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Abstract—In this paper we evaluate the delay and sensing
performance of distributed cooperative sensing in wireless sensor
networks assisting cognitive secondary operation. We propose
a time division multiple access protocol to exchange sensing
information among neighboring sensors, that is tunable in terms
of sensing cooperation range and frequency reuse distance. Qur
evaluation shows that short frequency reuse distance may cause
significant packet loss in the sensing aggregation process. This
loss however affects mainly transmissions with less significant
information, and therefore low delay aggregation with efficient
spatial time division multiplexing is possible.

I. INTRODUCTION

Cognitive radio technology provides the opportunity for
unlicensed users to adapt their transmission parameters ac-
cording to the environment and utilize in this way the unused
portions of the licensed spectrum. However, the cognitive users
themselves can not reliably detect the spectrum holes due to
attenuation impairments, and this unreliability threatens the
primary network performance [1]. The reliable detection of
spectrum holes requires cooperative sensing, that is, spectrum
sensing at several locations and the combination of the sensed
information of the nearby sensors [2].

To ensure reliable cooperative sensing [3] proposes the use
of a dedicated wireless sensor network (WSN) to assist the
detection of spatiotemporal free spectrum bands. Figure 1
demonstrates this general framework. The sensor network
monitors the spectrum, generates a map of occupied frequen-
cies by performing cooperative sensing, and delivers it to
the cognitive secondary network. The secondary network then
tunes its transmission parameters accordingly. The sensing and
communication performance of the WSN affect the interfer-
ence caused in the primary network and the utilization of the
available spectrum in the secondary cognitive network. The
interference depends on the probability that a primary signal is
not detected, called missed detection, and the reaction time of
the WSN, including the sensing time and the time for sensing
information fusion. The utilization of the available spectrum in
turn depends on the probability of a false alarm, when a free
frequency is detected as occupied, and again on the reaction
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Fig. 1. WSN aided cognitive operation. A regular sensor grid is implemented
to provide spectrum availability information for the secondary cognitive
network [3].

time of the WSN, the faster is the sensing and information
fusion, the longer is the time that remains to actually utilize
the detected spectrum holes.

The sensing and communication performance of the WSN
depends on several factors, such as the spectrum sensing
mechanism applied and the cooperative sensing rule [4]; the
WSN density and topology [5], and the WSN transmission
capacity and protocol stack.

In this paper we address the local information aggregation
process among the sensors, that is, when neighboring sensors
exchange their sensing information and perform cooperative
decision. These decisions are then collected by the fusion
center in centralized architectures, or directly by the secondary
users under distributed approaches.

We consider the scenario investigated in [5], where sensors
of a fixed, regular grid perform energy detection over a set of
bands, and combine their binary, spectrum free or spectrum
occupied hypotheses with their neighbors’ results following
the OR decision rule. The choice of hard decision combining
is motivated by the expectation that the capacity available
for the WSN communication will be low and therefore the
WSN traffic load has to be minimized. We recall, that the
results of [5] show the existence of an optimal cooperation
range, which maximizes the performance in terms of false



alarm and missed signal detection tradeoff. As the cooperation
range is further increased, sensors far away from the sensed
physical point contribute to false alarms, but do not improve
the signal detection performance significantly, which leads to
overall sensing performance degradation.

Since the aggregation of sensing results in the fixed grid and
within a given cooperation range is a deterministic process, we
propose time division multiple access (TDMA) with spatial
frequency reuse for the medium access control of the local
aggregation. We evaluate the tradeoff of the data aggregation
delay and the probability of packet loss due to interference, as
a function of the sensing cooperation range and the frequency
reuse distance of TDMA scheme, and the effect of packet
losses on the cooperative sensing performance.

The rest of the paper is structured as follows. Section
I presents the networking scenario, that is, the cooperative
sensing process and the TDMA based aggregation. Section
IIT evaluates the performance of the proposed schemes and
derives the optimal parameters of the cooperative sensing and
the channel access protocol. Section IV concludes our work.

II. SYSTEM DESCRIPTION

We consider a wireless sensor network that is deployed
in the area where cognitive operation is allowed, forming a
regular triangular grid. The cognitive operation range is di-
vided into multiple bands, and each sensor performs spectrum
sensing over the set of bands to find the temporarily free
ones. The WSN and the secondary network operations are
synchronized, and follow a fixed schedule. At the beginning
of each time-slot the WSN performs spectrum sensing and
provides spectrum availability estimates for the secondary
network. After this period, the secondary network performs
cognitive transmission on the temporarily free bands until the
end of the time-slot. The length of the time-slot determines the
maximum time of interference due to missed detection, and is
set according to the requirements of the primary technology.

A. Cooperative sensing with local aggregation

Each sensor is responsible for detecting active primary
transmitters in its Voronoi cell. In the case of the considered
triangular grid, the Voronoi cell is a hexagon as shown in
Figure 2. An active primary transmitter in a Voronoi cell is
not detected if the respective sensor decides for signal not
present after the cooperative sensing process. Similarly, false
alarm occurs, if the sensor decides for signal present while
there is no transmitter in the cell.

The local sensing process is controlled by the detection
threshold +, and is set to limit the false alarm probability after
cooperative decision, based on the preliminary knowledge of
the noise variance, o2, the number of samples, K, and the
number of cooperating sensors, N.. Considering OR decision,
the model of [5] is used to calculate :
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Fig. 2. The triangular grid of sensors with hexagonal Voronoi cells. The first
sensor tier consists of 6, the second sensor tier consists of 12 sensors.
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The sensors exchange their set of local decisions with the
neighboring nodes up to the cooperation range, R., defined
as the number of sensor tiers, in WSN hops. For instance,
if R. = 1, sensors exchange information with the first tier,
that is, the six one hop neighbors. If R, = 2, information is
exchanged with the first and second tier, including one and
two hop neighbors respectively. Figure 2 shows the triangular
grid. The first tier consists of 6, the second of 12 sensors. That
is, cooperative decision with k. = 2 combines 1+6+12 = 19
measurements. In general, the number of cooperating sensors
for given R, and for triangular grid is equal to:

Pra

9

DPfa

N, =3R?>+3R.+ 1. )

The vector of local binary decisions, representing the avail-
ability of the set of sensed bands, is protected with error
detection code. If a node can not decode a transmission due
to interference, the packet is considered to be lost. Lost local
decisions are considered as signal not present in the OR
decision. Consequently, packet loss increases the probability of
missed detection and decreases the probability of false alarm.
That is, the limit on the false alarm probability pr4 holds
even under lossy transmission.

B. Medium access control for local aggregation

We assume that sensors share their local decisions with
direct broadcasting. That is, when a sensor broadcasts its local
binary decision, all other sensors within R, listen to receive
the information.

Since the information exchange between the sensors of the
fixed grid leads to a deterministic network load, we base
the channel access on spatial time division multiple access
(TDMA). Each time-slot of the TDMA frame is assigned to a
group of sensors. Sensors broadcast the vector of their local



Fig. 3. The TDMA schedule. R, =1 and R; = 2.

binary decisions over the sensed channels in the assigned time-
slot, and all sensors within the cooperation range make an
attempt to receive the information. By the end of a TDMA
frame each sensor has broadcasted its local estimate and
can make the cooperative decision based on the received
information.

The delay of this local aggregation process is determined by
the length of the TDMA frame, that is, by the required number
of time-slots. Consequently, the TDMA slot assignment should
minimize the number of timeslots provided the requirements
on the sensing performance are fulfilled.

Since the transmission frequency is reused, packet losses
may happen due to the interference caused by simultane-
ous transmissions. To control the level of interference, we
introduce the tunable system parameter interference range,
R;, which gives the minimum distance between a receiving
and a simultaneously transmitting node in hops. Clearly,
R; > R, is needed to keep the interference power below the
signal power at the receiving node. Figure 3 demonstrates the
concepts of interference and cooperation range for R, = 1 and
R; = 2. The inner and outer discs represent the cooperation
and interference ranges respectively. It is reasonable that the
interference areas overlap, since nodes in the overlapping areas
are not included in the cooperation areas and are not expected
to receive the packets. To keep the interference range limit,
the TDMA slot assignment has to be such that k, the distance
of nodes transmitting at the same time, is:

k> R;+ R.. 3

Clearly, larger interference range decreases the interference
and consequently the packet loss probability, while increases
the time required for the information aggregation.

For an arbitrary sensor network structure, the construction
of the minimum length TDMA schedule that obeys (3) is
equivalent to the Distance-k Chromatic Number Problem.

The Distance-k Chromatic Number Problem is defined as
follows. Given a graph G = (V, E), and an integer k, the
distance-k chromatic number of the graph is the fewest number
of colors needed to color the nodes of the graph so that no
two nodes of the graph have the same color if the shortest path
length between the nodes is less than or equal to k. Such a
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TABLE 1
SIMULATION PARAMETER VALUES

Sensing
False alarm probability pr 4 0.05
Sensed bandwidth 200KHz
Sensing time 1ms
Wireless Sensor Network
Nodes distance d 50m
Cooperation range R. 1-3
Interference range R; 2-6
Packet size 4Bytes
Modulation BPSK
Transmission frequency 2.5GHz
Transmission bandwidth 10KHz
Transmission power 17dBm
Primary network
Transmission frequency 2.437GHz
Transmission bandwidth 20MHz
Transmission power 17dBm
Channel characteristics
Shadowing standard deviation  10dB
Noise power density o2 —174dBm

coloring of the nodes of the graph is known as proper coloring.
In the considered TDMA scheme the colors can be regarded
as slot numbers and proper coloring gives a minimum length
TDMA schedule.

The Distance-k Chromatic Number Problem is NP-complete
for the general case. For the triangular graph structure consid-
ered in this paper, we apply the sub-optimal solution in [6],
originally proposed to solve the channel assignment problem
in cellular networks. Here we customize the algorithm to find
the minimum number of time slots for each R; and R, pair.
The algorithm in [6] gives a slot assignment with

n=k+k+1=(R.+R)?+R.+R+1 (4

time-slots, so, the delay of the local aggregation increases
quadratically with the sum of R. and R,;.

The time inefficiency of the aggregation is reflected by
the difference of n in (4) and N, in (2), since N, the
number of cooperating nodes, gives the lower bound of the
number of timeslots required to collect all information for
the cooperative decision. The time inefficiency is due to
the required interference range and due to the possible sub-
optimality of the slot assignment algorithm. Considering the
R; = R, limit, we can conclude that both the n and N, values
and therefore even their difference increase quadratically with
R..

III. PERFORMANCE EVALUATION

In this section we evaluate the performance of the local
aggregation process. First we consider network performance
parameters like packet loss and aggregation delay, then even
the performance of cooperative sensing, and evaluate how
packet loss due to interference affects the signal missed
detection probability.

We implemented the cooperative sensing algorithm and the
spatial reuse TDMA MAC protocol in a simulator framework
build on the ns2-miracle library [7]. To model the primary
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Fig. 4. Probability of missed detection without packet losses, for different
sensor distances d and as a function of the cooperation range R..

system we consider the transmission parameters of IEEE
802.11 WLAN [8]. The primary system and WSN parameters
used for the simulation study are listed in Table I. Note that the
system consists of two channels, one for primary transmissions
and one for intra-WSN communication. For both channels we
consider Gaussian noise, log-normal shadowing and Rayleigh
fading with the same parameters.

We aim at evaluating the worst case signal detection prob-
ability and therefore simulate the transmission of primary
packets from a transmitter located at the corner of a Voronoi
cell. To set the local decision threshold ~ according to (1)
we consider prpa < 5%. For the considered sensed channel
bandwidth and sensing time parameter values the number of
samples is K = 400.

To determine the network density and cooperation range
values of interest, we first evaluate the WSN sensing perfor-
mance without considering the eventual packet losses. Figure
4 shows the missed detection probability as a function of the
cooperation range R.. We consider d = 40m and d = 50m.
For both cases the optimal cooperation range is R. = 2.
The performance gap in terms of missed detection probability
is one order of magnitude between the two cases. For the
considered scenario of WLAN as primary system d = 50m
provides acceptable performance, so we use this parameter
value for the rest of the analysis and consider R. =1 — 3.

Let us now investigate the WSN data aggregation perfor-
mance in terms of packet loss ratio and data aggregation delay.

Figure 5 shows the packet loss ratio as a function of the
interference range R;, for R. = 1 — 3 and R; > R.. As
we can see, I?; has significant effect on the packet loss, that
is, the system is in the interference limited regime. When
the cooperation and interference ranges are equal, the packet
loss ratio decreases with R, since large R. also means large
frequency reuse distance.

From these results it seems that the interference range has
to be large to achieve reasonable loss performance. Large
interference range, however, increases the aggregation delay
significantly. From Section II-A we recall though that sensing
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Fig. 5. Packet loss ratio as a function of the interference range for R, = 1—3,
d = 50m.
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Fig. 6. Packet loss ratio from the different sensor tiers for R. = R; = 2, 3,
d = 50m.

results have different significance, depending on the sensor’s
distance from the sensed point. Specifically, second tier sen-
sors contribute less to the cooperative decision than first tier
sensors, and so on. Therefore, it is worth to investigate the
distribution of losses among the sensor tiers. Figure 6 shows
the packet loss ratio per sensor tier for R, = 2,3 and R; = R,.
As we see, most of the losses occur in transmissions from
sensors in the outer tiers, since the received signal level
in this case is relatively low. This is a promising outcome
for our scenario, since it might mean that losses do not
cause significant sensing performance degradation and lower
interference range values can be permitted.

Figure 7 shows the signal missed detection probabilities as
a function of R. and R;. If R. = 1 is used, losses have
significant affect on the sensing performance, and therefore
an interference range of R; = 4 has to be used to achieve
a sensing performance similar to the no-loss case shown
on Figure 4. Specifically, for R; = 4 the missed detection
probability is 2.8%, while by avoiding losses 2.21% can
be achieved according to Figure 4. For higher cooperation
ranges however, losses have very little effect due to two
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Fig. 7. Probability of missed detection under packet loss as a function of
R; for Re =1 — 3, d = 50m.

reasons. First, most of the losses happen in the less significant
outer tiers. Second, as the second and third tiers have many
sensors, receiving information from a part of them achieves
the necessary cooperation gain. In our case for R, = 2
the achievable missed detection probability is 2.03%, with
R; = R. =2 it is 2.13%, while with large interference range
R; = 5 the missed detection probability is 2.04%. Based on
the results we can conclude that R, = R; can be selected for
R.> 1.

Finally, let us discuss the aggregation delay of the con-
sidered scenario. The aggregation delay is deterministic and
is given by the length of the time-slot times n in (4). The
time-slot duration depends on the packet size, the modulation
scheme and the transmission bandwidth and is calculated by
the simulator. We set the packet size to 4Bytes, which includes
the sensor identification number and the vector of binary
decisions with an error detection code. For the considered
modulation and WSN transmission bandwidth the time-slot
duration on the inter-sensor communication channel is 6.4ms.
If R. = 1 is selected, which might be a reasonable choice
considering the little gain of R. = 2 on Figure 4, R, = 4
provides sensing result close to the ideal, no-loss case, and
therefore the required number of timeslots is n = 31 according
to (4). If, however, the optimal R. = 2 value is used, sensing
quality close to the no-loss performance is achieved already
at R; = R, which leads to significantly decreased TDMA
frame length with n = 21. Based on the results, we conclude
that R. and R; have to be optimized together to achieve the
lowest delay under given sensing quality constraints.

IV. DISCUSSION

In this paper we presented a solution for local sensing
information aggregation in low bandwidth WSN aiming at
assisting cooperative sensing at the sensor nodes. In the
proposed solution the information aggregation is based on
spatial reuse TDMA, where the frequency reuse distance is
selected based on the cooperation range of the cooperative
sensing application and an interference range that limits the
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interference and consequently the packet loss due to simulta-
neous transmissions.

Based on simulations we evaluated the sensing and sensing
aggregation performance of the WSN in terms of packet
loss, aggregation delay and signal missed detection probabil-
ity under false alarm probability constraint. Specifically, we
considered primary system parameters corresponding to IEEE
802.11 WLAN systems. We concluded that the cooperation
and interference ranges have to be jointly optimized to achieve
fast aggregation with good sensing performance.

Since the presented results are based on specific system
parameters, it is important to discuss how general the conclu-
sions of the performance evaluation are. The WSN density,
determined by the sensor distance d depends heavily on the
local sensing performance of the sensors, on the primary trans-
mission parameters and on the primary transmission channel
characteristics. Our previous paper [5] addresses this issue in
detail.

The aggregation delay is determined by the cooperation
and interference ranges. We believe that R, = 2 is the
optimal cooperation range for many scenarios, since the sec-
ond sensor tier consists of a high number of sensors which
leads to sufficient sensing diversity. Even the results on the
required interference range R; seem to be rather general,
since for reasonable interference ranges the WSN works in
the interference limited regime, where the exact values of the
sensor transmission power and the receiver noise level do not
significantly affect the data aggregation performance.

Therefore, we conclude that spatial reuse TDMA schemes
provide an efficient solution for sensing information aggrega-
tion in regular WSNs, fulfilling the application requirements
in terms of aggregation delay and cooperative sensing perfor-
mance.
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