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Abstract

Due to the increasing demand for spectrum resources, cognitive radio networks and dynamic
spectrum access draw a lot of research into efficiently utilizing limited spectrum resources. To
set up cluster-based CR ad-hoc common channels, conventional methods require a relatively
long time to successfully exchange the initialization messages. In this paper, we propose a fast
and reliable common channel initialization protocol for CR ad-hoc networks. In the proposed
method, the cluster head sequentially broadcasts a system activation signal through its
available channels with a predetermined correlation pattern. To detect the cluster head’s
broadcasting channels and to join the cluster, each member node implements fast Fourier
transform (FFT) and computes autocorrelation of an FFT bin sequence for each available
channel of the member node. This is compared to the predetermined reference pattern. The
join request and channel decision procedures are also presented in this paper. In a simulation
study, the performance of the proposed method is evaluated.
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1. Introduction

With the rapid deployment of new wireless devices and applications, the demand for

wireless radio spectrum is also increasing. Therefore, wireless radio spectrum has become a
scarce commaodity in many developed and developing countries. According to the Federal
Communications Commission (FCC), the United States will run out of radio spectrum in the
upcoming years. The spectrum regulatory bodies in different countries assign spectrum to
licensed users, also termed primary users (PUs), on a long-term persistent basis for large
geographical regions. However, a large portion of the assigned spectrum remains
underutilized [1]. Therefore, in order to improve utilization of the spectrum, with an aim to
address the critical problem of spectrum scarcity, the possibility of opening licensed frequency
bands to unlicensed operations has been considered [2-4]. Generally, licensed users or PUs
have the right to utilize the spectrum without interference. However, unlicensed users, also
known as secondary users (SUs), are allowed to opportunistically exploit unused licensed
spectrum, called spectrum holes, to send data. If a PU is currently not using the spectrum, the
SU changes its transmission parameters to take advantage of the spectrum hole. After
discovering the unoccupied frequency bands, an SU selects the best available channel for
opportunistic communications. The SU must vacate the channel when the PU returns.

Cognitive radio (CR) devices equipped with a dynamic spectrum access capability are able
to detect spectrum opportunities in licensed bands and map them into logical channels, which
can be temporarily used by the CR nodes (secondary users) for communications. Therefore,
CR is regarded as a promising technology to cope with the spectrum scarcity problem. In CR
networks, unlicensed users are allowed to use temporarily unused licensed bands, as long as
they do not interfere with the communications of licensed users [5]. One of the key concerns
in using CR technology is to guarantee that PU transmissions are always secured. To achieve
this, it is vital to exchange information pertaining to the spectrum availability between a given
node pair before starting data transmission.

The methods to successfully negotiate common channels among SUs have been taken into
consideration [6], and can be classified into sequence-based methods and group-based
methods. In a sequence-based method, each node changes its negotiating channel in
accordance with the random or predetermined channel-hopping sequence [7]. For example,
DaSilva et al. [8] used permutations of all the available channels to construct sequences. The
sequence-based design may require significant time to re-establish a new control channel.
Also, link-by-link connection establishment incurs high control overhead. In a group-based
method, SUs in proximity to each other negotiate using the channels commonly available to
them [9]. As SUs in this method adaptively update their choice of channels, the common
channel allocation may fluctuate with the updates of neighbors’ choices, and hence, the
performance of this method may not be consistent. Kim and Yoo [10] proposed a multicasting
tree-based initial common channel setup method for multi-hop ad-hoc networks. A method to
reduce rendezvous time with a hop-and-wait channel hopping method was also presented by
Chuang et al. [11]. In [12], as a group-based rendezvous protocol a cyclic listening method
was proposed.

CR networks can either be centralized or distributed. In a centralized CR network, a central
entity controls spectrum allocation and spectrum access, and also gathers information about
the radio environment. In distributed CR networks, there is no central unit to gather
information about the radio environment. Heterogeneous spectrum availability and the
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absence of a central control entity in CR ad-hoc networks demand self-organization of CR
users for resourceful spectrum coordination. Cluster-based distributed ad-hoc CR networks
organize nodes into clusters in order to provide network-wide performance enhancement.
There are three main advantages brought about by clustering in CR networks, namely stability,
scalability, and supporting cooperative tasks, such as channel sensing and channel access,
which are essential to CR operations, and these advantages have led to the use of clustering in
CR networks. The cluster-based ad-hoc cognitive radio networks can be applied to many
application scenarios such as military ad-hoc networks, campus networks, vehicular ad-hoc
networks and disaster safety communication networks.

In a CR wireless network, due to location-dependent channel statistics, the available
channel set for each secondary member node can be different from other nodes. Especially, in
military CR environments, the distance between member nodes can range from a hundred
meters to several kilometers, and as a result, the channel list available to each member node
can be different. From the different available channels between member nodes, common
available channel (or channels) should be selected for the cluster-based ad-hoc network. The
common available channel can be used for data and control message transmission between the
member nodes. In the typical communication protocols of CR ad-hoc networks, the existence
of a dedicated common control channel for control message is assumed to exchange each
member node’s available channel list. In this case, cluster coordinator node simply decides
one or multiple common available channels for data communication. However it shows
weakness for the jamming attack on the dedicated control channel and the control traffic can
be also saturated. There, in this paper we assume that there is no predetermined control
channel for the CR cluster so that we need an initialization protocol that helps member nodes
setup common data channel(s).

It is obvious that during the initialization phase, the joining of the member nodes in the
cluster, the sensing information report, and final common data channel notification should be
done quickly and reliably. Therefore, there must be an efficient mechanism for a CR-based
transmitter and its intended receiver to pick a common available channel for transmission. If
the channel negotiation mechanism is not designed appropriately, it may be unmanageable to
achieve the proper utilization of resources and time overhead. In a cluster-based CR ad-hoc
network, member nodes can reach a cluster head (CH) directly, and cluster nodes need to share
their sensing results and determine a common channel set. In the conventional group-based
initialization protocol, the CH sequentially broadcasts a setup request message over all the
CH’s available channels, and each member node listens to one of its available channels during
a predefined time. If a member node does not receive the setup request message, then it
switches to its next available channel until it successfully receives the message. However, in
the worst case scenario, the maximum delay may not be bound, or it requires a long setup time.

In this paper, we propose a novel, secondary, system initialization protocol for
cluster-based CR networks. In the proposed method, the CH sequentially broadcasts a system
activation signal on each available channel with a predetermined pattern. The system
activation signal is a specific time domain waveform that has a pre-determined
frequency-domain feature. Therefore by decoding the signal, member nodes of the cluster can
easily know CH’s network initialization request and the available channels of CH. The
activation signal sequence is designed to have a specific frequency-time correlation
characteristic. To detect the cluster head’s broadcast channels reliably and quickly, each node
implements fast Fourier transform (FFT) at every defined time period and computes an
autocorrelation for the FFT bin sequence for each channel available to the member node. The
correlation is compared to the predetermined pattern. After finding out the CH’s broadcast
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channel, the cluster-join procedure is followed. The common data channel set that is to be used
for the cluster is determined by the CH and is broadcast to member nodes by the proposed
sequential announcement method.

The rest of this paper is organized as follows. In Section II, the proposed secondary system
activation mechanism is presented. In Section 111, member node-join and CH common channel
decision procedures are explained. In Section 1V, the performance of the proposed method is
evaluated, and finally, Section V concludes this paper.

2. Secondary System Activation Mechanism

2.1 System Model

Heterogeneous spectrum availability and the absence of a central control entity in CR ad-hoc
networks necessitate self-organization of CR users for efficient spectrum coordination. The
cluster-based organization in a CR ad-hoc network is known to be effective in reducing
communications overhead and at providing efficient spectrum utilization. In this paper, we
assume that there exists a cluster head and multiple member nodes within CH range. The CH
initiates CR ad-hoc cluster formation and decides common channels for data transmission
based on each member node’s available channel report.

As shown in Fig. 1, in our model, the entire operational band is partitioned into G band
groups (BGs). Each BG consists of M channels, and each channel is subdivided into request
and response sub-channels. The entire operational spectrum band, the channel bandwidth and
the number of channels per band group are the operational parameters and they are
pre-determined depending on the CR ad-hoc application scenarios by a system operator.

The request and response sub-channels are used for system activation and join replies by
the CH and member nodes, respectively. For channel occupancy evaluation, spectrum sensing
is performed in a channel-based way (not on sub-channels) by the CH and member nodes. In
this paper, we assume that each member node performs local spectrum sensing and
cooperative spectrum sensing is not considered.
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Fig. 1. Band group formation.

2.2 System Activation by the Cluster Head

Based on the local sensing results, the CH selects the best channels, b,,,, up to max_b channels
(predetermined) from among all available channels for all BGs . From all available channels,
in which use of those channels do not give harmful interference to primary users, CH
determines the best channels based on signal to interference plus noise ratio (SINR). The
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number of best channels for each BG is not fixed, and is an implementation issue. However, at

least one channel has to be selected from a BG if the BG has available channels. Let chﬁfgebbg

be the i-th selected best channel of BG,, Vg € {1,2--G}. by, is the best channel set for band
group g. Then, the CH sequentially broadcasts a system activation (SA) signal on the

chﬁfg (q) request sub-channel of all best channels.

It should be noted that the CH does not need to select best channels that equal max_b, but
as in Fig. 2, the CH should follow the SA transmission circulation cycle T, = (Ts X 2) X
max_b to make the predefined correlation feature. T is the sub-channel time, and the CH
stays on the request and response sub-channels to send the SA signal and to receive join
messages from member nodes during T;. After T, time, the CH returns to the first selected
channel and repeats the system activation behavior until the repeated cycles reach the
predefined maximum number of SA transmission cycles (max_cycle).

The SA signal is not a message, but it can be any band-limited signal waveform. The only
required condition is that the transmission power of the SA signal should be constant during
the system activation period. Fig. 2 shows the system activation signal transmission on the
best channels of the band groups. As shown in Fig. 2, the SA signal, represented by solid
square box, is sequentially broadcast by the CH on the request sub-channels of the best
channels for each BG. When the CH reaches the last best channel of all band groups, it returns
to the first best channel and repeats the SA broadcast. If the number of best channels (num_b)
is less than the predefined max_b value, then the CH silently waits for the time period
(max_b — num_b) x 2T, . This guarantees that member nodes can successfully derive a
frequency-time correlation pattern with a constant cycle.
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Fig. 2. System activation signal transmission.
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Fig. 3. Example of FFT sequences.

The proposed SA transmission scheme is designed so the FFT samples of the SA signal
sequence have a special time correlation feature, so every member node can detect the
broadcast channel easily and efficiently. As we can see in Fig. 2, for each request sub-channel
on which the SA signal is transmitted, the FFT value time sequence of the sub-channel has a
periodic pattern (period=2T, X max_b). The waveform of the SAsignal during Ty is designed
to correspond with a bin value of (a + jb) FFF value, in which the FFT bin size is the
sub-channel bandwidth and (a,b) values are predetermined. Therefore, the FFT time
sequence for each SA transmitted request sub-channel shows the following pattern:

Tseqnqy = {(a+ jb),0,--,0},{(a +jb),0,,0},-,{(a + jb),0,-,0} (1)
2Xmax_b 2xXmax_b 2xXmax_b
max_cycle

Fig. 3 illustrates an example scenario. In Fig. 3, the number of band groups is 2; the
number of maximum best channels, max_b, is 3; the number of channels for each band group
is 3. From among six channels, four channels are available to the CH. Since max_b is 3, one
channel from band group 1 and two channels from band group 2 are selected as best channels.
The CH broadcasts the SA signal on each request sub-channel of the selected best channels
and waits for possible join messages from member nodes on the corresponding response
sub-channels. In Fig. 3, an SA signal FFT bin value of a4+ jb = 1.0 4+ 0 is used. The
sub-channels of primary detected channels show different FFF bin time sequences from that of
the SA request sub-channel.
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2.3 SA Sub-channel Detection by Member Nodes

For fast and reliable system setup for secondary cognitive radio networks, cluster member
nodes first need to find the system activation channels. Each member node periodically
performs local wideband sensing and maintains its available channel list for each band group.
Then, to detect the SA transmitted sub-channel, member nodes perform FFT operations for
available channels. In this paper, to reduce FFT computation overhead, member nodes can
optionally select one (or multiple) band group(s) with the largest number of available channels.
Instead of performing FFT for all band groups, the member nodes may take FFT only for the
selected band group(s). As shown in Fig. 4, band group BG, has the largest number of
available channels (four), and BG, is therefore selected by the member node to perform the
FFT operation.

BG, BG, BG,
/ available\
Ll channel
selected BG fromionry

Fig. 4. Selected band group by a member node.

Since the actual received signal can be attenuated and added by additive white Gaussian
noise (AWGN), and can also experience shadowing and fading effects, the received SA
signal’s FFT time sequence can be different from that of the transmitted sequence, as seen in
(2). The FFT signal values also differ between member nodes due to the different node
positions:

Rseqlylyy = {(a+jb),n,,n},{(a+jb),n,-,n}, {(a+jb),n-,n} (2

2Xmax_b 2xXmax_b 2xXmax_b

max_cycle

where, (a + jb)" is the FFT value for the received SA signal, and n is the FFT value for
random noise. Note that (a + jb)" in (2) for the same member node can be different due to
AWGN, fading and shadowing in each measurement time.

In this paper, we do not use the received SAssignal’s FFT value itself as a pattern. Instead,
the correlation of the FFT values is the specialized feature to detect the SA transmission
sub-channel. In our proposed method, the FFT calculation interval is predetermined and is
equal to sub-channel time T;. As we can see in Fig. 5, there is no need for time synchronization
for cluster initialization between cluster head and member nodes. The FFT calculation can be
done any time within the CH sub-channel time.

Each member node calculates autocorrelation of the received signal’s FFT time sequence
for each of its available channels. As shown in Section 2.1, the entire band group and channel
formation are known to member nodes in advance, and the SAsignal is only transmitted on the
request sub-channels. Therefore, member nodes only need to perform FFT for odd
sub-channels (i.e., request sub-channels) of their selected band group. Also for the
sub-channels of primary detected channels, member nodes do not perform correlation
computations.
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Fig. 5. Member nodes’ FFT and autocorrelation calculations.

As a case study, Fig. 6 and Fig. 7 show FFT time sequences and autocorrelations for
Tseqgp ) O (1) (‘deal’) and Rseqly;,y of (2) (“Shadowing+AWGN?). Here, a + jb=1+j1 is
used; max_b is 3; max_cycle is 3. As shown in Fig. 6, the FFT value sequences of the
transmitted and the actual received signals are not much different due to the shadowing effect
(o = 2dB) and AWGN (SNR=—-5dB). In this study, SNR is the signal-to-noise ratio for the
time domain signal before the FFT operation at the receiver. As shown in Fig. 7, the reference
FFT sequence has a specific correlation feature, depending on max_b and max_cycle.
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Fig. 6. FFT SAsignal values.
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Fig. 7. Autocorrelation of the FFT sequence of the SA transmitted channel.

To determine whether on channel m the CH sent the SA signal or not, member nodes
compare the autocorrelation feature of the measured FFT bin sequence of the request
sub-channel of channel m with that of the reference FFT sequence. In this paper, we use two
similarity decision methods: i) product-based cross-correlation matching and ii) mean squared
error (MSE)-based matching. The similarity values of channel m from product-based
cross-correlation matching and MSE-based matching are given in (3) and (4), respectively.

. 1
Slm_Pm = R%sr * Rref = z %:1 Rrr;llsr [Z]Rref [l] (3)
) 2] 1 2
Sim MSE™ = E [(Rir [1] = Reer [11)°] = 2 ey (Ror [1] = Rrer [11) )

where

RI.-[l] = autocorrelation of the measured FFT bin sequence for the request
sub-channel of channel m with time lag [
R,.¢[l]= autocorrelation of the predetermined reference FFT sequence pattern with

time lag (
L =2 X max_b X max_cycle= the number of autocorrelation samples

The similarity values are compared with thresholds. If Sim_P* > Th,, (for product-based

cross-correlation matching) or Sim_MSE! > Th,,s, (for MSE-based matching), then
member nodes consider the SA signal to be sent on channel i. If there is no matched channel,
then member nodes select a new BG and perform the initialization process again.

3. Cluster Join and Common Channel Decision Notification
Procedure

3.1 Member Node Join Procedure
At a member node, if autocorrelation of a certain FFT bin time sequence on a request
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sub-channel matches the predefined correlation pattern, then the member node sends a JOIN
request to the CH using the corresponding response sub-channel. In other words, when the

FFT correlation matched by a sub-channel is chiag (q) , the JOIN request is sent on chiag (r)
where g is the selected band group by the member node and m is the SA detected channel.

BG
chn @ eyt () Q) Py
. JoIN | L JoIN .
CH SA | received | SA | received time
‘ A : ‘ A
FFT, ' '
correlation matching subchannel wait a CD message
hBGg switching from CH
chy, " (@) | detected / ‘ ‘
node k ! / 3
BG : :
chy, (1) . join/ |
\CSMA — CA |
BGgy1 i i v ‘ 1
Chk (@) : i detected ! f
node j | | | / |
BG, : : : 1
chy T (r) 3 3 . Jom/
frequency ;

Fig. 8. Member node JOIN message transmission.

Fig. 8 shows the member node’s JOIN message transmission procedure. As shown in Fig. 8,
the SA signal sent by the CH on the chiag (q) sub-channel is detected by node k, and a JOIN

request is sent on the chiag (r) sub-channel in response. After the CH sends the SA signal on
the request sub-channel, it switches to the response sub-channel and waits for possible JOIN
messages from the member nodes. To avoid possible JOIN request collisions between member
nodes, carrier sense multiple access with collision avoidance (CSMA/CA) can be used. In the
JOIN request, all available channel lists of the member node and the channel state information
are included, not only for the selected band group g, but also all other band groups. After

sending a JOIN request, the member node immediately switches to the chiag (q) sub-channel
and simply listens to the channel and waits for the channel decision (CD) message without
further FFT operation.

3.2 Common Channel Decision Procedure

After broadcasting the SA signal on the chiag(q) sub-channel, the CH switches to the

chiag (r) sub-channel and listens during sub-channel time T to receive JOIN messages from
the cluster member nodes. Then, the CH switches to the next request sub-channel and
transmits the SA signal. If the CH has received enough JOIN messages from member nodes,
then it terminates transmission of the SA signal. The CH determines the common channel set
to use for data transmissions between cluster member nodes. The optimal common channel set
is computed using the channel information in the received JOIN messages.
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The CH broadcasts a CD message on each request sub-channel chiag(q), Vg,m€ M‘]g
sequentially. M‘]g is a set of channels from JOIN messages received from band group g. The

CD message includes a common data channel set to use, a hopping pattern (if frequency
hopping is used), and an operation time schedule, and lists all member node IDs that
successfully sent JOIN requests.

Fig. 9 shows an example scenario of a JOIN request. Suppose that member node k sent a

JOIN request and waits for a CD message from chiag (q@). If the node has successfully
received the CD message, but the node ID of node k is not included in the CD message, then

node k sends a JOIN request again on the following chiag(r) sub-channel. At the next

chiag(q) sub-channel time, the CH announces the successful membership join results to
member node k. When node k is not able to receive the CD message during the predetermined
time, T¢p, then it sends a JOIN request on the other SA detected channel.

BG BG
chy (@) chy () chy (@) ch2P(r)  chy ()

CH SA CD received - CD
node k l

hBGg ? node k is de k is included
c m (q) detected f not included f noae K 1s inctuae

chffg (1) JOIN JO IN/

Fig. 9. Channel decision notification and JOIN retransmission.

Algorithm1 and Algorithm?2 show the pseudo codes for cluster head and member node behaviors,
respectively.

Algorithm1: Pseudo code of cluster head behavior.

Cluster Head’s Behavior
wideband spectrum sensing (); find BG,fg channelsvge 6 ={1,2,--g,---,G}

g=1
while (enough nodes are not joined or have not reached the predefined SA transmissions)
for(¥b(i) € b,y)

broadcast SA on chgc.g
®
Gg

. B
switch to ch, o (r);

(q) subchannel;

if (JOIN request message received from node k)

add node k to Join_MN _list; add ACL to ACL ,ter; //ACL: available channel
list
end if
end for g + +;
end while
compute data channel set and hopping pattern ();
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for(vg)
for(vm e M)

broadcast CD on chiag (q) subchannel;
if (JOIN request received on chiag )
add node k to Joinyy,, ,; add ACLy to ACL ysters

resend CD at the next chiag (q) time;
end if
end for
end for

Algorithm2: Pseudo code of member node behavior.

Member Node k’s Behavior
wideband spectrum sensing ();
find BG,, band group that has the largest number of available channels;

perform FFT and compute autocorrelation — STEP1
R, of chi?(q), ¥m € ACLy of BG,.:

if (SA signal is detected on chBGg*(q))
send JOIN request on chi T (1);
switch to chicg*(q) and wait CD message; - STEP2
if (node ID is not included in CD)
resend JOIN request on chiag “(r);
go to STEPZ;
end if
follow the schedule of CD message;
else find the next band group and start STEP1,
end if

4. Simulation Results

In this section, we evaluate the performance of the proposed common channel initialization
protocol. The maximum rendezvous time, correlation matching values, false-recognition and
misrecognition ratios and JOIN message delivery delay are compared for various scenarios.
In Table 1, the parameters used for the simulations are given.

Table 1. Parameters used for simulations

Parameter Value

Number of SA transmission channels (N¢g) 5~30

Number of member nodes 10 ~ 40

SNR -10dB ~ +10dB
Speed of member nodes 3km/h
Shadowing standard deviation o 0dB ~ 4dB
max_cycle 3,4,5

max_b 3




KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 1, January 2017 135

As we introduced in Section 1, there are sequence-based and group-based rendezvous
protocols for dynamic spectrum access. For fast secondary system initialization, the required
maximum rendezvous time should be small. In this section, the proposed mechanism is
evaluated and compared with the sequence-based method [8] and group-based method [12] in
terms of the required rendezvous time for secondary system initialization.

In the sequence-based rendezvous protocol of [8], CH and a member node need to
randomly change their hopping channels to achieve hopping channel synchronization. In
addition, to organize an ad-hoc CR network, CH should perform the initialization procedure
with each member node separately. According to the analysis of [8], the total required
rendezvous time for the sequence-based method is given as in (5).

NEy+2NEy+6Ncy—3
3NCHX(6NCH+1)

seq __
Tyt = Ts X Ny X

©)

where, Ts is the hopping time (corresponding to the sub-channel time in the proposed method)
Ny, is the number of member nodes; Ny is the number of hopping channels (corresponding to
the number of SA channels in the proposed method).

In the group-based cyclic-listening initial setup method of [12], each member node selects
one channel from its available channels and waits for a CH system activation message for a
time period of at least Tg X N¢y. Ts is the system activation (SA) message transmission time,
and Ny is the number of CH activation message transmission channels. If a member node
does not receive an SA message, then it switches to the next channel and waits again. This is
done for Ny channels, so that the total required rendezvous time of the group-based method
of [12] is computed with (6).

Tootar. = Ts X Ny 6)

In the proposed method, using an FFT operation, each member node can listen to all
available channels at the same time. When the required number of cycles for a pattern is
max_cycle, the total required SA transmission time of the proposed method is given with (7).

Tproposed

rotal = Tg¢ X max_cycle X Ny ()

Fig. 10 shows a comparison of the total required rendezvous time. For the proposed method,
max_cycle is set to 3, 4 and 5. As we can see, the proposed method is not sensitive to the
number of SA transmission channels and the number of member nodes. The required time for
system initilization of the proposed method is much less than those of sequence and group
—based methods.
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Fig. 10. Required rendezvous time for system initialization.

When member nodes transmit JOIN message to CH at the same time on the same
sub-channel, they may contend to take a response sub-channel. If the number of contending
member nodes is increasing, then JOIN message collision ratio and the message transmission
delay can be also increasing. In Fig. 11, we evaluated the JOIN message transmission delay.
For the simulation study Ty is set to max|Tsa, (Thackoss + Tjoin)] - Tsa is the SA
transmission time; Tjq,y is the JOIN message transmission time; Tpgckor s IS the maximum
backoff time in a sub-channel time channel access. In this example case, during T, only one
message can be sent. For the different network conditions, we measured the required number
of response T; slots for all member node’s successful JOIN transmissions. The number of
backoff mini-slots is eight. The average number common available channels between CH and
member nodes varies from 5 to 30, in which we assume that each member node tries to send
JOIN message using one of SA transmission channels. The number of member nodes varies
from 10 to 40. As we can see in Fig. 11, as the number of member nodes increasing for the
given number of common available channels between CH and member nodes, the required
number of response sub-channel slots for successful transmissions of JOIN message is also
increasing due to deferring the JOIN transmission and possible message collisions.
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Fig. 11. The required number of response sub-channel slots for successful transmissions of JOIN
message.

To evaluate the effectiveness of the proposed correlation-based SA transmission channel
detection under various wireless channel conditions, we adopted the Friss path loss model and
shadowing effect, as expressed in (8):

{%} . _1o,mog(§_oj+ X, .

where d is the distance between the member node and the cluster head; P.(d) denotes the
received signal power at distance d; S is the path loss exponent; B.(d,) is the received power
at the close-in reference distance d,; X, is a random variable with Gaussian distribution with
a zero mean and a standard deviation of ¢ dB. In the following simulation, member nodes
move away from the cluster head at a speed of 3 km/h. In this simulation study, max_b is three
channels and max_cycle is set to 3. The SA circulation cycle (T,), which represents the
periodic SA transmission interval on a specific sub-channel, is six sub-channel times because
T, = (Tg X 2) X max_b.

Fig.12 shows the product-based average cross-correlation matching values between the
predefined autocorrelation pattern and the measured autocorrelation under various wireless
channel conditions when an SA signal is transmitted. We can see that as the SNR conditions
worsen and larger shadowing variations result in lower average cross-correlation matching
values. However, it is also shown that even in the worst case, i.e., -10dB SNR and a 4dB
shadowing standard variation, the computed average cross-correlation value is higher than
0.72. At -10dB~10dB SNR and under 0dB, 1dB, and 2dB shadowing standard variation
conditions, the computed average cross-correlation matching values are always higher than
0.83, which is large enough to detect the SA transmission channel at the member nodes. As we



138 Yoo et al.: System Initilization Protocol for CR Adhoc Networks

mentioned in Section 1, SNR is the signal-to-noise ratio for the time domain signal before the
FFT operation at the receiver. In our simulation study, we confirmed that the typical values of
cross-correlation between the predefined signal pattern and some other signal types, such as
constant primary signals or random signals under various wireless channel conditions, were
about 0.55.

Fig. 13 presents the average MSE correlation matching performance of the proposed
scheme as a function of SNR. It represents the average squared difference between the
pre-defined autocorrelation pattern and the measured autocorrelation under different SNR
conditions. As we can see, worse SNR conditions and higher shadowing variations result in
higher average MSE matching values, whereas higher SNR conditions and lower shadowing
variations result in smaller average MSE matching values. We also confirmed that the typical
values of MSE correlation matching for some other signal types are several times larger than
those of Fig. 13.

We compared the average correlation matching values for different types of signals. Signal
type 1 represents a constant primary signal with AWGN, in which a constant signal waveform
from a primary system is transmitted on the member node’s available channel. Signal type 2 is
a primary signal with random waveform. Signal type 3 is AWGN-only, and signal type 4
indicates that the SA signal is transmitted on a channel with AWGN and shadowing. Fig. 14
and Fig. 15 are average correlation matching value comparisons for product-based and
MSE-based, respectively. Here the SNR is fixed at 0dB, and the shadowing effect is fixed at
2dB.

For product-based matching, the average cross-correlation matching values for signal type
1 (constant primary signal with AWGN) and type 2 (random signal) and type 3 (AWGN only)
are all less than 0.66. For signal type 4 (SA signal with AWGN and shadowing), the matching
value with our proposed method is about 0.98. For MSE-based matching, the average
matching values for signals of type 1, type 2 and type 3 are all greater than 0.05, whereas for
signal type 4, the matching value is about 0.003. The lower average MSE-matching value
indicates better matching with the reference SA pattern. It is evident in the figures that by
using the SA signal activation procedure, the SA signal transmitted by the CH can easily be
distinguished at the member nodes from other signal types, which will eventually reduce the
risk of false recognition and misrecognition of the SA signal, and a fast and reliable secondary
system initialization procedure is achieved in CR ad-hoc networks.
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Fig. 12. Average product-based cross-correlation matching values.
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For the AWGN and SA signals, Fig. 16 and Fig. 17 display the probability density function
(PDF) of the matching values for product-based and MSE-based methods, respectively. Fig.
16(a) and Fig. 17(a) show the PDF of matching values calculated between the AWGN and the
predefined pattern. Here the mean matching values for both methods are 0.63 and 0.06, which
coincide with the results for signal type 3 (AWGN only) of Fig. 14 and Fig. 15. In Fig. 16(b)
and Fig. 17(b) SNR is set to 0dB, and we obtained PDF graphs for different shadowing
conditions. The larger shadowing effect results in the wider matching value distribution. As
shown in Fig. 16 and Fig. 17, the matching value variance for type 3 (AWGN only) and type 4
(SA signal with AWGN and shadowing effect) of the MSE-based method is a little larger than
that of the product-based method, even though the MSE-based method shows a greater
difference in average matching values between type 3 and type 4 signals, as in Fig. 15.
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Fig. 16. The PDF of product-based cross-correlation matching values for different signal types.
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In fact, the results of Fig. 16 and Fig. 17 indicate that there are possibilities for
false-recognition of noise channel to SA channel, and of misrecognition of SA channel to noise
channel due to the not ignorable matching value variance. Therefore, in this simulation study;,
we evaluated our proposed scheme in terms of false-recognition ratio (FR) and misrecognition
ratio (MR) corresponding to a given threshold for both the product-based and MSE-based
cases. We also see a tradeoff between the false-recognition ratio and misrecognition ratio. In
this paper, the false-recognition ratio and misrecognition ratio are expressed in (9) and (10),
respectively, where the CH did not transmit the SA signal on a channel, but a member node
determined the channel to be an SA channel.

FR = Prob(D,|H,) (€)]
MR = Prob(Dy|H;) (10)

where
D;: At the member node, the received signal is determined as an SA signal.
Hy: SAsignal is not transmitted on the channel by the CH.
Dy: At the member node, the received signal is not determined to be an SA signal.
H,: SAsignal is transmitted on the channel by the CH.
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Fig. 18. The product-based false-recognition ratio and misrecognition ratio for different signal types.

Fig. 18(a) and Fig. 19(a) show false recognitions of noise as an SA signal in the
AWGN-only case, according to product-based and MSE-based methods, respectively. We can
see that the false recognition ratio decreases as the product-based threshold increases. For a
threshold value of 0.85, the false recognition ratio is less than 5%. In MSE-based cases, the
false recognition ratio increases as the MSE-based threshold increases. For a threshold value
of 0.03, the false recognition ratio is less than 5%. Fig. 18(b) and Fig. 19(b) show
misrecognition of an SA signal as a signal other than an SA signal. We fixed the SNR at 0dB
and changed shadowing sigma to 2dB, 3dB and 4dB. As we can see, for the product-based
method, by increasing the threshold, the misrecognition ratio also increases, whereas when the
MSE-based method increases the threshold value, the misrecognition ratio decreases. When
shadowing sigma is 3dB, for a product-based threshold value of 0.9, the misrecognition ratio is
around 5%, and for an MSE-based threshold value of 0.018, the misrecognition ratio is around
5%.
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Fig. 19. The MSE-based false-recognition ratio and misrecognition ratio for different signal types.

As we can see in Fig. 18 and Fig. 19, there is a tradeoff between the false-recognition ratio
and misrecognition ratio. To decrease the false-recognition ratio, when we increase the
product-based threshold (in MSE-based, decrease the threshold), it results in an increase in the
misrecognition ratio. Therefore, in practice we need to first determine a target ratio for either
false recognition or misrecognition. Then the corresponding threshold can be derived to meet
the target ratio. In Fig. 20, we first determined target false recognition ratio (from 5% to 20%),
and the corresponding threshold is derived. With the derived thresholds for both product-based
and MSE-based methods, we obtained the misrecognition ratios. In this experiment, SNR is
0dB and shadowing sigma varies from 2dB to 4dB. For a 5% target false-recognition ratio,
both methods show misrecognition ratios of less than 4% for different shadowing conditions.
For a 10% target false-recognition ratio, they show misrecognition ratios of less than 2%. For
the given conditions, the misrecognition ratio of the product-based method is less than that of
the MSE-based method. This is caused by the fact that the matching value variance of the
MSE-based method is larger than the product-based method.
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and MSE-based methods.
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5. Conclusions

In this paper, we proposed a fast and reliable secondary system initialization protocol for
cluster-based CR ad-hoc networks. The activation signal sequence sent by a cluster head is
specially designed to have a specific frequency-time correlation characteristic. Therefore, at
the member nodes, the system activation request channels are easily detected with FFT and
autocorrelation operations. Because all SA transmission channels can be analyzed at the same
time by the cluster’s member nodes, the system setup time of the proposed method is not
sensitive to the number of system activation channels of the CH. In this paper, we also
presented a reliable member node join and a common channel decision broadcasting
mechanism. Compared with the conventional cyclic listening initialization method, the cluster
joining delay is significantly reduced. Furthermore, SA channel detection using FFT and
correlation operations can remain strong against the wireless channel variation so that the false
recognition and misrecognition ratios can be maintained at very low bounds. The proposed
channel initialization protocol uses a single-channel environment, and in the future, we intend
to use a multi-channel environment.
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