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Cooperative MIMO-OFDM-Based Exposure-Path
Prevention Over 3D Clustered Wireless
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Abstract— As compared with 2D wireless camera sensor net-
works (WCSNs), 3D WCSNs can capture more accurate and
comprehensive information for exposure-path prevention in
supervisory and military applications. However, 3D WCSNs
impose many new challenges for energy-efficiency and
interference-mitigation subject to required coverage rate con-
straint due to extensive power consumption over time-varying
wireless channels. To overcome the above-mentioned problems,
in this paper we propose the AQ-DBPSK/DS-CDMA (alternat-
ing quadratures differential binary phase shift keying/direct-
sequence code division multiple access) based cooperative MIMO
energy-efficient and interference-mitigating scheme under the
constraint of optimal tradeoff between power consumption and
coverage rate over multi-hop clustered WCSNs. In particular,
we build sensing models to characterize the minimum coverage
rate constraint and formulate the exposure-path prevention
problem using the percolation theory. Then, we derive the
critical density of camera sensors subject to minimum exposure-
path prevention probability constraint. We develop the AQ-
DBPSK/DS-CDMA scheme and also derive the optimal data rate
to optimize transmit-power and data-rate trade-off. By deriving
the critical density of camera sensors over 3D WCSNs, we apply
the cooperative MIMO based NEW LEACH architecture for
our multi-hop cooperative MIMO scheme. Also conducted is a
set of simulations which show that our proposed scheme can
outperform other existing schemes in terms of energy efficiency
and interference-mitigation over multi-hop 3D clustered WCSNs.

Index Terms— 3D clustered wireless camera sensor networks
(WCSNSs), percolation theory, exposure-path prevention, NEW
LEACH, multi-hop cooperative MIMO, AQ-DBPSK/DS-CDMA,
Nakagami-m channels.

I. INTRODUCTION
A. Backgrounds and Motivations

HE explosive development in VLSI devices and image
sensor techniques has enabled the cost effective develop-
ment of the large-scale, small-size, and energy-saving wire-
less camera sensor networks (WCSNs). As a result, how to
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efficiently design and implement WCSNs in many critical
applications, such as the battlefield surveillance, homeland
security, industrial process supervision, and health monitoring
systems has received a great deal of research attention from
both academia and industry [1], [2].

One of the key issues in designing and implementing
WCSNs is how to optimize the trade-off between power
consumption and coverage rate. Most existing works on
sensor coverage mainly focus on full coverage models. To
remedy this deficiency, researchers have focused on inves-
tigating the exposure-path prevention problem [3] with par-
tial coverage. Accordingly, researchers have proposed the
percolation theory [4] as a powerful and effective way in
solving the exposure-path prevention problem in 2D WCSNs.
Although the existing 2D sensing models are analytically more
tractable in designing and evaluating the directional WCSNs
for coverage-control, they cannot accurately characterize some
practical application scenes. Accordingly, research about cov-
erage problem in 3D WCSNs has much more practical sig-
nificance. While the percolation theory in principle can be
potentially extended into 3D models to further improve the
power and exposure-path prevention performance, there are
still many new challenges remaining unsolved in the 3D
WCSNs due to the high complexity in the design and analysis
imposed by the 3D sensing model.

On the other hand, the clustering algorithm is widely cited
as an effective energy-efficient and interference mitigation
technique for 2D WCSNs. There are many existing works
on the clustering algorithms [5], [6]. As compared with 2D
WCSNs, 3D WCSNs can provide more accurate and com-
prehensive information for various supervisory applications,
thus attracting much more research attention. However, 3D
WCSNs also impose many new challenges not encountered
in 2D WCSNs, including the high complexity in designing
and analyzing the application of clustering techniques in order
to implement the energy-efficient and interference-mitigating
schemes for 3D WCSNSs subject to the minimum coverage rate
constraint.

In addition, to improve the energy efficiency, several
advanced techniques, such as multiple-input-multiple-output
(MIMO) and orthogonal frequency-division multiplexing
(OFDM) schemes, have been widely developed and imple-
mented in WCSNSs. Furthermore, the combined MIMO-
OFDM [7] technique can achieve the advantages of both
MIMO and OFDM. However, because of the low-cost small-
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sized characteristics of camera sensors, it is impractical to
directly apply MIMO scheme in WCSNs. Consequently,
researchers have proposed the idea of cooperative MIMO-
OFDM [8] scheme as a promising technique for wireless
sensor networks. The cooperative MIMO-OFDM technology
has been widely applied in various military contexts and appli-
cations for significant performance gains in a cost-effective
manner. In cooperative WCSNs, camera sensors relay on each
others’ messages in order to provide spatial diversity and
increase the spectral efficiency by combining the received
signals at the physical layer. Nevertheless, although the coop-
erative MIMO-OFDM scheme can potentially improve system
performance, a number of new issues may significantly com-
plicate its implementation over 3D WCSNs. For example, how
to characterize the inter-cluster and intra-cluster wireless data
transmissions for cooperative MIMO-OFDM scheme is still a
challenging problem over multi-hop 3D WCSNs.

Furthermore, in order to further improve the energy effi-
ciency, some existing works tackle the simple but robust
coding and modulation techniques in WCSNs [9], [10]. The
DS-CDMA technique [11], which enables the signals to appear
similar to the random noise by using the spreading codes,
has been widely applied in various military contexts and
applications for its robustness to a wide variety of interfer-
ences. Another novel modulation technique called AQ-DBPSK
has been proposed and proven to be a simple, robust, and
effective modulation scheme enabling much superior energy
efficiency over the other modulation schemes, such as binary
phase shift keying (BPSK) and differential binary phase
shift keying (DBPSK). However, how to efficiently integrate
the AQ-DBPSK modulation scheme with the underlaying
DS-CDMA framework in 3D clustered WCSNs still remains
as an open problem.

To overcome the above-mentioned challenges while opti-
mizing the trade-off between energy efficiency and coverage
rate, in this paper we propose a number of designing schemes
for 3D WCSNs including the sensor coverage model, com-
munication/routing/clustering system models, advanced mod-
ulation techniques, and multiple channel access mechanism to
improve the energy efficiency. In particular, we efficiently inte-
grate the AQ-DBPSK/DS-CDMA based cooperative MIMO
scheme with the underlaying clustering framework over multi-
hop 3D clustered WCSNs in the following steps. First,
we establish the sensing models to characterize the mini-
mum coverage rate constraint, formulate the exposure-path
prevention problem under the percolation theory, and establish
the wireless channel model using Nakagami-m distribution.
Second, we derive the critical density of camera sensors
subject to the minimum exposure-path prevention probability
constraint using bond-percolation theory. Third, to analyze
the energy efficiency, we apply the AQ-DBPSK/DS-CDMA
technique as an effective way to significantly mitigate the
interference among camera sensors, and thus improving the
energy efficiency over large scale 3D WCSNs. Accordingly,
we propose the optimal rate control policy that maximizes
the energy efficiency for AQ-DBPSK/DS-CDMA based 3D
WCSNs. Finally, under the minimum exposure-path pre-
vention probability constraint, we apply the critical density

when designing the cooperative MIMO based NEW LEACH
architecture over 3D WCSNSs, which derives the optimal
cluster head selection probability that minimizes the average
total energy consumption over the entire 3D clustered WCSNSs.
We also conduct a set of simulations which evaluate the
system performances and show that our proposed AQ-DBPSK/
DS-CDMA based cooperative MIMO scheme outperforms
the other existing schemes under minimum exposure-path
prevention probability constraint over clustered 3D WCSNs.

B. The Related Works

As one of the fundamental problems of wireless sensor
networks, the coverage problem of the deployed sensors plays
an important role in intrusion detection. Unlike the classic full
coverage model which requires that every point in the sensor
deployed region is covered, the exposure-path problem has
been investigated to determine whether an intruder can traverse
without being discovered [2]. In order to solve the exposure-
path prevention problem, authors in [3] and [12] have applied
the percolation theory and derived the optimal density of the
deployed camera sensors in 2D WCSNs. Researchers have
applied percolation theory [4] to investigate the connectivity
of wireless networks. Most previous works have focused on
exploiting the percolation theory to derive the optimal density
for coverage over 2D WCSNs. However, in some practical
scenarios, the sensors are deployed in the space rather than
in a planar field to provide with more comprehensive infor-
mation. For example, 3D camera sensor deployment design
for WCSNs is required for sensing/monitoring the trees of
different heights in a forest, buildings with multiple floors,
and the underwater environment. In our previous work [1],
we have extended the exposure-path prevention problem into
3D WCSNs to future improve the power and exposure-path
prevention performance. Authors in [13] have investigated the
critical density for percolation in coverage and connectivity
over 3D wireless sensor networks.

On the other hand, to improve the energy efficiency over
WCSNEs, in the recent years, researchers have designed various
techniques, including the design of low-power signal process-
ing architectures, robust coding and modulation techniques,
energy efficient wireless media access control and routing
protocols, localization systems [14], energy efficient clustering
algorithms, etc. Authors in [5] have proposed a cooperative
target localization algorithm, which aims to optimize the
tradeoff between the energy consumption of WCSNs and the
quality of the target localization. A 3D coverage scheme over
WCSNSss has been developed in [6] to maximize the lifespan by
minimizing the energy consumption subject to the minimum
coverage rate. The virtual MIMO communication protocol has
been proposed in [8] by using the cross-layer design to jointly
improve the energy efficiency, reliability, and end-to-end QoS
provisioning in wireless sensor network. Authors in [15] have
developed a clustered topology over cooperative distributed
MIMO channels for multi-hop wireless sensor networks. Our
previous work [16] has proposed the cooperative MIMO-
OFDM system over multi-hop 3D clustered WCSNs. In addi-
tion, to further improve the energy efficiency, the authors
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TABLE I
SUMMARY OF NOTATIONS

Q Number of multi-paths Ry s sensing radius
Ry ¢ Blind area radius 0 Offset angle
P Transmit Power at node k Ly 3D sphere center
Ly Target center dy.¢ Euclidean distance between Lj and L
Ve Sensing volume for omnidirectional model V,S Sensing volume for directional model
\7,: Sensing direction A Sensors distributed density
\ 3D sensing space 2a Length of sensing space
Ac Critical density of camera sensors €i,j Edge between vertexes v; and v;
L(e; ;) Indicator for L-closed/L-open edges Ules, ) Indicator for U-closed/U-open edges
D probability of L-closed edges DPu probability of U-closed edges
hin(t) Channel impulse response function T,iqgl Path delay
a,(cq; Path envelope ](qu Phase-shift over gth multi-path
T.mll) Received signal from node & to node n fe Central frequency
b (t — Tlqu)l) Transmitted symbol from node k to node n N n(t) Complex AWGN
c (t - Té%) Spread code Pr, Unit rectangular-pulse function
Te Chip duration Iy Symbol duration
Ng Spread gain Pe Percolation threshold
A\ Node density for L-coverage lattice Au Node density for U-coverage lattice
Oli—I Volume of S; | |S; Op Volume of S; (S;
p3 Critical density for omnidirectional model A\ Critical density for directional model
Py(Yk.n) Bit error rate 'y,(cqgl SNR over gth multi-path
Nk,n Energy efficiency Pk Transmit power efficiency
Prio Circuit power é(k) CH selection threshold
Pw Probability for becoming a CH Pout Outage probability for L multi-hops
of [9] have investigated the multicarrier DS-CDMA system o Using our derived critical density of camera sensors,

over the generalized multipath Nakagami-m fading channel.
Our previous work [11] has combined the DS-CDMA system
with AQ-DBPSK technique for 3D clustered WCSNs subject
to coverage rate constraint. The authors in [17] have inte-
grated transmit selection diversity/maximal-ratio combining
(TSD/MRC) with multicarrier DS-CDMA.

From aforementioned related works, we can observe that
the exposure-path prevention and the optimal critical density
that optimize the trade-off between power consumption and
coverage probability are still open and challenging problems
over 3D WCSNs. To overcome this problem, we propose the
cooperative MIMO-OFDM based exposure-path prevention
over 3D clustered WCSNS.

C. The Main Contributions of This Paper

Our main contributions in this paper are summarized as
follows:

o We develop the exposure-path-prevention schemes for 3D
WCSNSs, which tackle the problem on how to efficiently
apply the cooperative MIMO-OFDM technique subject to
the coverage rate constraint over clustered 3D WCSNs.

o Under the minimum exposure-path prevention probability
constraint, we derive the critical density of camera sen-
sors and analyze the mutual dependency among neigh-
boring edges to apply the bond-percolation theory into
our proposed 3D sensing models.

o To mitigate the interference and improve energy effi-
ciency, we develop the AQ-DBPSK/DS-CDMA scheme
over WCSNs and derive the optimal data rate to maximize
the energy efficiency.

we propose and develop the cooperative MIMO-LEACH
scheme and derive the optimal cluster-head selection
probability that minimizes the average total energy con-
sumption over the entire 3D clustered WCSNS.

The rest of this paper is organized as follows: Section II
establishes the sensing models to characterize the mini-
mum coverage rate constraint, the bond-percolation model,
and the wireless channel model using Nakagami-m distri-
bution for our proposed 3D WCSNs. Section III formu-
lates the coverage problem to derive the optimal density for
exposure-path prevention and measures the mutual depen-
dency among 3D neighboring camera sensors. Section IV
develops AQ-DBPSK/DS-CDMA technique to improve the
energy-efficiency and interference-mitigation for 3D clustered
WCSNSs. Section V derives the optimal data rate to maximize
the energy efficiency. Section VI combines the cooperative
MIMO algorithm with NEW LEACH architecture. Section VII
evaluates and compares the performances of our proposed
schemes with the other existing schemes. The paper concludes
with Section VIIIL.

Notations: Throughout this paper, the following notations
are used. (-)7 represents the transpose of a matrix. E[-] stands
for the expectation. All logarithm functions are based on e,
unless otherwise stated. The notations used throughout the
paper are summarized in Table 1.

II. THE SYSTEM MODELS

Since the viewpoints in 2D WCSNs are restricted to the
positions where physical cameras locate, fixed viewpoint sur-
veillance cannot gather all of the necessary information. A 3D
view of the scene is more desirable compared with traditional
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Fig. 1. 3D omnidirectional model for WCSNS.

2D surveillance/monitoring. Compared with the traditional
2D camera sensing model, 3D WCSNs are often deployed
in the space rather than in a planar field to provide with
more comprehensive information for some practical scenar-
ios. For example, 3D camera sensor deployment design for
WCSNSss is required for sensing/monitoring the battle fields
in the mountain areas and monitoring buildings with multiple
floors.

There are two types of 3D sensing models: the omnidi-
rectional model and directional model, shown in Fig. 1 and
Fig. 2, respectively. Our system models are under the following
assumptions:

1) All camera sensors are heterogeneous with different
sensing radiuses Ry, ¢, different sensing angles 20}, and
different transmit powers Py.

2) Each camera sensor uses 1 unit of energy to trans-
mit or receive 1 unit of data.

A. The 3D Sensing Models

1) 3D Omnidirectional Sensing Model:

The 3D omnidirectional model is based on the sphere
model for omnidirectional WCSNs. Let Ly 2 (zx,yn, 21)
represent the location of camera sensor k, Rj s denote the
sensing radius, and Ry y be the radius for the blind area.
As shown in Fig. 1 [1], the omnidirectional model for a
camera sensor is a 3D sphere space centered at Lj. A tar-
get point L; = (x;,y;,2) in the 3D space is said to be
covered if

Ry 5 <dpt < Rps (1)

where dj, ; represents the Euclidean distance between Lj, and
L; which is defined as follows:

det = V(T —21)2 + (g —ye)? + (2 — 26)2. (2

Accordingly, if the distance between the target and the sensor
node is less than Ry, ¢, the target cannot be detected. From the
omnidirectional model, the sensing volume V) is determined
as follows:

A (Ri’s ~ R} f)

Ve =
k 3

3)

Fig. 2.

3D directional model for WCSNs.

2) 3D Directional Sensing Model:

The 3D directional model is based on the FOV in WCSNs.
As shown in Fig. 2, FOV for directional sensing model is
defined as a cone with 4 tuples ( Ly, Ry, s, ‘7;;, 0y ), where Ly
is the location of the camera sensor k; Ry s is the sensing
radius; ‘7;; is the sensigg direction; {—0y,0;} is the offset
angle on both sides of Vj. In addition, the radius of the blind
area is denoted as I?j y. A target is said to be covered if and
only if the following conditions hold:

(@) R,f <dp: < Rps; .
(b) The offset angle between Ly L; and Vj, is within [0, 6y].

Then, the directional sensing volume, denoted by V4, can be
derived as follows:

2m (R,?;S — R%f) (1 —cos(0r))

Vi =
i 3

“)

B. 3D Sensor Deployment Model

The sensors are distributed as a stationary Poisson process
with intensity of A. The location of each sensor is independent
and identically distributed (i.i.d.). Let k be a positive integer
and N denote the number of camera sensors deployed in the
3D sensing space V. We can derive the probability that there
are k sensors in V as follows:

AIVID*®

Pr{N =k} = Te*AHV”, (5)

where ||V]|| is the total volume of the 3D sensing space V.

C. The Bond-Percolation Theory Based Model for Exposure-
Path Prevention

As defined in [1], a continuous curve from one side of
the deployment space to the opposite side is said to be
an exposure path if the continuous curve belongs to a 3D
vacant space which is not covered by any sensing sphere.
According to percolation theory [12], we denote the critical
density [13] of camera sensors by A.. If A < A, there exist
exposure paths in the sensor-deployed space. The exposure-
path problem is modeled by a 3D lattice with the length
2a of each axis, as shown in Fig. 3. The lattice contains
M?3 vertexes with M vertexes along each axis of the lattice,
denoted by V. = {v1,v2,...,vps}. Let ¢; ; denote the edge
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Az
Virtual vertex
Edge
Y 0, >
X
<
y M
Fig. 3. 3D lattice for WCSNs.
between two vertexes v; and vj, where i,5 € [1,2,..., M?].

Any two vertexes connected by a common edge are called the
neighboring vertexes. The following two definitions is used to
characterize whether edge e; ; is open or closed, which can
yield the lower bound and upper bound of the critical density
for 3D WCSNEs:

Definition 1 (L-closed/L-open Edge): If at least one point
on the edge ¢; ; is covered by a camera sensor network, then
e;; 1s said to be an L-closed edge. Otherwise, ¢; ; is called
L-open.

Definition 2 (U-closed/U-open Edge): If all points on the
edge e; ; are covered by a camera sensor network, then e; ;
is called U-closed. Otherwise, ¢; ; is called U-open.

Define two functions to determine whether e;; is
closed or not. For L-closed/L-open edges, L(e; ;) = 1, if at
least one point on e; ; is covered; Otherwise, L(ei,j) = 0.
For U-closed/U-open edges, U (e; ;) = 1, if all points on e; ;
are covered; Otherwise, U(e; j) = 0. Then, we define the
following two probabilities for L-closed edges and U-closed
edges:

{pl 2 Pr{L(ei;) =1}, ©

Pu é PI‘{U(61;7]‘) = 1}

Therefore, L-coverage lattice is applied to derive the lower
bound of the critical density of the camera sensors, and
U-coverage lattice is applied to derive the upper bound for
the critical density of the camera sensors.

D. Nakagami-m Based Wireless Channel Model

We apply the Nakagami-m frequency-selective fading
model [18], where m with m € [%,oo) is the shape factor
of the Nakagami-m model, in our proposed system. In the
special case, m = 1 represents Rayleigh fading, and m = oo
corresponds to the Gaussian channel. By applying our MIMO
scheme, the frequency-selective channel can be converted into
a parallel collection of frequency flat subchannels. The channel
impulse response function, denoted by hy, ,, (£), between sensor

node k and sensor node n can be expressed as follows:

Q-1
1
B (1) = qz::O a,(leé (t - r,ﬁqﬁb) exp (—J¢z(c%)a g Sm<o

(N

where 7 £ /—1; T,g?r)l is the path delay, {041(521} is the path

envelope, and {(é,(cqzli is the phase-shift for the gth multi-path
component of the channel, while @ is the total number of
diverse channel paths. Assume that {qb,(cqzl} is ii.d. random

variables uniformly distributed between [0, 27), and {a,(fqzb}

is i.i.d. random variables with Nakagami-m distribution. Nak-
agami’s research shows that the signal amplitude fading in
radio wave propagation can be well characterized by the
following probability density function (PDF) [19],

mam g2m—1 o2
() ()

w2 (5)" g oo (). @
where Q@ = E{[a]?} is the average path gain and T'(-)
denotes the Gamma function. Consequently, the received sig-
nal, denoted by 7, (¢), transmitted from camera sensor k to
camera sensor n can be expressed as

ren(®) = z VEPra®b (1 - 0) e (6~ {2)

X exp [] (27rfct + ga,iqzb)} +npna(t) )
(q) .

k,n’
camera sensor k; f. is the central frequency; b(t—T]g?y)L) denotes
the transmitted symbol from camera sensor & to camera sensor
n; ny »(t) denotes the complex additive white Gaussian noise
(AWGN) with zero mean and power spectral density of Ny/2;
e(t — Tk(.qy)L) is the spread code which can be expressed as
follows:

where <p§€qzl =27 fCTIS)q’r)l - Py is the transmit power at

+oo

Z C[k]PTc (t - kTC) ’
k=—o0
where c[k] takes the values of {+1, —1}; Pr_(-) stands for the
unit rectangular-pulse function; 7, denotes the chip duration
which follows T, = T, /N, with T being the symbol duration
and N, being the spreading gain.

c(t) = (10)

III. THE CRITICAL DENSITY OF CAMERA SENSORS

Assume that the probability whether all edges are
closed or not is independent under bond-percolation theory.
However, the L-closed probability p; and the U-closed proba-
bility p,, of edge e; ; depend on the L-closed probabilities and
the U-closed probabilities, respectively, of the neighboring
edges in reality. The dependency issues will be analyzed in
Section III-C. Define p. to be the percolation threshold. For
all p > p., there exists one closed path extending from one
side to another, whereas for all p < p., there exists no exposure
path. As proved in [20], percolation threshold p. for 3D lattice
is equal to 0.2488. Therefore, if p; < 0.2488, there exist
exposure paths; if p, > 0.2488, there is no exposure path.
The deployed camera sensor density, denoted by JA;, for L-
coverage lattice and A\, for U-coverage lattice, respectively,
are given as follows,

{/\l 2 sup{\| p < 0.2488},
A

11
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Wi L

Fig. 4. The covered volume for edge e; ;.

Then, define the critical density, denoted by \., of camera
sensors, satisfying the following inequations: \; < A. < A,.

A. The Critical Camera Sensor Density for Omnidirectional
Model

Let ¢,, be any point on edge e; ;. Define S;| | S; as follows:

Sil |sis U S

theej,d

(12)

where 5, is the sphere centered around ¢,, with radius Ry, s,
as shown in Fig. 4; S; is the sphere centered at O; and S is
the sphere centered at O;. Assuming that all points on edge
e;; are not covered if and only if there is no sensor node
within the space S;| | S;, the deployed camera sensor density
can be derived as in following equations [1]:

y, — los(l—pi)
= OU ) (13)
\ < log(1—pu)
u On )
where
4 4 aRi s
OU = —nR} 4+ 27—,

00:8/ dv,
SiN'S;

where we define dv £ dxdydz; ou represents the volume of
S;| ] S; and ON denotes the volume of S; () S;. Consequently,
using Egs. (13) and (14), the lower bound and upper bound for
critical density, denoted by A2 of omnidirectional 3D sensing
model are derived as follows:

—log(1—pm)

—log(1 — py)

oL . (15)

<A<

B. The Critical Camera Sensor Density for Directional Model

Suppose there is a directional camera sensor at point
L, in S;|]S;. A sphere centered at L; with radius Ry

intersects z-axis at point D, £ (zg — 4 /Ri_s - y,% — z,f, 0,0)
and Dy = (zx + /Ry, — yi — 27, 0,0). Let the Buclidean

distance d; , = ‘xk — R%S -y - zi‘ and d;p = zp +

\/Bi..— Y2 — 2. Then, if e;; is L-closed, the deployed
camera sensor density for L-coverage lattice can be derived

as follows [1]:

y - —loe(—p)
1 — Ll )
fSiUSJ (1—pn)dv
LJ

where pr denotes the probability that a directional camera
sensor in S;| | S; cannot cover any point on e, ;, which is

(16)

given by the following equations:

27 —20), — (Lypvi, Ly Dy)
T k kYi, Lk , ifdi’a<—i and \dib\<i§
27 M , M
27 —20; — (LpDa, Ly Dy) a 4
’ , i ——<dj o <dip < —;
L_ 2 M b MM
Pn 97 —90 7<L v L ’U'> a a
k ki, k77 ifdig <——andd;p > —;
21 ' M , M
2m—20), — (L Da, Lv;) a a
@ J if |djq] < — and d; p, > —,
27 M , M

a7

where (, %) is defined as the angle between & and ¥. Then,
if e; ; is an arbitrary edge in U-coverage lattice in directional
WCSN:Ss, the probability for U-closed edges can be determined
as follows [1],

pu > 1 —exp <_/\u/ (1 - pg) dv>7 (18)
Si NS

where the probability pQ represents that the directional sensor

in S;()S; cannot cover any point on e;j, which can be
expressed as follows:

L —
1, if (Lyvi, Lyv;) > 20y;
PR = 2 — 20 (Lgvi, Liv,)
n = - iy j .
k k k3 , otherwise.
2
(19)

Consequently, using Eq. (16), the lower and upper bounds
for critical density, denoted by )\Ccl, of camera sensors can be
derived as follows:

—log(1 —m)
fSa,I_]SJ (1 —p%l) dv

—log(l—pu)
fs,; Ns; (1 - pg) dv

<M< (20)

C. Dependence Among Neighboring Edges

In reality, the L-closed probability p; and the U-closed
probability p,, of edge e; ; depend on the L-closed probabili-
ties and the U-closed probabilities, respectively, of its neigh-
boring edges. However, in bond-percolation theory, whether
all edges are closed or not is independent. Accordingly,
the dependency among neighboring edges need to be modeled
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and analyzed. In our 3D sensing model, without loss of
generality, consider edge e 2’s dependency on its neighboring
edges. In particular, edge e; 2 has 5 neighboring edges e 3,
€14, €15, €1,6 and e 7. According to [21] and [22], define n-
variable mutual entropy which quantifies the amount of mutual
information that is shared among n random variables. The n-
variable mutual entropy is defined as follows:

I(Xl,XQ,...,Xn): Z Px(l'l,l'g,...,xn)
T1EP,T2€EP,.. ., Tn €Y
x log Px(flxm---ﬂcn) (21)
e
where n-variable random vector X = (Xi, Xo,...,X,);

v €{0,1}; Px(x1,x9,...,2,) is the joint probability mass
function (PMF) of Xy, X3,...,X,, and Px,(z;) is the mar-
ginal PMF of z;, for « = 1,2,...,n. For L-coverage lattice
with n = 6, see Fig. 3, we define

PX(xla ce 'axﬁ) = Pr{L(el,Q) =1, ..
PX1 (.131) =Pr {L(eLQ) = J)l},

aL(61,7) - xﬁ}a
(22)

PX6 (x¢) =Pr{L(e1,7) = x6},

where x1,...,x6 € ¢.
As for n-variable mutual entropy I(U(ey2),...,U(e17))
for U-coverage lattice, the definitions are similar, but we

use Py(y1,...,ys) and Py,(y;) instead, where Y =
(Y1, Ya, Y3, Yy, Y5, ¥s) and yi1,...,y6 € . Then,
I(X1,Xa,...,Xg) for our omnidirectional model is calcu-

lated. From Eq. (14), for i = 1,...,6, we have
(23)

Furthermore,

Px(0,0,0,0,0,00=Pr< N | || Si=0 (24)
i=1 6

According to the identity for converting the joint distribu-
tion to the product of conditional distribution and marginal
distribution, i.e., P(AB) = P(A|B)P(B), the joint PMF
of X;, where ¢+ = 1,2,...,6, can be determined. When
Rys = 10, a = 50, and n = 100, we can observe from
Fig. 5 that the maximum value for I(L(ey2),L(ez3)) is
about 0.22 and the maximum value for I(U(e1,2), U(ez2,3))
is about 0.26. Similarly, I(X;, X5,...,Xg) for directional
model can be derived. Because of the large-scale feature for
3D WCSNs, there are a large number of camera sensors
deployed in the entire sensing space. The mutual dependency
among neighboring edges is relatively weak. Therefore, we can
approximately apply the bond-percolation theory in our 3D
sensing models.

IV. ENERGY EFFICIENT DS-CDMA BASED AQ-DBPSK
SCHEME

In large-scale WCSNs, because of the extremely large
amount of sensor nodes, the interference among sensor nodes

0.3

025+ S s

02+~

0151

0.1
I(L(e,,). L(e, )

Mutual Information (Dependence)

i i
0 1 2

3 4 5
The deployed density A x107
Fig. 5. Analysis and comparison between I(L(e1,2),...,L(e1,7)) and

I(U(e1,2),...,U(e1,7)) for omnidirectional WCSN.

becomes significant, making the signal-to-interference-plus-
noise ratio (SINR) [23] a key factor affecting the energy
efficiency of the system. In clustered WCSNs, the com-
munication is controlled by Media Access Control (MAC)
protocol in order to minimize the interference during simulta-
neous communications among multiple sensor nodes, (cluster
heads/cluster members). Among all the MAC protocols,
DS-CDMA technique has been proved to be an effective way
in significantly mitigating the interference and thus improving
energy efficiency over WCSNS.

In DS-CDMA scheme, we apply the correlator-based RAKE
receiver in this paper. The RAKE receiver collects the signals
from each multi-path, separates them, combines them, and
then makes its own decision based on the combined strength
of all signals present. In the RAKE receiver, we assume that
the receiver has the perfect knowledge of the channel state
information. Accordingly, the received signal, denoted by Y7, ,,
at the receiver of the wireless channel between sensor node k
and sensor node n can be derived as follows [11]:

Ts
Yin :/ rk’n(t)a,(f)nc (t—T,E,ZT)L) exp [] (27rfct—|—<pfle)} dt.
0 : ; ;
(25)
By substituting Eq. (9) into Eq. (25), we get

Q-1
[P
Yk’,n = Ts Tk

Q-1
>~ il Ree (1)) + Niws 26)
q=0 ¢=0

where

LT 0 0
S O (B )
=070

X exp [] (27r fut + sa,(le)} dt, (27)

which is a Gagsslian random variable with zero mean and
variance of Ty > |Oé;(le|2No/2, and R.. (Tlgé)) is the auto-
= , ,

n
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correlation function defined as follows [24]:

Ree (7)) = % Jo " et (t=700) at. @8)
Correspondingly, we have
Pr.

Yk,n = Ts 7 (Dk,n + Nk,n + Ik,n) ) (29)

where Dy, ,, represents the desired output derived by substi-
tuting Eq. (9) into Eq. (25) and setting ¢ = ¢ and I}, ,, is the
multi-path interference given as follows:

a,(cqzla,(c L cos (Pr,n) Ree (T,igr)l)

T

Iy = ; (30)

where ¢, = ga,(qub go,(f)n, which is a random variable
uniformly in [0,27). Then, since the multi-path interference
I}, can be approximated as a Gaussian random variable with
zero mean, we can derive the variance of I}, as follows:

(0 &
Qk n k n

Var([I}, | = 3N,

€1V

where Q( ) denotes the second moment of ' k n, ie., Q,(f)n =

[(a,aa) |

Eq. (29) can be approximated as a Gaussian random variable
with normalized mean Dy, ,, and normalized variance given as
in the following equation:

Consequently, the correlator output Yy, in

Q(q) @ Q-1 Q(e) 0
Var[Ykm]: kn kn Z kn kn (32)
(=0,¢

Furthermore, in order to further increase the energy effi-
ciency, the simple but robust modulation technique called
Alternating Quadratures Differential Binary Phase Shift Key-
ing (AQ-DBPSK) [10] over Nakagami-m fading channel can
be applied in our proposed 3D clustered WCSNs. AQ-DBPSK
has been developed with the applications of the basic con-
cepts for differential binary phase-shift keying (DBPSK) while
maintaining all the advantages of DBPSK and eliminating its
drawbacks. This is achieved by sending all the odd symbols in
quadrature with the even symbols while the data is transmitted
by the phase differences which are equal to 0° and 180°
between same parity symbols. This operation achieves £90°
phase transition between all adjacent symbols. Consequently,
it provides a low peak power, reducing the dynamic range
of signal, and achieving a lower peak-to-average power ratio.
Therefore, the more efficient power utilization is achieved in
AQ-DBPSK than in DBPSK.

To model the performance of the AQ-DBPSK/DS-CDMA
technique over 3D clustered WCSNS, first we need to derive
the PDF of the signal-to-noise ratio (SNR) [9] as follows:

o0 (2 ()

where 7% denotes the average SNR for qth path, ¢ =

(33)

0,1,...,(Q — 1), which is given by the following equa-
tion [17]:
QPLTs
5= kos 34
2 Ny (34

where € is the average path gain specified by Eq. (8). Then
the joint PDF of the instantaneous SNR sequence {'y(Q) } 0= 0 ,

1 1
(7,57),,7,2%,...,7,5@7, )) can be

derived. Assume that {'y(Q)}
Consequently, we have

that is, f.) 4 y@-1

are independent [6].

1
Fro 5 y@-n (’712 v)w 'VIE 7)1’ -

Q-1

ALY =TT Fro (52):
q=0

(35)

In the AWGN channel, we can derive the bit error rate
(BER), denoted by P, (Yx,n), of the non-coherently demod-
ulated AQ-DBPSK signals as follows [24]:

Q-1
23y "4
q=0

EYin] |
Var[Yk,n]> =0

where ka) denotes the SNR at gth multi-path and Q(-) is the
Q- function. Finally, the BER of the multi-path channel model
for DS-CDMA systems, denoted by P, (v,i’n), over Nakagami-
m fading channel is derived as follows:

P ('yl(cqr)z) = /O /0 /O Pb(')/k,n) H f’y(‘l) (’Y](g?y)l)
q=0

Py(Vem) = Q ( ; (36)

xdyndrgl - dy
RSN
1 00 oo o % o qZ:O Tkn
= —/ / / / exp | ———— | df
m™Jo Jo o Jo (sin 6)
X H fy(q> d’}/k d’YkQ Y

s o
- / H (74,.0) ao, (37)
where
0o 7](;1)
1, (719,.0) = / exp <— ”2> Py TN, (38)
0 (sind)

and 7,(521 represents the average SNR over gth multi-path.

Using the PDF of the SNR over Nakagami-m distribution in
Eq. (33), we can show that

m (sin6)? + 7,(;121 ’

where m is the parameter in the Nakagami-m distribution,
specified by Eq. (8). Accordingly, by substituting Eq. (39)
back into Eq. (37), we have

= Q-1 . 2 mQ
1 [ m (sin @)
no) =2 [T (=25 )
o \m(sing)” + 5,

1 39! m me
— [ do.
A1 (W@)

q k,n

I (75512: ?

IN

(40)
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V. THE OPTIMAL DATA RATE CONTROL

For energy-efficient wireless communications over our pro-
posed 3D clustered WCSNS, it is crucial to minimize the power
consumption by controlling the available data transmission rate
and applying the energy-efficiency optimization techniques.
As shown in [25], we can derive the data transmission rate,
denoted by Ry ,, for the reliable wireless data communi-
cations supported by the Nakagami-m fading channels over
AQ-DBPSK/DS-CDMA based clustered WCSNs as follows:

T.P, Z |a((1) |2

=W log, 1+q7_ ,

Ry =Wlogy (1+7%n) No

(41)

where W is the bandwidth of each channel. Let the threshold
of the data transmission rate to be Ry, bits/sec. Then, the sys-
tem is said to be in outage when

Ll (@
7.7 3 [off,]
14+ =0

W log, < Ru. (42)

Ny

Assume that the power consumption of a camera node in
transmission sensor mode consists of two parts. The first part
is circuit power, denoted by Py, ., which is independent of data
rate and present or exists whenever the user is in transmission
mode. The second part is the transmit power which depends on
the data rate. Authors of [26] show that the energy efficiency,
denoted by 7y, ,,, for the communications between sensor nodes
k and n can be defined as follows:

Rk’,n
prPi + Pr.c’

where pj denotes the transmit power efficiency that scales up
with the average transmit power due to amplifier loss. Accord-
ingly, the operation of 3D WCSNs is optimized when the
largest energy efficiency is achieved. Consequently, the opti-
mal data rate can be determined as follows:

Nk,n = (43)

Rkn
— 3. (44
kPk+Pkc} @4

Using Eq. (41) and the relatlonshlp of Ry = 1/Ts, Py can
be derived as follows:

Rzl?n = argmax {77k n}p = arg max {

Ri.n Ry n
(2 v —1) No (2 ¥ —1) NoRin
Py = - @)
T Z O[((I) Z ‘aglzb
=

which is a monotomcally increasing function and strictly con-
vex in Ry, ,,. Suppose Py (0) = 0. As proved in [27], if Py is a
monotonically increasing function and strictly convex in Ry, »,
then there exists the unique globally optimal transmission data
rate, denoted by R)” " . By taking the first-order derivative over
Eq. (43), we have

pkpk + Pk c dR?; Rk,n
(prPr + Pk,c)

ank,n
ORkn

=0, (46)

which yields the following optimal solution for R;” " satisfying

the following equation:
PPk + Pr.c
9Py ’
IR

k,n

Ry = (47)

which maximizes the energy efficiency 7, specified by
Eq. (43). The optimal solution R,", will be used to determine
the optimal data rate for each camera sensor to transmit the
observed data, and also to derive the optimal symbol duration
by using the following relationship:

1
opt ’
Rk,n

which will be applied back in Eqgs. (10) and (34).

™ = (48)

VI. THE COOPERATIVE MIMO SCHEME FOR 3D
CLUSTERED WCSNS

In conventional WCSNSs, because of the constraints of size
and energy for each wireless camera sensor, there is usually
one transmitter and one receiver applied at the wireless camera
sensor. However, researchers have shown that it is possible to
apply MIMO in WCSNs by using the cooperative techniques.
In this section, the cooperative MIMO-LEACH technology [8]
is applied to achieve the energy efficiency as well as the
interference mitigation in long-haul data transmissions. In such
cooperative MIMO wireless data transmissions, we apply the
space-time block code (STBC) technology [28], [29] in order
to achieve the spatial diversity.

A. The NEW LEACH Algorithm

Over the last decades, researchers have designed the low
energy adaptive clustering hierarchy (LEACH) [30] algorithm
in order to achieve energy efficiency over wireless sensor net-
works. The NEW LEACH algorithm proposed in [31] achieves
better performance in energy saving and reducing the interfer-
ence among the camera sensors over WCSNs. Compared with
the traditional LEACH algorithm, NEW LEACH algorithm
considers the different weights among residual energy, energy
consumption rate, and location information, respectively.

According to NEW LEACH algorithm, at first all nodes
has the same probability to become a cluster head. Let (k)
denote the threshold whether camera sensor k can be selected
as the cluster head. The decision is made at the beginning of
each round by each node £ € G independently choosing a
random number in [0, 1]. If the random number is less than
the threshold £(k), then camera sensor k becomes a cluster
head in the current round. The threshold (k) is derived as
follows [16]:

Erbo—Fr.c
B0

PWiES L pWac
1= (rmod (1)) 1-pu (rmod (1))
PuWs (ﬁ)

(o ()

0, otherwise,
(49)

+

if Vk € G;
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where G is the set of non-selected nodes in the previous
rounds; r is the current round number per epoch; p,, is the
probability for a camera sensor to become a cluster head;
Ey o0, Ey ¢, and Ej; are the initial energy, current energy,
and the energy in the former round comparing to the current
round of the sensor node k, respectively; dgug and dmax
are the average distance and the maximum distance from
the sensor nodes to the processing center, respectively; dj is
the distance from the current selected node to the processing
center; (W, W, W3) are the weight values for the residual
energy, energy consumption rate, and the location informa-
tion. As shown in [6], the optimal combination of weights
(W1, Wa,Ws) is (0.111111, 0.000528, 0.88836), where
3

W, >0,vie{l1,2,3}and > W, = 1.
I=1

Then, we analyze the probability p, for a camera sensor
to become a cluster head, specified in Eq. (49). The entire
supervisory space is characterized as a cube with the side
length of 2a. According to [6], the optimal cluster head
selection probability that minimizes the average total energy
consumption over the entire 3D clustered WCSNs is derived
as follows:

1
11.532aV/X

opt __
pwp_

0.109

+

a\fX'\3/2+398.961a2i+11.532\/3X(398.961a2i+4)
2

{'/2 + 398.961a2X+11.532\/3X(398.961a2i+4)

+ =
11.532aV/ 22

(50)

where \ = {X9, 2\‘3} is the critical density for camera sensors

deployed with A = {\2, A} given in Egs. (15) and (20),

respectively, and the optimal cluster head selection probability
opt

po? can be used in Eq. (49) by setting p,, = pr.

B. Our Proposed Cooperative MIMO Schemes

Consider a multi-hop WCSNs with sensors grouped in coop-
erative clusters, as shown in Fig. 6. The ordinary nodes are
the camera sensors that are not selected during the multihop
data transmission. First, during the cluster formation phase,
each camera sensor will elect itself to be a cluster head (CH)
with the optimal cluster head selection probability pof* given
in Eq. (50) based on our proposed NEW-LEACH algorithm.
After the CHs are elected, each CH k will broadcast an
advertisement message to the neighboring camera sensors with
power Pj. This message contains the CH’s ID information.
If another CH receives the advertisement message from CH,,
and the received SNR exceeds certain threshold, the CH will
be considered as a neighbor of CH,,. If a cluster member
(CMy,) receives the advertisement message from CH, and
received SNR exceeds the threshold, CMj, will join the cluster

@® Cluster head

O Cooperative nodes
A Processing center O Ordinary nodes
Fig. 6. Multi-hop MIMO-LEACH scheme.

by sending a join-request message back to CH,,. Once CH,,
receives all the join-request messages, it will set up a time-
division multiple access (TDMA) schedule and transmit it to
all the CMs in the same cluster. In addition, if the processing
center receives the advertisement message from the CHs,
it will find the CH with maximum SNR, send its location
message to the corresponding CH, and mark the CH as the
target cluster head. Subsequently, we consider two kinds of
clusters during each communication: transmitting cluster and
receiving cluster [15]. The transmitting cluster is composed of
a set of IV; cooperative sensor nodes, communicating with a
receiving cluster composed of a set of IV,. cooperative sensor
nodes, where we assume that M = Np = Ng. During the
transmission in each hop in a transmitting cluster, there are
two main operations:

e The Intracluster Communication Phase: During the intr-
acluster time slot 1 to 7, the cluster head (CH) k will
broadcast the data bits to all cluster members (CMs) in
the local cluster with power Py, 1. The set of nodes falling
into the broadcast capacity region will decode data and
cooperate in the intercluster communication phase. The
number of nodes belonging to the decoding set depends
on the selection of Px,1. Among all the available nodes
in the decoding set, M camera sensors with the best SNR
will be selected to transmit in the next intercluster com-
munications phase. The Nakagami-m flat fading channel
is assumed for intracluster communications;

o The Intercluster Communication Phase: During the relay
period (7 + 1) to 27, the subset of M CMs encode
and jointly transmit the data bits to the CH in the next
hop with power P}, o according to the orthogonal linear
STBC. We assume that the transmissions from each
cooperative nodes experience Nakagami-m flat fading.

During the intercluster communication phase, the receiving
cluster can receive data over virtual N; x N, MIMO channel,
where V; is the number of cooperative transmit antennas and
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N, represents the number of cooperative receive antennas.
To improve the energy efficiency of the communications
between CHs, appropriate strategies should be designed to
choose the set of cooperative CMs in each hop. The selection
diversity (SD) algorithm is applied as a reception protocol,
that is, the receiver selects the nodes with the highest SNR
to become the cooperative CMs, which can decode data and
broadcast themselves during the intracluster communication in
the next hop.

In any given cluster, the number cooperative CMs (i.e., the
number of virtual transmit/receive antennas) is defined as
M & N, = N,. Assume that the channel state information
is known at the receiver. There are (L — 1) hops connecting
cluster 1 to cluster L through cluster 2,...,(L — 1). From
the intracluster communication time slot 1 to 7, the selected
cluster head k& broadcasts signals to each cooperative CM.
Then, from time slot (7 + 1) to 27, the nth cooperative CM
sends the information to the cluster head % in next hop. The
received signal, denoted by Z (lzl) at the CH k in the (I+1)th
cluster corresponding to the cooperative multiple-input-single-
output (MISO) channel, can be derived as follows:

ZUED — Oy oy

n,k n,k n,k n,k’

(51

where hil)% is the Nakagami-m channel state information,
as specified in Eq. (7); Y(l), is the transmitted signal from

the nth cooperative CM to CH k; and W()~, is the AWGN.
Considering the STBC algorithm, we obtain:

_ , T
YD = [ _TR2 YO 6

where B®:) is a unitary matrix for the corresponding STBC
block coding square matrix given as follows:

(k1) (k.1)

- b1,1 bl’ﬁ
BkD = | : (53)

pk:D b(k 0

M,1 M, M

Combining Egs. (51) and (52), we have

Z(F(41) _ /%JPE;QJH(EJ)Y(E,I)+W<E,z>7 (54)
k.1

where
)
) n 0
H*D = :
0 hy (55)
M.,k
E) 0) o 1"
WD — W-,...,W~~} .
1,k M,k

Therefore, the cooperative nodes generate the STBC 15100
distributively and transmit the generated STBC B to the
CH £ in the [th cluster. Then, using Eq. (54), we can derive

x10*

—©— Omnidirectional model
—p— Directional model

Total Energy Consumption

i i i i i i i i i
0 0.02 004 006 008 01 012 0.14 0.6 0.8 0.2
Probability of Becoming a Cluster Head

Fig. 7. Total energy consumption in 3D clustered WCSNSs vs. probability of
becoming a cluster head.

the SNR, denoted by 'y(m), at the selection diversity receiver
during Ith hop as follows:

D) _ 2Pk,1pk,27 ‘h(z X0
(Pra1 + 1)N0 Fnlnkl [

In the multi-hop wireless networks, the outage probability for
multi-hop wireless communications, denoted by Py, is eval-
vated in terms of the outage probability of every single hop,
denoted by P, D" as follows:

out >

(56)

L—-1

Pu=1-T] (1-PR).

=1

(57)

In our proposed cooperative MIMO schemes, using the opti-
mal CH selection probability po" specified by Eq. (50), we can
derive the outage probability of each single hop as follows:

M
= ~ 2
P =Pr{ $7 popty (D ‘H(k’,l)‘ < gmax{Ren B, i} _
k=1
(58)

where Ry, ,, and R 7 denote the data transmission rate for the
intercluster commumcatlon phase and the intracluster commu-
nication phase, respectively; and v(k Y is specified in Eq. (56).

VII. PERFORMANCE EVALUATIONS

We use simulations to validate and evaluate our proposed
schemes. We apply the non-cooperative clustering scheme and
the Almouti scheme for performance comparison purpose. The
parameters we use in our model are as follows: Ry, s € [5,10]
m, Ry ¢ € [0.05,0.1] m, 6y, € [7/6,7/4], V € [503,100%] m3
Ey=05W, I'=1, and @Q = 100.

Figure 7 depicts two curves of total energy consumption
in the entire 3D clustered WCSNs for both omnidirectional
and directional sensing models against the probability p,, for
a camera sensor to become a cluster head. From Fig. 7,
we can observe that there exists an optimal probability p, that
minimizes the total energy consumption in the 3D clustered
WCSNs, which validates our schemes and also verifies the
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Fig. 8. Average residual energy for each camera sensor node with different
number hops L.
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correctness of derivations for Eq. (50) in our modeling and
analyses.

Figure 8 plots the average residual energy for each camera
sensor over time slots in 3D WCSNs. As illustrated in Fig. 8,
we can observe that the proposed multi-hop scheme can signif-
icantly reduce the energy consumption for 3D WCSNs, which
implies the importance of applying the multi-hop scheme
in our proposed system. Fig. 8 also shows that the energy
consumption can be reduced as the number of hops increases
for our proposed 3D WCSNSs.

Using Eq. (58), Fig. 9 compares four curves of the outage
probability PO(LZ“) for single-hop transmission over the 3D
clustered WCSNs against the SNR ~(#+!) with different number
of cooperative CMs. Also, the outage probability of a non-
cooperative MIMO system is shown in Fig. 9 for comparison.
As illustrated in Fig. 9, we can observe that the outage
probability of the cooperative MIMO gets better (decreases
faster) when applying more cooperative nodes (more virtual
antennas) in each hop, which achieves the same performance
as in the real MIMO scheme. N

Without loss of generality, we set M = N, = N, = 2.
Correspondingly, we can approximately achieve a 2 x 2 MIMO
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Fig. 10.  Multi-hop outage probability vs. SNR (dB) over 3D clustered
WCSNs with different number hops L.
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Fig. 11.  Average symbol error rate (SER) in 3D WCSNs vs. average

SNR (dB) over 3D clustered WCSNSs.

scheme, and the STBC block coding square matrix can be
derived by setting the number of cooperative antennas M = 2
for matrix B! in Eq. (53). Then, using Eq. (57), Fig. 10
depicts the outage probability Iy of multi-hop communica-
tion against the SNR %)) for our proposed 2 x 2 scheme with
various number of hops. The non-cooperate MIMO multi-hop
case is plotted as a comparison reference. We can observe
from Fig. 10 that as the value of SNR increases, the out-
age probability for our developed 3D scheme monotonically
decreases, and when the parameter L for different number of
hops increases, the outage probability gets better (decreases
faster). When increasing the number of hops, the performance
can be increased to very significant values. Moreover, in our
proposed cooperative MIMO-LEACH scheme over 3D multi-
hop clustered WCSNSs, the value of SNR is increased because
of the use of the cooperative MIMO technique and the clus-
tering algorithm. As a result, with increased SNR, the outage
probability can be significantly decreased for our developed
scheme.

Compared with the existing 2 x 2 Almouti and non-
cooperative schemes, Fig. 11 plots the average SER against
the average SNR for our developed 2 x 2 cooperative MIMO-
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Fig. 12.  Energy efficiency vs. data rate in 3D clustered WCSNs.
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Fig. 13. Energy efficiency vs. number of cooperative nodes per cluster in 3D
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LEACH scheme over Nakagami-m wireless channel in 3D
clustered WCSNs. Fig. 11 clearly shows that the SER curve
for our proposed cooperative MIMO-LEACH scheme is much
lower than those for Almouti and non-cooperative schemes,
implying that our developed scheme significantly outper-
forms the Almouti and non-cooperative schemes in terms
of average SER caused/affected by interferences and energy
efficiency.

Using Eq. (43) and Eq. (45), Fig. 12 plots the energy
efficiency against the transmission data rate with different
Nakagami-m model parameter m. From Fig. 12, we can
observe that the energy efficiency is not a monotonic function
of transmission data rate and instead, there exists a maximum
value for energy efficiency for any given m, which corresponds
to the optimal data rate RZ‘:;, verifying the correctness of
derivation of Eq. (47). This implies that if the data rate is
too small, then the energy efficiency decreases because we
do not make the best use of the system resources; on the
other hand, if the data rate is too large, then the energy
efficiency also drops because of the impact of interference and
increased BER. Then, by deriving and seeking the optimal data
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Fig. 14. Energy efficiency vs. sensing space V in 3D clustered WCSNs.

rate, we can achieve the optimal/maximum energy efficiency.
From above observations, our proposed schemes outperform
other existing schemes in terms of energy-efficiency and
interference-mitigation subject to the minimum coverage rate
constraint over 3D clustered WCSNSs.

Compared with the fixed-rate control policy, Fig. 13 plots
the energy efficiency against the number of cooperative nodes
in each cluster. We can observe from Fig. 13 that our proposed
optimal rate control policy suffers much less energy-efficiency
loss as compared with the fixed rate control policy. Fig. 13 also
shows that the optimal rate control can maximize the energy
efficiency for our proposed 3D WCSNs. In addition, Fig. 14
plots the energy efficiency against the sensing space V. We can
observe from Fig. 14 that the energy efficiency decreases as
the sensing space V increases. Also, Fig. 14 shows that our
proposed cooperative MIMO schemes outperform the non-
cooperative single-hop scheme in terms of energy efficiency
over 3D WCSNEs.

VIII. CONCLUSIONS

We proposed the AQ-DBPSK/DS-CDMA based cooperative
MIMO scheme for energy-efficiency and interference mitiga-
tion subject to the minimum coverage rate constraint in our
developed multi-hop 3D clustered WCSNSs. First, we built the
sensing models to characterize the minimum coverage rate
constraint, formulated the exposure-path prevention problem
under the percolation theory, and established the wireless chan-
nel model using Nakagami-m distribution. Then, we derived
the critical density of camera sensors subject to the minimum
exposure-path prevention probability constraint using bond-
percolation theory. We developed the AQ-DBPSK/DS-CDMA
scheme to implement the energy-efficient and interference-
mitigation wireless communications over our proposed 3D
clustered WCSNs. Furthermore, we derived the optimal data
rate to optimize the transmit-power and data-rate trade-off for
each camera sensor. For the required minimum coverage rate
constraint of 3D clustered WCSNs, we applied the cooper-
ative MIMO based NEW LEACH architecture to derive the
optimal probability of selecting cluster heads for minimizing
energy consumption and interference among multiple camera
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sensors. Then, using the Nakagami-m model, we developed
the multi-hop cooperative MIMO scheme to achieve the energy
efficient and interference-mitigating wireless communications
over our proposed 3D clustered WCSNs. Also conducted
was a set of simulation evaluations which show that our
proposed scheme can outperform the other existing schemes in
terms of energy efficiency and interference-mitigation over 3D
clustered WCSNSs.
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