clcy|-1}, the threshold T¢, node ID

Output: Rendezvous channel ¢, and the TTR t

1. B; = toBinary(1D;);
2: T? = nextPrime(|C;| — 1); T} = next Prime(T?);
3: Generate 5™ and SI"! according to Eq
4: T, = TP S,;[O] = SZ»[xO];
5: Tr?lax :ﬂ*TC—i_(S? T1711a:): ITTZO*CT,L&?
6: t=0,0=1,tc=0:
7: while true do
8. if (t>1T?° ) then
9: if (t=1T°,,) then
10: [=1+1;
11: if (bt =1) then
12: T, =T} SZ[O} = Si[zl];
13: end if
14: end if
15: if (tc > T} ,.) then
16: te=0,l=1+1;
17: if (bl =1) then
18: T, =T} SZ[O} = Si[xl];
19: else if (0! = 0) then
20: T, =TY; Si[m = Si[zo];
21: end if
22: end if
23: te =tc+ 1T}
24:  end if
25: fort' =0toT; —1do
26: if (Successfully rendezvous on channel SZ-[O’t,]) then
— glot],
27: ¢ =295
28: return ¢; and ¢
29: end if
30: t=t+1;

31: end for
32: end while
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3.2 Performance Analysis

Here we will analyze the performance of the CLR Algorithm by considering all the

possible time skew 6 € [0, T;) between the CH sequences of nodes i and j.

Lemma 1 For nodes ¢ and j, with 6 = 0 and T} # Tj, let the length of the rendezvous
period be T' = T; * Tj. For any two CH sequences of nodes ¢ and j, if no rendezvous
can be reached within 7" time slots, then there is no guaranteed rendezvous between

the two nodes (deadlock situation). Otherwise MTTR = 7.

Proof: We prove the lemma 1 by contradiction. Assume nodes ¢ and j rendezvous
at time slot 7'+ k after the first rendezvous round, 0 < k < T". Within a rendezvous
round (7" time slots), node ¢ hops for r = T'/T; cycles, and node j for s = T'/T;

mar*T; —1)

cycles. Thus, the last hop by nodes ¢ and j at each rendezvous round, Si( and

S('m*s*ijl)

i , are always aligned with each other, where m is the number of rendezvous

rounds. So at time slot ¢ = m * r x T; = m * s * T;, both nodes 7 and j repeat the
hopping of the former rendezvous round with same CH sequence and same alignment.
Therefore, if no rendezvous is reached in the first cycle, there is no rendezvous in future

cycles. This is a contradiction with the assumption.

Theorem 1 The rendezvous between nodes 7 and j is guaranteed in MTTR = T) *

T, + T, + [logmax{ID;,ID;}| * (T * T} + T.) = O(T; * T,) time slots, considering
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all the possible time skew ¢ € [0,7..) between their CH sequences.
Proof: There are four cases:

Case 1 T; # T;, 6 = 0. This case is proved by Theorem 6 of [7], and MTTR = T * T},.

This report mainly focuses on the other three cases.

Case 2 T; # T}, 0 > 0, where node ¢ starts § time slots earlier than node j. Assume
that node ¢ starts hopping at time slot ¢ = 0, so node j starts hopping at time slot
5. Let S = {80, g0 ... gD g o) .. g~} he another CH sequence
for node 4. It is clear that S is a clockwise rotation of the original CH sequence of
node 7 : S; = {SZ-(O), Sl-(l), e ,Sféfl), SZ@, Si(&H), e ,SZ(Tfl)}, by ¢ time slots. So the
rendezvous between S; and S; with ¢ time skew is equivalent with the rendezvous
between S; and S; with zero time skew. Thus this case is equivalent to the case that
both nodes i and j start hopping at time slot t = 0 (§ = 0), which is exactly the case

1. So the rendezvous of this case is still guaranteed, and MTTR = T; x T} + 9.

Case 3 T; = T},0 = 0. When nodes 7 and j have the same cycle length, the length
of the rendezvous round is T' = T; = Tj, and there is a high probability that no
rendezvous can be reached in T time slots. Without the threshold, nodes ¢ and j
may not rendezvous with each other forever according to Lemma 1. For the deadlock
checking process starting at ¢ = T; x T,, the worst case is when bi1 2 Wi — 1 and

B;’Q'“"Wi_l =1, b;/V =0, where W; = W; — 1 (assuming W; > W;). In this case, the
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deadlock checking process will repeat for W; — 1 times, and the rendezvous can only
be reached on the last bit. Based on Algorithm [T, both the deadlock checking process
on each of the W; — 1 bits and rendezvous process at the last bit requires 7 *T' time

slots. Thus, MTTR = T x T, + [log maxz{ID;, ID;}] x (T * T}).

Case 4 T; =T}, 6 > 0. Based on cases 2 and 3, it’s easy to find that the rendezvous
of this case is still guaranteed, and MTTR = T T, + T, + [log max{ID;, ID;}] * (T x

T} +T.).
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Chapter 4

Performance Evaluation

In this section, we will verify the theoretical results in Theorem 1 by comparing with
the simulation results. For comparison purpose, the HH algorithm is also simulated.
The comparisons are conducted by the following three metrics: i) guarantee of the

rendezvous; ii) average/expected time to rendezvous (ETTR); and iii) channel load.

4.1 Simulation Setup

The simulations are implemented in MATLAB R2016a in asynchronous environments.
The asynchronous environment is guaranteed by varying the time skew between CH

sequences of nodes 7 and j in range [0,7;) on all possible values. Here we assume
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T; >= T;. The simulations are conducted in 2-node scenario, and the available
channels of the two nodes are randomly selected from [1, 100]. The common channels

between them are also randomly selected from their available channel set.

We run simulations by varying the number of available channels of the two nodes
in the following four periods with the corresponding threshold for CLR: i) 10 — 20
period (C' = 20,7, = 23); ii) 20 — 30 period (C' = 30,7, = 31); iii) 30 — 40 period
(C = 40,T. = 41); and iv) 40 — 50 period (C' = 50,7, = 53). For each period, we
randomly select three pairs of values as the number of available channels for nodes
i and j, as shown in Figs. and For each situation, the time skew between
nodes ¢ and j is varied in range [0, 7;) and the number of common channels varied in
[1,]C}|], and each run is repeated for 100 times. So the results in the simulations are
got by combing 100 x T; % |C;| runs. The overlapping ratio is defined as the fraction of
common channels between nodes ¢ and j to the total number of available channels of
node j, assuming |C;| > |C;|. During the simulation, we randomly generate a 8-bit

binary ID for each node at each run.

4.2 Verification on the Theoretical Results

In this part, we will verify the theoretical results concluded in Theorem 1 by compar-

ing with the simulation results in two situations when 7; and T} are coprime (7; # T})

24



350

-4 A —— (29,23) theory
IR R —— (27.22) theory
q e e THES 7 —6— (24,21) theory
x 7" * ~ & - (29,23) simulation
~ —O— (19,14) theory — # —(27,22) simulation
300 | — % —(19,14) simulation || — % = (24,21) simulation
—— (18,12) theory B
— B —(18,12) simulation
—— (15,12) theory
— # = (15,12) simulation

MTTR (time slot)

"

MTTR (time slot)

750

= e T
PR
*
200 . . . . . . . . 600 . . . . .
0 2 4 6 8 10 12 14 16 18 0 5 10 15 20 25 30
Time skew Time skew
(a) 10 < |CZ|,|CJ| < 20 (b) 20 < |Cz|,|0j| < 30
1250 T
—— (37,30) theory
—O6— (34,31) theory 7
—&— (32,30) theory
— B = (37,30) simulation h
1200 + — % —(34,31) simulation B
- % = (32,30) simulation 4
3 3 ]
(2] w
[0} (o}
£ 1150 ¢ 1E g
o o
In—: ! ~ 1800 q
= =
s L ttetsts
s B \ ]
1750 T 00 R PR T o Y i
1100 B g "L —&O— (46,42) theory
1700 Y — # —(46,42) simulation J
Y —O— (47,40) theory
| — % —(47,40) simulation 1
1650 o —=— (43,41) theory
— B - (43,41) simulation
1050 . . . . . . . 1600 . .
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50
Time skew Time skew

(c) 30 < |Cy],|Cy| < 40

(d) 40 < |G, €5 < 50

Figure 4.1: Theoretical and simulated MTTR when T; and T} are coprime
under varying time skew and different pair number of available channels of

nodes 7 and j.

or not (7; = Tj). We study the MTTR under varying time skew and different pairs

of number of available channels of nodes i and j.

At Fig. the selected three pairs of |C;| and |C;| correspond with the same pair
of T; = 29 and T; = 23. Thus, their theoretical MTTRs are totally same under all

time skew, which is consistent with Theorem 1. For the simulated MTTRs, the small
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Figure 4.2: Theoretical and simulated MTTR when T; = T} under varying
time skew and different pair number of available channels of nodes ¢ and j.

differences between them are caused by difference in number of available channels
for each selected pair. Figs. , and also show the similar results. In
addition, both Figs. and [4.2]show that the simulation results are totally consistent
with the theoretical results in Theorem 1: i) MTTR increases by cycle lengths of the

two nodes. ii) The MTTR linearly increases by the time skew when T; # T} (Fig.

4.1]), while the MTTR is independent with the time skew when T; = T} (Fig. {4.2)).
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Also, the simulated MTTRs are always smaller than the theoretical MTTR. It should

be noted that the simulated MTTR are always much smaller than the theoretical

MTTR in magnitude of ten thousand when 7; and 7} are not coprime as shown in

Fig. [£.2] thus the performance of CLR in reality is better than in theoretical.
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4.3 The Guarantee of Rendezvous

We study the guarantee of rendezvous under the varying overlapping ratio. By ap-
plying deadlock checking bit by bit on the binary ID of each node to independently
change the cycle length, the rendezvous of CLR algorithm is guaranteed in both

the two situations, as shown in Figs. and [(b)] While the rendezvous of HH

algorithm is not guaranteed for both the two situations.

For HH, when the number of available channels of the two nodes are large, but the
overlapping ratio is small, nodes ¢« and j may rightly miss with each other on the
common channels at some time skew due to its interspersed CH seuqences. Thus
in Fig. , the rendezvous of HH in 40 — 50 period is not guaranteed when the
overlapping ratio is less than 0.3. In addition, due to the randomness in the channel
IDs, theorem 7 of [7] is not valid, for which the rendezvous can not be guaranteed.
Thus at Fig. the rendezvous of HH is not guaranteed in 20 — 30, 30 — 40
and 40 — 50 periods as the overlapping ratio is less than 0.4,0.4,0.3, respectively.
Especially for 10 — 20 period, the randomness in the channel IDs becomes more
obvious when the number of available channels are small. Thus at Fig. , the
HH in 10 — 20 period is not guaranteed until the overlapping ratio is 1. Due to the
randomness in channel IDs, as the number of available channels of the two nodes

decrease, HH can not guarantee rendezvous with higher probability.

28



2000

HH (40-50)
1800 4 — % —HH (30-40) | |
\ ~ B —HH (20-30)
1600 fy - © —HH (10-20) | |
\ CLR (40-50)
1400 I\ —#— CLR (30-40) | |
\ —&— CLR (20-30)
1200 - —O—CLR (10-20) | |
e \
'_
'_
1N}
01 02 03 04 05 06 07 08 09
Overlapping ratio
(a) T; and T} are coprime
8000 — :
| = © —HH (10-20)
7000 ! ~ B -HH (20-30) | |
v — # —HH (30-40)
v HH (40-50)
6000 ¢ ! \ @ CLR (40-50) |
A " —— CLR (30-40)
A 7 —&— CLR (20-30)
5000 F%y @ r —O6—CLR (1020) | ]|
) \ ~ 4 \
T
= 4000
w
3000
2000 |
1000
O

O ’.='
. | — S— S— t—

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Overlapping ratio

(b) T; and T; are not coprime

Figure 4.4: ETTR under varying overlapping ratio (CLR: solid lines; HH:
dashed lines).

4.4 Expected Time to Rendezvous

We study the ETTR under the varying overlapping ratio. When 7; and T} are co-

prime, the TTR between the two nodes is linear to the cycle length of their CH
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sequences. Since the cycle length of HH is three times of that of CLR, CLR always
outperforms HH significantly under all of the four periods, as shown in Fig. .
When 7; and T} are not coprime, as the probability of failed rendezvous by HH is
larger than 0.05 (Fig. , the ETTR of HH is much higher than CLR in thousands,
as shown in Fig. in 30 — 40 and 40 — 50 periods at the overlapping ratio of 0.1,
and the 20 — 30 period at 0.1 — 0.2. Especially for the 10 — 20 period, HH always has
much higher ETTR than CLR till full overlapping ratio of 1. The use of threshold to
guarantee rendezvous discounts the ETTR of CLR. Thus, when the overlapping ratio
is larger than 0.2, the ETTR of CLR is higher than that of the HH as for 20 — 30,
30 — 40 and 40 — 50 periods. But CLR has a more stable performance that always
guarantees rendezvous and has ETTR within 5000 time slots. So the trade off be-
tween the guaranteed rendezvous and the ETTR should be considered in reality, and

we can change the threshold to adjust the ETTR of CLR.

4.5 Channel Load

In CRNs, the channels available to each node are dynamically changed due to PUs’
activities. Therefore, the channel load is an important measure to evaluate rendezvous
algorithms. [, = {lcl,lcw-.-,lc‘c”} is defined as set of probabilities, where [, is
channel load of channel ¢;, the probability of rendezvous occurring on channel ¢;

considering all the 3 % 100 % T} % |C;| runs on the algorithm for each period. The
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smoother the distributions of channel load over all the available channels, the better

the algorithm is. So the channel load min-max degree d is defined as follows:

g marg,y — ming.y
avg{lc}

(4.1)

where maxy,.y, ming,y and avgy,y represent the maximal, minimal and average chan-
nel load over all the available channels. The degree d quantifies the distance between
the maximal and minimal channel load among all the channels. Thus the smaller d

is, the better the algorithm is.

During the simulation, the channels are all randomly assigned with IDs from [1, 100].
The CH sequence generated by CLR occupies each channel with almost the same
probability without depending on the channel IDs, so the channel load is smoothly
distributed on each channel for all situations, as shown in both Figs. and [£.6]
While the CH sequences of HH depends on channel 1Ds significantly by assigning the
channel with smallest ID to the parity slots. So with HH, the channel with smaller
IDs suffers from much higher channel load than other channels, as the peak channel
loads on channels with smaller IDs shown in Figs. and [4.6] Tables and
demonstrate comparisons of the channel load min-max degree between CLR and HH
at all the four periods in the two situations respectively. Tables and [4.2] also verify
the results shown in Figs. [4.5] and [£.6] where the channel load min-max degrees of

CLR are always much smaller than that of HH for all situations.
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Table 4.1
Min-max degree when T; and 7T} are coprime.

Channel ID
() 40 < |Cil, |Cy| < 50

10-20 period

20-30 period

30-40 period

40-50 period

CLR

HH

CLR

HH

CLR

HH

CLR

HH

1.84

4.71

0.89

13.79

0.94

9.28

1.35

18.24
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Chapter 5

Related Work

The existing work on CH based rendezvous algorithm can be categorized by multiple
aspects under single radio or multiple radio scenarios as follows: symmetric/asym-
metric, synchronous/asynchronous, homogeneous/heterogeneous and oblivious/non-

oblivious.

Symmetric/asymmetric models based CH algorithms. Symmetric model assumes
that the nodes wish to rendezvous share the same set of available channel set. Such
as, the ETCH algorithm [§], the sequence based rendezvous algorithm combining with
the parity slots in [I2], the prime modulation technique combining with the parity
slot proposed in SSCH algorithm [I8], the symmetric model in Jump-stay rendezvous

algorithm [I0], as well as the three rendezvous algorithm summarized in [19]. In the
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asymmetric model, the available channels of the two nodes can be different, but it
still assumes that the number of available channels between the two nodes are same.
Such as, the asymmetric algorithm proposed in [10], and the asymmetric model based

ring-walk channel hopping algorithm proposed in [20].

Synchronous/asynchronous models based CH algorithms. The synchronous CH
algorithms assume there exist a global clock synchronous mechanism among the nodes
with to rendezvous. Such as, the quorum based rendezvous proposed in [14], SYNC-
ETCH proposed in [§] and the probability based rendezvous algorithm proposed in
[13]. On the other way, the ASYNC-ETCH in [§], the symmetric sequence based
rendezvous algorithm [12], and the symmetric Latin-square based asynchronous al-
gorithm in [I4] do not make the assumptions about the existence of the synchronous

mechanism.

Homogeneous/heterogeneous models based CH algorithms. All the algorithms in
[8, 10], 12l [14] consider the homogeneous model, that is, the nodes wish to rendezvous
with each other share the same set of available channels. While the heterogeneous
model is applicable to the situation where different node sense different set of channels.
Such as, the HH algorithm that assumes the consecutive channel labels in [7], the
unguaranteed probability based CH algorithm in [13], the MTP algorithm proposed

in [I7] and the DCSR algorithm in [15].

The oblivious/non-oblivious models based CH algorithms. The oblivious channel
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labeling is defined as the case where two nodes wish to rendezvous have different
labeling policy. While the non-oblivious channel labeling assumes that the two nodes
share the same labeling policy on the global available channels, and the two nodes
share the same set of globally available channels. Both the DCSR algorithm in [15]
and the MTP algorithm with lower efficiency in [17] are achieved under the non-

oblivious model.

There are also some work that study the rendezvous problem in multi-radio CRNs.
The extended jump stay rendezvous algorithm proposed in [21] studied the multi-
radio scenario by assigning two roles to the radios of each node. While the work
in [22] studied the rendezvous problem under the multi-radio multi-hop scenario by
proposing a channel diverse routing algorithm, and addition and multiplication op-
erators based CH algorithm. For the rendezvous for the multi-hop CRNs, both the
link based rendezvous algorithm and the routing algorithm should be studied, as the

multi-hop extension of the ring-walk algorithm in [20].
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Chapter 6

Conclusion

6.1 Contributions

This report proposes a guaranteed rendezvous algorithm named cycle length based
rendezvous (CLR) algorithm. The CLR guarantees rendezvous no matter 7; and 7}
are coprime or not, where 7; and T} are two prime numbers representing the cycle
lengths of nodes ¢ and 7, respectively. To guarantee rendezvous when 7; and 7} are not
coprime, we introduce a new strategy that each node is able to independently change
the cycle length between T? and T} at each slot the deadlock situation is detected.
The threshold T,,., using for deadlock checking is defined as the length of the maximal
possible rendezvous period, and is defined by two possible values T° and T} . The

max

deadlock situation detected at t = T° + k % T}

max max?

k=0,1,--- max{W;,W;} — 1
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combining with k + 1-th bit of the binary ID of each node is used to decide the
time point and the way to independently change the cycle length, where W; and W;
are number of bits in the binary ID of node ¢ and j, respectively. As long as the
current checking bit of two two nodes are different, the difference of the cycle lengths
between them can be guaranteed, thus the rendezvous between the two nodes can be

guaranteed.

We have conducted both theoretical and simulation studies to evaluate the perfor-
mance of the CLR algorithm. The theoretical results show that the CLR is guaran-
teed under all the possible time skew d between the two nodes. The simulation results
demonstrate that the CLR algorithm outperforms the well-known heterogeneous hop-
ping (HH) algorithms by the following three metrics: i) Guarantee of rendezvous, CLR
always provides guaranteed rendezvous, while HH is not able to guarantee rendezvous
in both situations when 7; and 7} are coprime or not. ii) ETTR, CLR gives much
smaller ETTR than HH when T; and T} are coprime. iii) Channel load, the channel
loads are smoothly distributed over all the available channels by using CLR, while
HH highly depends on the channels with smaller IDs (with peak channel loads on the

channels with smaller IDs).
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6.2 Future Work

There are two aspects for our future work based on this report. The first one is to
study the rendezvous in the multi-radio CRNs, where the bits of binary ID of each
radio node will be checked by all the radios in parallel in FIFO order. The other idea
is the study of the multi-user scenarios, where the rendezvous among multiple nodes
(more than two) will be considered. The algorithm proposed in this report actually
works for the multi-user scenario because the oblivious feature of the CLR algorithm.

But the collision on channels should be properly studied.
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