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Abstract—In general, a wireless sensor network (WSN) con- conditions, the total transmission energy is to be found as a
sists of multiple sensors and one fusion center (FC). Eachsgor  closed-form expression.

can make a decision for given hypothesis testing and send its Note that we focus on the energy efficiency when dis-

decision to the FC where decision fusion takes place. This _ . . - . . .
centralized structure for WSNs can cause various problems. tributed detection [2] is considered for WSNs in this paper.

For example, if this FC is damaged or destroyed, the whole While this setup simplifies the analysis for energy efficignc
WSN collapses. Therefore, WSNs can be more robust if multiel we do not take into account any networking issues which are
local FCs (LFCs) can be deployed. In this paper, we study the pecoming important [6].
energy efficiency of WSNs with LFCs, which will reveal anothe
advantage of the use of LFCs, and determine the optimal humire 1. SYSTEM MODELS
of LFCs under certain conditions.
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In this section, we consider two different types of WSNs
comparison. The first type of WSNs is the conventional
one consisting of multiple sensors and one FC, while A
|. INTRODUCTION WSN of the second type consists of multiple sensors and
For environmental and industrial monitoring and surveimultiple LFCs. In Fig. 1, the two different types of WSNs
lance purpose, wireless sensor networks (WSNs) are widéle illustrated.
used in various applications [1]. For a given sensing area,
sensors are distributed and detect an unknown target ot even
locally. Each sensor makes a decision with its own observa-
tions and sends its local decision to a fusion center (FCis Th
process can be seen as distributed detection [2] [3] inicerta
applications. To see the performance of distributed dietect
when the number of sensors increases, asymptotic anadysis i
considered in [4]. For independent and identically distiol
(iid) observations at each sensor, it is shown that the error
probability of decision fusion can decay exponentiallyéo LI Fusion center O Fusion center
For non-ideal channels, in [5], it is also shown that the rerra sensors
probability can approach zero by increasing the number of
sensors under certain conditions. Fig. 1. WSNs: (a) the first type where there is one FC; (b) themse type
While the performance of distributed detection can be insthere there are multiple LFCs.
proved as the number of sensors increases, the increasstof co
is not relatively well addressed. Clearly, the total traission Suppose that a WSN consists &f sensors. Each sensor
power within a WSN increases with as the number of sensoean perform a hypothesis testing for an event that can be
This implies that the performance improvement results froobserved uniformly over the sensing area. The decisioritsesu
higher energy consumption for transmitting sensors’ decsss of sensors are to be sent back to FC or LFCs. The transmis-
to the FC. To reduce the energy consumption, in this papseion of sensors’ decisions to FC can be seen as a multiple
we consider the use of multiple local FCs (LFCs). Sensoascess channel problem [7]. For efficient channel use, type-
transmit their decisions to any nearest LFC and LFCs abesed transmissions [8] [9] can be used. Furthermore, gnerg
connected to share the local decision information coltectefficient transmissions can be derived if the channel candit
from sensors. Due to the presence of multiple LFCs, tlae exploited in type-based transmissions [10]. However, i
resulting WSN can be robust against the failure of some LF@ss paper, we only consider simple transmission strasegie
(which could happen under attack or running out its energyithout any constraint on bandwidth.
source). In order to quantify the amount of the energy use to
In order to study the energy efficiency of WSNs withransmit the sensors’ decisions, we consider the following
LFCs, we consider a simple model in this paper. Under certaassumptions for the first type:

(@ ® sensors (b)



Al) A whole sensing area is a circle of radiusrof The total average transmission power frakh sensors uni-
A2) Sensors are uniformly and independently distributeer ovformly distributed is given by

the sensing area. -
A3) The FC is located at the center of the sensing area. Piotal,1 = / P () fn(x)da

In the second type, we have multiple LFCs and the assumption o 9

A3) is replaced as follows: = / Ptz(x)ﬁdx’ 3)
A3’) LFCs are uniformly and independently deployed. 0
' . where fn (z)dz denotes the average number of sensors on the
In a WSN of the first type, all the sensors transmit thelgtersection of the two circles of radii + dz and z:
decisions to the FC, which is only one FC. On the other hand, '

in a WSN of the second type, sensors transmit their decisions etdz 2w z 2w
to a nearest LFC. For convenience, we consider cells tharco™ (1)t = N </0 . f(@,6)dd — /0 /o f(z, 9)d9>
a whole sensing area and assume that an LFC is located at the o

center of each cell. Denote b¥/ the number of LFCs or = N—dz.

the number of cells. Once each LFC receives the decisions "

from the sensors in a cell, the LFCs are to exchange locaiibstituting (2) into (3), we have

information of sensors’ decisions in a cell. Although there =

are various approaches to exchange local decisions, in this Piotat,r = NB(Pra, ), )

paper, for the sake of simplicity, we assume that each LFC c@here B(P,r) is the normalized total transmission power
directly transmit its local decision to the other LFCs. Thusyhen the coverage area is a circle of radiuand P is the
there should bel/ — 1 transmissions from one LFC. Thistarget received signal power, which is given by

direct transmission between LFCs is referred to as backhaul

transmission in this paper. It is noteworthy that this direc B(P,r) = Lrn_

backhaul transmission for local information exchange leetw a(n+2)

LFCs is not efficient as it does not exploit the broadcastinghe total average transmission power increases lineaty wi
nature of wireless communications and there should be mayeand more rapidly withr.

efficient approaches (in terms of transmission energy)¢ckwhi

however, are not studied in this paper. B. Second Type
In order to find the total transmission power in a WSN
IIl. TOTAL TRANSMISSION POWERS of the second type, we need to consider the powers for two
A. First Type different transmissions) the transmission power within a cell;

ii) the backhaul transmission power between LFCs.
Taking the location of the FC as the origin, the location

of a sensor can be characterized by the distance between the LT T T T T

FC and sensorz € (0,7], and reference anglé € (0, 2. .7 A

Then, the probability distribution function (pdf) of therser’s , R

location is given by y \

1
f(xve):_ga xE(O,r], 96(0727T] ’/
™

according to A2). \ r T
If the distance between a transmitter and receivey, ihe \
received signal power is given by [11] \ /

aP, . %
- (1) = -

Prz:

where « is a certain constant that depends on the antenna

gains, but independent of, P;, is the transmission power, Fig. 2. The whole sensing area that is represented by a cifdashed line
andn is the path loss exponent. Suppose that the transmiss#hf a sensing area of an LFC that is represented by a circlelidflime.
power from any sensor is decided to keep the received signal

power constant. Denote b¥,, the required received signal  In Fig. 2, a geographical model with uniformly distributed
power. Then, from (1), for a sensor with distance, the M LFCs is shown. The average number of sensors within a

transmission power is given by cellis K = % Furthermore, the average radius of a cell is
B given by
PT‘I —_ r
Py (2) = " . @) d= T



Note that a cell is shown in Fig. 2 by a circle of solid lineto send this information to another LFC will bg, = K. If
The total transmission power transmitted by sensors wighinany compression is considered, this transmission timeddoeil

cell is given by shorter thari(r. For convenience, define the LFC compression
_ ratio (LCR) as
Pcell,II = KB(Prmad) (5) ( ) Toh
p=- <
KT

Since there are\/ cells in the whole sensing area, the total
transmission power transmitted by sensors in a WSN of thée consider two different LCR values:

second type is given by 5= One = 1, if no compression is used;
Psensor,]] = MPcell,II = NB(pTwa d)a (6) B BC =% if CompreSSion is used.

K7

We now need to find the the backhaul transmission power From (8), the total average energy consumption for the
between LFCs. According to AB the distance between anybackhaul transmission is given by
two different LFCs can be considered as the distance between _
two random points in a circle of radius= r — d, which is Eyn11 = oM (M — 1)Pm
denoted byiV. Let f(w) denote the distribution of the distance a
between any two different LFCs, whefe< w < 2r. Then, Finally, the total average energy consumption for a WSN of
the backhaul transmission power from an LFC is given by the second type is

(12)

E[W™"]. (13)

27
Piperr = (M — 1)/ Py(w) f (w)dw Eiotat, 11 = Fsensor, 11 + Fbn,11 )
0 D PT‘JJ
= (M = D)E[P(W)] = TNB(Prg, d) + 70, M (M — 1) =" E[W"). (14)
= (M - 1)Pm E[W™"]. (7) Define the energy ratio as
(6%
Here, we assume that the target received signal power for C - Etotal, 11 (15)
LFC backhaul communications is ald®.,. Since there are FEiotal,r’
M LFCs, the total backhaul transmission power becomes which can show the energy efficiency of the second type WSN
Pon.rr = MPije11 over the first type WSN. I is less than 1, we can see that
' p. the use of LFCs can save the energy consumption compared
=M(M —1) OZI]E[W”]. (8) with the conventional WSN, i.e., a WSN of the first type.

. Substituting (10) and (14) into (15), we have
The pdf of W can be found in [12] and the moment Bf

is given by [13, Eq. (2.3.68), p.207] O d\" N B(n+2)G, (1)2 Y d\" (16)
E[W7] = G ©) r 2 d v
where For convenience, letd,, = ”QLQCL7 and p = %. Then,
on+4 1 r (@) depending on the LFC compression, we have two different
Gy = T m+ 2+ 4T (% I 2)- energy ratios:
1

IV. ENERGY CONSUMPTIIEDFNC/-;NDOPTIMAL NUMBER OF Chclp) = p" + A, (_2 _ 1) 1-p)"; (17)
In this section, we attempt to find theytotal average energy ¢ (, Ny = p7 4 7 (_2 <_2 _ 1>> 1-p)". (@18)

consumption to transmit all the sensors’ decision withia th N \p* \p

whole sensing area.

Suppose each sensor requireseconds to transmit its
decision to a FC or LFC. In a WSN of the first type, fro
(4), the total average energy consumption becomes

The energy ratio without LFC compressiat,.(p), becomes

a function ofp and independent of the number of sensd¥s,
"Bn the other hand, the energy ratio with LFC compression,

C.(p,N), is a function of bothp and V.

Eiotal,r = TPiotal,1 If the LFC compression is not employed, the energy
= TNB(P,y, 7). (10) efficiency of the second type WSN may not be high and even
could be worse than that of the first type WSN. From (17), if

In a WSN of the second type, from (6), the energy approaches 0, we can see tlit.(p) approaches infinity.
consumption to transmit sensors’ decisions is given by |n other words, the second type WSN becomes significantly
o 5 inefficient as the number of LFCs approaches infinity. This
Bsensor,1 = TN B(Fre. d). (11) inefficiency results from heavy backhaul overhead. However

At each LFC, the information fronk sensors in a cell is re- there should be an optimal value of that minimizes the
ceived. Thus, without any compression, the transmissioe ti energy ratio. First, we consider (17). In order to find the



10’ T I

minimum of C,,.(p), we can take the derivative with respect

T i
1 No LFC compression
1 . = = =LFC compression when N = 100

to p: 100 Ly ]
1
dChe(p _ WL ]
dp( ) T
A (20=p)" n=p*)(1—p B
O P N 02 ' 10

energy ratio

If n» > 1, we can easily see that the first term is increasing
from 0 ton asp increases frond to 1, while the term in the
parentheses of the second term is decreasing fsorno 0.
Therefore, there exists a unique minimum. Although a clesed .
form expression for the the optimalthat minimizesC,,.(p)

is not available, it could be easily found by using a numérica
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We can have a similar observation with.(p, N) in (18). °

There is an optimap € (0, 1) that minimizesC.(p, N) for a

given N. For convenience, denote by . andp’ the optimal Fig. 3. Energy ratios (with and without LFC compression)susip.

p's that minimize C,,..(p) and C.(p, N), respectively. Since

the number of LFCs is/ = -, once the optimap is found,

we can determine the optimal number of LFCs. For exampRergy efficient. Due to the LFC compression, the energy
if p* = 0.5, then 4 LFCs are required to minimize the energgonsumption for backhaul transmissions becomes negtigibl

to send sensors’ decisions to all the LECs. compared to that for sensors’ transmissions. Thus, the more
sensors, the better energy efficiency the second type WSN can
V. NUMERICAL RESULTS AND DISCUSSION achieve.

In order to see the energy efficiency, we find the energy
ratios in (17) and (18) for various values pfwhen the path ) ) o
loss exponenty, is 3, and show the result in Fig. 3. Since In this paper, we studied the energy efficiency of WSNs

the second type WSN becomes the first typepas 1 (i.e., with LFCs for signal transmissions. Under certain condiio
single LFC), it is clear thaC,.(1) = C.(1,N) = 1 as It was shown that WSNs with LFCs can be more energy

shown in Fig. 3. Furthermore, as— 0, there is a significant €fficient than WSN with single FC. A closed-form expression

energy consumption for the backhaul transmission (due @y the energy efficiency was derived and used to find an
a large number of LFCs), which results in a poor energﬂPt'mal number of LFCs. It was found that the optimal number
efficiency of the second type WSN. Thus, we can expect tHf LFCs is independent of the sensing area and, without LFC
lim, o Che(p) = lim,_o Cu(p, N) = 0o as shown in Fig. 3. compression, it is also independent of the number of sensors

However, we are interested in the minimum valuegf(p) ©On the other hand, if LFC compression is employed, the
and C..(p, N). As discussed in Section 1V, boifi,,.(p) and optimal number of LFCs increases with the number of sensors.
C.(p,N) have a minimum point as shown in Fig. 3 and hese observations have been encouraging the use of raultipl
the minimum values are less than 1, which show that th&Cs for WSNs. _ o
second type WSN can be energy efficient once the number While an inefficient but simple backhaul transmission
of uniformly deployed LFCs is optimal. approach was considered to see the energy efficiency of WSNs
Fig. 4 shows the optimal* for different values of the path with LFCs in this paper, the energy efficiency can be further
loss exponenty, when N = 100. It is shown that the energyimproved if efficient backhaul transmission approaches are
ratio decreases with. Since the propagation loss become$sed, which will be investigated in the future.
more gigqifica:th as) increas(cjas, it ir? essentia_l to reduce the . ACKNOWLEDGMENT
transmission distance to reduce the transmission power and_, .
energy. Since the second type WSN can efficiently reduR,e Tglf/k\:\écirligggzbeen supported by EPSRC-DSTL, Grant
the transmission distance, it becomes more energy efficient '
asn increases. From Fig. 4 (a), we can see that the optimal REFERENCES
value Ofp.IS O_'5 for the second tYPe of WSN when the LFC [1] 1. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Caiy'A survey
compression is used and= 3, which means that 4 LFCs are on sensor networks/EEE Commun. Mag., vol. 40, pp. 102-114, August
optimal (i.e.,M = 4) for the second type WSN in this case. | §0(|)<2'v hnev Disributed Detection and Data Fuson. New York:
Furthermore, as shown in Fig. 4 (b), the second type of wsif S'prihge?-r\s/er?:é', s ion and Data Fusion, New York:
requires less than 20% energy of the first type of WSN. [3] B. Chen, L. Tong, and P. K. Varshney, “Channel-aware ritisted
Fig. 5 shows the energy ratio when the second type detection in wireless sensor network$ZEE Signal Proc. Mag., vol.
. . 23, no. 4, pp. 16-26, July 2006.
WSN uses LFC compression. A¥ increases, the energy [4] J. N. Tsitsiklis, “Decenterlized detection by a largenmher of sensors,”
ratio decreases and the second type WSN becomes more Math. of Control, Signals, and Systems, vol. 1, pp. 167-182, 1988.

VI. CONCLUDING REMARKS



0.9 0.56
No LFC compression
= = =LFC compression
0.851 B 0.54 7
08k 052
0751 051
- o 048
%. 0.7 TEE
£ =
5 5
O 0651 = 0.46 -
osl . i 0441
0.55 - i 0.42-
ee=m 77 041
05 e 4
P~ e === "
Il Il Il Il Il Il Il Il Il 0.38 ! X ! ! X ! ! X .
0.45 [ 100 200 300 400 500 600 700 800 900 1000
1 15 2 25 3 35 4 45 5 55 6 N
n
(@)
0.22 T
0.2~
018
2
3
2 o
K 0.16
g 8
5 &
53
i g
2 014
5 £
E =
£
=
0121
011
0.08 I I I I I I I I I
0 100 200 300 400 500 600 700 800 900 1000
N

" ' ' (b)

Fig. 5. Energy ratio (with LFC compression) versiNs
Fig. 4. Energy ratios (with and without LFC compression)susn.

1999.

[5] Q. Cheng, B. Chen, and P. K. Varshney, “Detection perfomoe limits
for distributed sensor networks in the presence of nonideahnels,”
|EEE Trans. Wireless Comm., vol. 5, no. 11, pp. 3034-3038, November
2006.

[6] Q. Zhao, A. Swami, and L. Tong, “The interplay between nsig
processing and networking in sensor network&EE Signal Proc. Mag.,
vol. 23, no. 4, pp. 84-93, July 2006.

[7] W. Li and H. Dai, “Distributed detection in wireless sensnetworks
using a multiple access channdIZEE Trans. Sgnal Proc., vol. 55, no.
3, pp. 822-833, March 2007.

[8] G. Mergen, V. Naware, and L. Tong, “Asymptotic detectiperformance
of type-based multiple access over multiaccess fadingreiafi |IEEE
Trans. Inform. Theory, vol. 55(3), pp. 1081-1092, March 2007.

[9] K. Liu and A. M. Sayeed, “Type-based decentralized ddecin
wireless sensor networks/EEE Trans. Sgnal Proc., vol. 55, no. 5,
pp. 1899-1910, May 2007.

[10] H. Jeon, J. Choi, H. Lee, and J. Ha, “Channel-aware enefficient
transmission strategies for large wireless sensor nesyakEE Sgnal
Proc. Letters (accepted)

[11] T.S. RappaportMreless Communications: Principles and Practice: 2/e,
Upper Saddle River, NJ: Prentice Hall, 2002.

[12] M. G. Kendall and P. A. P. MorarGeometrical Probability, London:
Griffin, 1963.

[13] A. M. Mathai, An Introduction to Geometrical Probability: Distribu-
tional Aspects with Applications, Gordon and Breach Science Publishers,



