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Energy-Efficient Information Retrieval for
Correlated Source Reconstruction in
Sensor Networks
Qing Zhao, Member, IEEE, and Lang Tong, Fellow, IEEE

Abstract— We consider information retrieval in a wireless
sensor network deployed for the reconstruction of a spatially
correlated signal field. Referred to as QUality-of-service specific
Information REtrieval (QUIRE), the proposed protocol optimizes
the network performance under the metric of information rate
per Joule while ensuring a given QoS. Based on the density
of sensor deployment and the QoS specified by the maximum
distortion for reconstructing the signal field, QUIRE partitions
the sensor network into disjoint and equal-sized cells. The cell
size is chosen to minimize the number of transmissions required
for a given QoS by exploiting the spatial correlation of the signal
field. Adopting the cross-layer design methodology that integrates
opportunistic carrier sensing and optimal cell activation, QUIRE
eliminates redundant transmissions and fully utilizes the channel
reception capability in a fading environment.
Index Terms— Wireless Sensor Networks. Information Retrieval. Energy Efficiency. Opportunistic Transmission.

I. I NTRODUCTION
A. Information Retrieval in Sensor Networks
NE of the major applications envisioned for large-scale
wireless sensor networks is the monitoring of certain
physical phenomenon which can be modelled as a spatially
correlated signal field. In this type of applications, sensors
can be preprogrammed to take measurements at specific time
instants and transmit their data periodically to the end-user.
We consider the scenario where the information collected
by sensors is retrieved by a mobile access point (AP). As
illustrated in Figure 1, during the information retrieval (IR)
operation, the AP broadcasts a beacon to activate sensors in
its coverage area. Activated sensors then transmit, according
to an IR protocol, their data to the AP through a common
wireless channel.
An IR protocol determines which set of sensors data should
be collected from and how the wireless channel is shared
among activated sensors. The first component of an IR protocol distinguishes its design from that of a medium access

O

Manuscript received December 22, 2004; revised November 30, 2006 and
February 22, 2006; accepted May 20, 2006. The associate editor coordinating
the review of this paper and approving it for publication was L.-C. Wang.
This work was supported in part by Army Research Laboratory CTA on
Communication and Networks under Grant DAAD19-01-2-0011 and National
Science Foundation under Grants ECS-0622200 and CCR-0311055. Part of
this result was presented at MILCOM 2003 and SPSC 2003.
Q. Zhao is with the Department of Electrical and Computer Engineering,
University of California, Davis, CA 95616 (e-mail: qzhao@ece.ucdavis.edu).
L. Tong is with the School of Electrical and Computer Engineering, Cornell
University, Ithaca, NY 14853 (e-mail: ltong@ece.cornell.edu).
Digital Object Identifier 10.1109/TWC.2007.04885.

r0

Fig. 1.

Sensor network with mobile access point.

control (MAC) protocol in communication networks. It is
necessitated by two unique characteristics of sensor networks.
First, differing from a communication network whose purpose
is to provide service to each individual user, a sensor network
is deployed for a single end-user; quality-of-service (QoS) is
defined at the network level instead of for each individual
node. Second, data from proximate sensors can be highly
correlated due to node redundancy and the spacial correlation
of the underlying signal field. These two characteristics of
sensor networks indicate that it is unnecessary and inefficient
to retrieve data from every sensor node.
B. Performance Measure for IR Protocols
A common performance measure for MAC protocols in
communication networks is throughput in the unit of packets
per unit time. For IR protocols in sensor networks, however,
throughput does not necessarily represent protocol efficiency
due to the correlation among sensor measurements. Two
packets collected from proximate sensors do not provide as
much information as two packets from sensors far apart.
Merely counting the number of packets can be misleading.
Furthermore, throughput does not take into account energy
consumption which is of paramount importance in sensor
networks.
A good IR protocol should be the one that accomplishes,
within the minimum amount of time using the minimum
amount of energy, the task the sensor network is deployed
for. For the type of applications considered in this paper, the
task is accomplished if the information collected by the AP is
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sufficient for reconstructing the signal field for a given QoS
that can be specified by, for example, the maximum distortion
of the reconstruction.
Let I denote the minimum number of packets that need
to be collected from sensors in order to reconstruct the
signal field for a given QoS. Clearly, this quantity I is a
function of the QoS and the statistics of the signal field. It
is, however, independent of the IR protocol. Let L and E
denote, respectively, the amount of time and energy required
for an IR protocol to accomplish the task1 . We measure, in
the unit of packets per unit time per Joule, the performance
of the protocol by
I
Δ
,
(1)
η=
E[LE]
where E[·] denotes expectation. Besides bringing energy expenditure into the picture, this metric also correctly characterizes the amount of information provided by the collected packets. If a protocol collects more packets than necessary (more
than I packets), those redundant packets do not contribute to
the performance but rather increase the energy expenditure E
and possibly system latency L. We point out that in the design
of optimal IR protocols, the quantity I is of little interests.
Without loss of generality, we set I to unity and call this
performance measure η the IR efficiency.
C. Contributions and Limitations
In this paper, we propose a QUality-of-service specific
Information REtrieval (QUIRE) protocol that maximizes the
IR efficiency for a given QoS. QUIRE consists of three
components. First, based on the density of sensor nodes
and the QoS specified by the maximum distortion of the
reconstruction, QUIRE partitions the sensor field into disjoint
and equal-sized cells. The cell size is chosen as such that
the signal field within a cell can be reconstructed, within
the maximum distortion, from one sample collected from
the center area of the cell. Second, an opportunistic carrier
sensing scheme is used to coordinate the transmissions of the
sensor nodes located in the center area of a cell. Since the
measurement from one sensor located in the center area is
sufficient for the reconstruction of the whole cell, only one
sensor should transmit to minimize energy consumption and
avoid unnecessary interference. With the opportunistic carrier
sensing scheme which utilizes the channel state information,
QUIRE not only eliminates redundant transmissions, but also
ensures that the sensor with the best channel transmits. This
opportunistic characteristic of QUIRE further reduces the
energy consumption. Third, Based on a Markov representation
of the data collection process, QUIRE utilizes an optimal
sensor activation scheme to maximize the IR efficiency η.
The proposed protocol is by no means intended to solve
the IR problem in general. It targets at certain applications,
applies to certain network architectures, and considers one
particular approach to eliminating redundancy among sensor
measurements. First, QUIRE is developed mainly for the
clock-driven and query-driven applications [1] where the IR
process can be initiated by the end-user. For event-driven
1 Both L and E can be random variables due to the randomness in the
fading channel and the sensor locations.

applications such as target detection and tracking, the applicability of the proposed protocol is limited. Second, QUIRE
assumes one-hop transmission from the sensor nodes to the
AP. It is applicable to sensor networks with mobile access
[2], [3] where an AP traverses the network collecting data
directly from the sensors. The proposed protocol may also
be applied to sensor networks with a cluster structure such
as LEACH [4] and its variation [5]. It is, however, not
obvious how QUIRE can be used under the multi-hop ad hoc
architecture [6]. Finally, there are, in general, three approaches
to reducing data correlation hence improving the IR efficiency:
distributed source coding, data aggregation, and sampling. The
first approach considered in [7], [8] is information theoretic
in nature which inevitably encounters large delay and high
complexity. The second approach considered in [9], [10] is
commonly used under the multi-hop ad hoc architecture where
data are aggregated at intermediate sensor nodes along a multihop route to a gateway node. It is thus strongly coupled with
the design of routing protocols. In this paper, we use sampling
to reduce the correlation among collected data, i.e., only data
from a fraction of sensor nodes are retrieved. This approach,
also considered in [11], [12], is more compatible with the
network architecture considered in this paper.
D. Related Work
MAC design for wireless sensor networks has received
considerable attention (see [6] for a survey). These protocols,
however, do not directly address QoS specified by the applications. There is also a growing body of literature on the energy
efficiency of sensor networks [13]–[15]. The primary focus of
these results is the analysis of sensor network lifetime under
the multi-hop ad hoc architecture.
Perhaps [11] and [16] are the most relevant work to this
paper. In [11], the authors explicitly exploit node redundancy.
They develop an adaptive scheme for each sensor to determine
independently whether to transmit so that a fixed total number
of transmissions occur in each slot. The difference between
[11] and our work is that QoS in [11] is defined as the total
number of transmissions that should occur in each slot and
an independent channel from each sensor to a remote base
station is assumed. In [16], a protocol named opportunistic
ALOHA is proposed for the IR operation in sensor networks
with mobile AP. Different from the protocol proposed in
this paper, opportunistic ALOHA uses throughput instead of
energy efficiency as the performance measure. It does not
address the issue of QoS. Being a sensor-initiated random
access protocol, it does not eliminate redundant transmissions.
II. T HE P ROBLEM S TATEMENT
A. The Signal Field
Let D denote the sensor field with area A and S(D)
the signal field being monitored. We pose the following
assumptions on S(D).
A1 S(x, y) for all (x, y) ∈ D have common mean μ and
variance ν 2 .
A2 S(D) is spatially homogeneous, i.e., the correlation of
two points in D is determined by the Euclidean distance
between them.
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A3 The correlation function R(d) is continuous and
monotonically decreasing in [0, dmax ] where dmax is the
maximum distance between two points in D.
We assume the sensor nodes form a two-dimensional Poisson field with mean λ nodes/m2 . If a sensor locates at (x, y), it
measures the value (one realization) of S(x, y) and generates
a packet containing its measurement to be transmitted to the
AP. Note that for this type of application, sensors may need
to acquire their locations via GPS or other position estimation
schemes [17], [18] after deployment.
B. The Wireless Fading Channel
During the IR operation, sensors are activated by and
synchronized to the beacon signal broadcasted by the AP. The
channel can then be considered slotted with the slot length
equal to the transmission time of one packet. We assume that
the channel between an activated sensor and the AP is constant
within a slot but fades independently and identically across
slots and activated sensors. Let γi (t) denote the channel fading
gain from sensor i to the AP in slot t. The distribution Fγ of
γi (t) is then independent of i and t. For Rayleigh fading, Fγ
is an exponential function.
Due to the i.i.d. distribution of the channel gain across slots
and activated sensors, the reception capability of the AP can be
modelled by Cn,k (Fγ ), the probability of having k successes
in a slot with n transmissions. The multiaccess channel
between the sensors and the AP is then fully characterized
by the following reception matrix C which is a function of
the fading distribution Fγ .
⎞
⎛
C1,0 (Fγ ) C1,1 (Fγ )
⎟
⎜
C(Fγ ) = ⎝C2,0 (Fγ ) C2,1 (Fγ ) C2,2 (Fγ ) ⎠ (2)
..
..
..
..
.
.
.
.
We point out that this general channel model, first considered
in [19], includes the single-user collision channel and channels
with capture as special cases. It also models networks using
spread spectrum (as considered in the simulation examples
in Section V) and/or multiple antennas at the AP where
successful reception of simultaneously transmitted packets is
possible. Define
Δ

Cn =

n

k=1

kCn,k ,

Δ

n0 = arg max Cn .
n

(3)

That is, when n0 packets are transmitted simultaneously, the
expected number of successfully received packets is maximized. Simultaneously enabling more than n0 transmissions
results in a reduction of successful receptions and an increase
in energy expenditure.
C. QoS Requirement
Let A denote all the points whose measurements are collected during an IR operation. Let Ā denote the complement
of A in D. Then the signal field S(D) is reconstructed by
approximating a point (x0 , y0 ) in Ā with a point in A that
is closest to (x0 , y0 )2 . Let d(x0 ,y0 ),(x,y) denote the distance
2 More

sophisticated reconstruction techniques can be used. Here we choose
a simple method for the tractability of the analysis.

Fig. 2.

The cell structure of QUIRE.

between (x0 , y0 ) and (x, y). The estimate Ŝ(x0 , y0 ) of the
signal field at (x0 , y0 ) is given by
Ŝ(x0 , y0 )
(x1 , y1 )

= S(x1 , y1 ),
= arg min d(x0 ,y0 ),(x,y).

(4)

(x,y)∈A

The QoS is characterized by the maximum distortion D
in terms of the mean square error (MSE) and the outage
probability3 Po . In other words, with probability no smaller
than 1 − Po , every point in D can be estimated with an MSE
no larger than D.
Our problem here is to design an IR protocol that optimizes
the IR efficiency η for a given QoS (D, Po ).
III. Q O S S PECIFIC I NFORMATION R ETRIEVAL :
C ELL PARTITION
QUIRE consists of two steps. First, based on the density λ
the sensor nodes, the autocorrelation R(d) of the signal field,
and the QoS (D, Po ), the AP partitions D into disjoint and
equal-sized cells. In the second step, one sensor from each cell
transmits according to a transmission control scheme so that
the IR efficiency η is maximized. In this section, we present
the cell structure of QUIRE.
As shown in Figure 2, QUIRE partitions the network into
equal-sized hexagons with radius r. Within each cell, a center
area is defined as the radius-r0 disk at the center of the
hexagon (see Figure 3). The sizes (r, r0 ) of the cell and the
center area are chosen as such that the whole cell can be
reconstructed, with MSE no larger than D, from one sample
collected from the center area. Let (x, y) denote the point in
the center area whose measurement is collected. Let (u, v) be
another point in the same cell. The QoS requires that
E[(Ŝ(u, v) − S(u, v))2 ] =
=

E[(S(x, y) − S(u, v))2 ]
2ν 2 − 2R(d(x,y),(u,v)) ≤ D.

3 Due to the random distribution of sensor nodes, the maximum distortion
D can not be bounded deterministically by a fixed value for a given finite
node density λ.
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The size of a cell.

IV. Q O S-S PECIFIC I NFORMATION R ETRIEVAL : PACKET
C OLLECTION
Equivalently, we have R(d(x,y),(u,v) ) ≥ (2ν 2 − D)/2. It then
follows that to reconstruct the cell from one sample collected
from the center area, we need
r + r0 ≤
Δ
d¯ =

¯
d,

After the cell partition, the AP activates4 sensors in the
center areas and collects one packet from each cell according
to the transmission and activation schemes described below.
A. Distributed In-Cell Transmission Control

(5)

When the AP activates the center area of a particular cell,
more than one sensor is activated. Since one measurement is
sufficient for the reconstruction, only one sensor in the center
area should transmit to reduce energy consumption and avoid
With (5) satisfied, the QoS is met if with probability no smaller unnecessary interference. To achieve this, we employ a distribthan 1 − Po , at least one sensor is located in the center area uted transmission protocol—opportunistic carrier sensing—
of every cell so that one sample can be collected from every proposed in [20], [21]. Specifically, when the AP activates the
cell. This imposes a lower bound on r0 . Specifically, let M center area of a cell by broadcasting a beacon, sensors inside
denote the total number of resulting cells when the cell size is the center area measure their channel gain γ using the beacon
¯ 0 . We have, ignoring the boundary effect, signal. Based on its own channel gain γ, each sensor chooses
chosen to be r = d−r
M =  3√3(2A
. To meet (with equality) the requirement a backoff time τ according to a predetermined function f (γ)
d̄−r0 )2
on the outage probability, we have,
and listens to the channel. A sensor will transmit with its
chosen backoff time if and only if no one transmits before
it. Considering the relatively small size of the center area,
1
M )
2
we assume that there are no hidden terminals and the signal
)
log(1
−
(1
−
P
o
(1−e−πr0 λ )M = 1−Po ⇒ r0 = −
, propagation delay within the center area of a cell is negligible.
λπ
(6) Thus carrier sensing ensures that one and only one sensor from
which follows directly from the fact that the numbers of the center area transmits. Furthermore, if f (γ) is chosen to be
sensors inside disjoint areas are independent for Poisson distri- a strictly decreasing function as shown in Figure 4, the sensor
bution. We assume that the sensor network is sufficiently dense with the best channel will choose the smallest backoff time
(λ sufficiently large) so that the above defined r0 satisfies thus seizes the channel. This opportunistic carrier sensing not
r0 < r < d¯ for the give QoS. With r0 chosen, we obtain the only eliminates redundant transmissions, but also ensures that
cell size r from (5) as r = d¯ − r0 . Note that we choose the the sensor with the best channel5 transmits.
largest r that satisfies (5) to reduce the number of resulted cells
The slot structure resulted from this transmission scheme
hence the number of required transmissions from sensors.
is illustrated in Figure 5. We point out that to ensure the
We point out that the cell partition is randomized from one
4 If the AP can adjust its coverage area (area within which the beacon
IR operation to the next to ensure uniform energy expenditure signal can be heard) via beamforming, it can activate sensors in desired area
among sensors. Furthermore, the cell partition for the upcom- by broadcasting a beacon signal. Otherwise, the AP can broadcast the location
ing IR operation can be carried out by the access point at of the center point of the cell to be activated, and each sensor, by calculating
its distance to the center point, can determine whether it should be active for
the end of the current IR operation. The size r0 of the center transmission.
5 Here we assume reciprocity. When the propagation delay within the center
area and the locations of the center points of all cells are
broadcasted by the access point so that all sensors outside the area is negligible, f (γ) can be any decreasing function with range [0, τmax ]
where the maximum backoff time τmax can be any positive number. Under
center areas do not need to participate even in the sensing task significant propagation delay, f (γ) needs to be chosen judiciously to ensure
the efficiency of the opportunistic carrier sensing as addressed in [21].
for the next IR operation.
max({d : R(d) ≥ (2ν 2 − D)/2, d ∈ [0, dmax ]}).
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Slot structure of QUIRE.

P [J = j] =

e−λ0 (λ0 )j
, λ0 = λπr02 , j > 0.
1 − e−λ0 j!

We then obtain the distribution of γ̌ as follows.
Fγ̌ (x)

Δ

=

P [γ̌ ≤ x] =

∞


P [γ̌ ≤ x | J = j]P [J = j]

j=1

=
=

∞

j=1
∞

j=1

j

P [J = j]

P [γi ≤ x]
i=1

e−λ0 (λ0 )j
x
(1 − e− θ )j
1 − e−λ0 j!

−x
1
(e−λ0 e θ − e−λ0 ).
(7)
−λ
0
1−e
Clearly, γ̌ is no longer exponentially distributed. With the
opportunistic carrier sensing, the reception matrix C is determined by Fγ̌ instead of Fγ . In Section V, examples are
given to demonstrate the construction of C(Fγ̌ ) and the impact
of opportunistic carrier sensing on the channel reception
capability.

=

B. Optimal Cell Activation
We now develop an optimal cell activation scheme to
maximize the IR efficiency η. The key idea is to fully exploit
the channel reception capability characterized by C(Fγ̌ ). We
assume here C(Fγ̌ ) has been obtained and known to the AP.
At the beginning of an IR operation, the AP queues up all M
cells and activates in each slot N cells starting from the head
of the queue. At the end of each slot, the AP detects whether
this slot is empty. An empty slot implies that no sensor is
located in the center areas of these N cells 7 . These N cells
6 The channel gain seen by the AP excludes the case of an empty center
area where no transmissions occur.
7 The probability of having one or more empty center areas is bounded
below Po . See (6).

2

2

3

4

6

1
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3

4

1

2

5

5

2

4

6

3

5

4

6

slot

waiting queue

efficiency of the opportunistic carrier sensing, simultaneously
enabled cells can be spread out (as shown in Figure 2) so
that sensors in the center area of one cell will not hear the
transmissions from another cell in applications resulting in
small cell size.
Opportunistic carrier sensing changes the statistics of the
channel gain γ seen by the AP, thus affecting the channel
reception capability. Consider, for example, Rayleigh fading
where γ is exponentially distributed with mean θ. Let γ̌
denote the channel gain from a transmitting sensor to the
AP. We have, from the fact that opportunistic carrier sensing
ensures the sensor with the best channel transmits, γ̌ =
max{γ1 , γ2 , · · · , γJ } where J is the number of sensors inside
a nonempty center area6 . It has the following truncated Poisson
distribution
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5
6

Fig. 6. Optimal cell activation of QUIRE (M = 6, N = 3, and the 5th cell
(shaded) has an empty center area. The numbered rectangles on the time axis
indicate transmissions from the corresponding cells. Successful transmissions
are illustrated by shaded rectangles.
C2,2

C2,2

C2,1

C1,1

C2,1

3

2

1

0

C2,0

C2,0

C1,0

1

Fig. 7.

The Markov chain for Case 1 (M = 3 and N = 2).

are thus removed from the queue. On the other hand, if this slot
is not empty and k (k ≥ 0) packets are successfully received,
those k cells from which a packet is received are removed from
the queue. This procedure continues until the queue becomes
empty (all M cells are processed). The basic procedure of this
cell activation scheme is illustrated in Figure 6.
With this queue structure, the only parameter to be designed
is the number N of simultaneously activated cells. The optimal N ∗ should be chosen by maximizing the IR efficiency
Δ
η =1/E[LE], or equivalently, minimizing E[LE],
N ∗ = arg

min

N =1,··· ,Nmax

E[LE | N ],

(8)

where Nmax is the maximum number of simultaneously activated cells to be considered. For typical applications, Nmax
can be set to n0 defined in (3). In order to determine N ∗ , we
calculate E[LE | N ] by considering the following two cases.
1) Case 1: Every cell has a nonempty center area: This
scenario happens with probability 1 − Po . In this case, N
transmissions occur in all slots except the last few when the
number of cells in the queue is smaller than N . In large sensor
networks, we typically have M  N ∼ n0 . Thus, E ≈ ωN L
where ω is the energy used for transmitting one packet8 . It
then follows that
E[LE | N ] = ωN E[L2 | N ].

(9)

8 We assume that the AP is not energy constrained and thus consider only
the energy consumed by sensors. Furthermore, we ignore the energy consumed
by sensors in listening to the beacon signal and in carrier sensing, which is
negligible compared to the energy consumed in transmission. It is, however,
straightforward to extend the analysis to include these overheads in energy
consumption.
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To calculate E[L2 | N ], we represent the IR process by a
finite-state discrete Markov chain. It can be shown that the
number of unprocessed cells (cells left in the queue) at the
beginning of each slot forms a Markov chain. Specifically, at
the beginning of a slot, the network is in state j if there are
j (j = 0, · · · , M ) unprocessed cells. An example of the state
diagram of this Markov chain is illustrated in Figure 7. In
general, the transition probability from state j to state k is
given by
⎧
if 1 ≤ j ≤ M
⎪
⎪
⎨ Cmin(N,j),j−k
and j − min(N, j) ≤ k ≤ j
.
pj,k =
⎪
if j = k = 0
⎪
⎩ 1
0
otherwise
(10)
With state 0 defined as the absorbing state, E[L2 | N ] is
the second moment of the absorbing time of this Markov
chain when the initial state is M . Define ej and vj as,
respectively, the first and the second moments of the remaining
time until absorption given that the current state is j. Let
Δ
Δ
e=[e1 , · · · , eM ]t and v=[v1 , · · · , vM ]t . We then have [22],
e = (I − P)−1 1,

v = (I − P)−1 (2e − 1),

(11)

where P is the transition probability matrix (after removing
the absorbing state 0) with entries specified by (10), I and 1
denote, respectively, an identity matrix and a vector with all
entries equal to 1. After solving vM from (11), we obtain,
from (9),
E[LE | N ] = ωN vM .
2) Case 2: At least one cell has an empty center area: This
scenario happens with probability Po . Since the numbers of
sensors inside the center areas are i.i.d for different cells, the
probability q that a particular cell has an empty center area is
given by q = 1 − (1 − Po )1/M . Typically, we have Po close to
0 and M a large number, which leads to q ≈ 0. It thus suffices
to consider the case where only one cell has an empty center
area.
We first consider N = 1. In this case, one empty slot occurs
during the data collection. In the rest L − 1 slots, exactly one
transmission takes place, i.e., E = (L − 1)ω. Thus,
E[LE | N = 1] = ωE[L2 | N = 1] − ωE[L | N = 1]. (12)
Since the number of slots needed for successfully transmitting
one packet is geometrically distributed with success probability C1,1 , we have, considering we have M − 1 packets and
one empty slot,
E[L | N = 1] =
E[L2 | N = 1] =

M − C1,0
,
C1,1
(M − C1,0 )2 + (M − 1)C1,0
.
2
C1,1

We now calculate E[LE | N ] for N > 1. Suppose that
the mth cell in the waiting queue at the beginning of an
IR operation has an empty center area. We partition, by the
beginning of the slot in which the mth cell will be activated
for the first time, the IR process into two phases with lengths
L1 and L2 , respectively (in the example given in Figure 6,
we have m = 5, L1 = 1, and L2 = 3). In Phase 1, N

TABLE I
PARAMETERS OF C ELL PARTITION FOR QUIRE
λ
r0
r
M

0.2
3.61
6.39
378

0.4
2.51
7.49
275

0.6
2.03
7.97
243

0.8
1.748
8.252
227

1
1.558
8.442
217

transmissions occur in each slot. For Phase 2, since the AP
can only recognize an empty center area through an empty
slot for a general channel reception matrix C, the mth cell
will be activated in each slot in this segment until, in the end,
an empty slot occurs. Hence, N − 1 transmissions take place
in each slot of this phase9 . This leads to
Em [LE | N ] = Em [ω(L1 + L2 )(N L1 + (N − 1)L2 ) | N ]
= ω(N Em [L21 | N ] + (N − 1)Em [L22 | N ]
+(2N − 1)Em [L1 L2 | N ]),

(13)

where Em [·] denotes the expectation conditioned on the mth
cell having an empty center area. Similar to Case 1, a
discrete-time Markov chain is constructed for each phase to
compute Em [L21 | N ], Em [L22 | N ], and Em [L1 L2 | N ] as
detailed in Appendix. We can then obtain Em [LE | N ] from
(13). Averaging over m which is uniformly distributed over
{1, · · · , M }, we reach the solution for Case 2. The final result
is obtained by combining Case 1 and Case 2. With E[LE | N ]
calculated for N = 1, · · · , Nmax , the optimal N ∗ can be
obtained from (8).
We point out that the calculation of N ∗ can be carried out
off-line. Little computation is required at the AP during the
IR operation. For applications with high QoS requirement (Po
approaches 0), N can be chosen by considering only Case 1.
V. S IMULATION E XAMPLES
A. Simulation Setup
The signal field is a 200m × 200m square. The correlation
function R(d) and the maximum distortion D are such that d¯
as defined in (5) is 10m. The outage probability is Po = 0.1.
In Table 1, we give the size r0 of the center area and the
resulting total number M of cells for various node density λ.
Clearly, a larger λ leads to a smaller M .
We consider Rayleigh fading where the channel gain γ is
exponentially distributed with mean 1. The sensor transmission power Pt (normalized by the pass loss) and the noise
variance σ 2 are such that the average SNR at the AP is
given by σP2t = 5dB. We consider a DS-CDMA system where
each sensor uses a random spreading sequence with spreading
gain G = 16. The AP uses the linear MMSE receiver. We
assume that a packet is successfully demodulated if the signal
to interference ratio (SINR) at the linear receiver output is
greater than a threshold β = 3dB, which is a function of
the modulation, the error control code, and the target BER.
According to Tse and Hanly [23], the SIR at the receiver can
be approximated by a simple function of the received power
for random spreading codes, large network size, and high
9 Toward the end of data collection when the number of unprocessed cells
is smaller than N , fewer than N − 1 transmissions occur. However, N − 1
is a good approximation for large M and specifies the worst scenario.
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Fig. 8.
Improved channel reception capability by opportunistic carrier
sensing: channel gain distribution.

Fig. 9.
Improved channel reception capability by opportunistic carrier
sensing: expected number of successful receptions.

spreading gain. Specifically, given that K sensors transmit
simultaneously, the transmission from sensor i is successful
if
γi
> β.
(14)
K
γi γk
σ2
1
+
k=1,k=i βγk +γi
Pt
G

by judiciously choosing the number of simultaneously activated cells, this improved channel reception capability can be
optimally utilized.

This condition, together with the distribution of the channel
gain, completely specifies the channel reception capability. For
QUIRE, the channel gain of a transmitting sensor is distributed
according to Fγ̌ given in (7). By generating realizations of γ̌
according to (7) and applying the receiver model given in (14),
we obtain the channel reception matrix C(Fγ̌ ) numerically.

C. Comparison of IR Efficiency η

B. Improved Channel Reception Capability by Opportunistic
Carrier Sensing
We first study the impact of opportunistic carrier sensing
on the channel reception capability. The node density λ is set
to 1.
In Figure 8 we compare the distribution of γ and γ̌. The
channel gain γ of the original fading channel is exponentially
distributed with mean 1. With opportunistic carrier sensing, the
channel gain γ̌ is distributed according to (7). Figure 8 shows
clearly that opportunistic carrier sensing changes the channel
fading characteristics seen by the AP; γ̌ is more likely to take
a large value.
In Figure 9 we compare the channel reception capability
Cn as defined in (3). For the original fading channel, the
maximum number of successful receptions is 4.84 which is
achieved by simultaneously transmitting 17 packets. With opportunistic carrier sensing, the maximum number of successful
receptions is 11.15 achieved by 15 simultaneous transmissions. The channel reception capability is more than doubled with fewer transmissions hence less energy expenditure.
Note that when the total number of transmissions is greater
than 25, opportunistic carrier sensing reduces the number
of successfully received packets. The reason for this is that
opportunistic carrier sensing increases the channel gain of each
transmission, hence the interference power when the number
of simultaneous transmissions is large. In QUIRE, however,

In Figure 10, we compare the performance of QUIRE,
modified TDMA, and ALOHA with optimal transmission
probability. The modified TDMA is built upon the cell structure and the opportunistic carrier sensing scheme of QUIRE.
Specifically, cells are enabled one by one in each slot and only
the sensor with the best channel in the center area transmits.
For ALOHA, it is implemented as follows. At the beginning of
an IR operation, the AP, based on the total number of sensors
in the field, chooses the optimal transmission probability pt
by maximizing the expected number of successful receptions.
It than broadcast pt and all sensors flip a coin with bias pt
to determine whether to transmit in this slot. At the end of
this slot, the AP broadcasts the locations of all sensors whose
packets are successfully received in this slot. All sensors
within d¯ distance of these successful sensors will go to sleep;
they will not transmit in the future slots of this IR operation.
At the beginning of the second slot, the AP, assuming the
knowledge of the total number of active sensors (all sensors
except those within d¯ distance of successful sensors), chooses
and broadcasts the optimal transmission probability for this
slot. This procedure continues until the whole network is
covered (the number of active sensors becomes 0). Note that
this implementation of ALOHA does not guarantee the QoS.
From Figure 10 we see that QUIRE achieves 10-fold
improvement in IR efficiency at λ = 1 as compared to modified TDMA and slotted ALOHA with optimal transmission
probability. The improvement over modified TDMA, which
is built upon the cell structure and the opportunistic carrier
sensing scheme of QUIRE, is due to QUIRE’s optimal cell
activation scheme that fully exploits the channel reception
capability. The improvement over ALOHA results from a
combination of QUIRE’s capability of eliminating redundant
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transmissions, improving channel reception capability via opportunistic carrier sensing, and optimally activating sensors.
D. Impact of Network Density on Cost Per IR Operation
Since the total number M of cells is a monotonically
decreasing function of λ (see Table 1), QUIRE achieves
higher IR efficiency in densely deployed networks as shown
in Figure 10. This implies that increasing the network density
can reduce the cost of each data collection. It is, however,
more costly to deploy a dense network. The question we seek
to answer with this example is whether the extra cost10 in
deploying a dense network eventually pays off.
We use the same setup as specified in Section V-A and
Table 1. Assume that the deployment of one sensor has a
unit cost and a sensor becomes nonfunctional (out of power)
after transmitting one packet to the AP. The network lifetime
ends when the density drops below the level for the existence
of r0 , i.e., the network can no longer accomplish the task
for the given QoS. The average cost per IR operation is then
given by λA
Kd where λA is the expected cost of deploying a
sensor network with density λ over an area of Am2 and Kd
is the expected number of IR operations accomplished by the
network until it becomes nonfunctional.
Shown in Figure 11 is the cost per IR operation for QUIRE.
This result shows that for sensor networks employing QUIRE,
it is more efficient to deploy a dense network. Dense network
has a longer lifetime and lower cost per network use. This can
be used as a rule of thumb for network deployment.
VI. C ONCLUSION
In this paper, we consider IR protocol design for largescale sensor networks. We explicitly incorporate QoS specified
by the network application into the IR protocol design. A
new performance measure — IR efficiency η in the metric
of information rate per Joule — is introduced that effectively
characterizes the amount of information provided by the
10 Here
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Fig. 11.

collected packets and takes energy consumption into consideration. Under this performance measure, we propose QUIRE,
an IR protocol that assures a given QoS while maximizing the
IR efficiency. It eliminates redundant transmissions and fully
exploits the channel reception capability via opportunistic
carrier sensing and optimal cell activation.
A PPENDIX : M ARKOV C HAIN R EPRESENTATION OF C ASE 2
As in Case 1, construct a Markov chain whose state is the number
of unprocessed cells and state transitions occur at the beginning of
each slot. Since the mth cell will be activated if the number of
unprocessed cells belongs to {M − m + 1, · · · , M − m + N },
we can obtain L1 as the absorbing time of a Markov chain with
state space {M − m + 1, M − m + 2, · · · , M } and absorbing states
{M − m + 1, · · · , M − m + N }. The transition probability is given
by

C
 01
The
O transition

0

N,j−k

pj,k =

if M − m + N + 1 ≤ j ≤ M, j − N ≤ k ≤ j
if M − m + 1 ≤ j ≤ M − m + N, k = j
.
otherwise

probability matrix can be written in the form of

where O and P correspond to, respectively, the absorbing
Q P
states {M − m + 1, · · · , M − m + N } and the transient states
{M − m + N + 1, · · · , M }. Similar to Case 1, define ej and vj as,
respectively, the 1st and 2nd moments of the remaining time until
absorption given that the current state is j (a transient state). Let ui
be the probability that the absorption occurs at the absorbing state i.
We have [22]
e

=

Δ

[eM −m+N+1 , · · · , eM ]t = (I − P)−1 1,

v

=

Δ

[vM −m+N+1 , · · · , vM ]t = (I − P)−1 (2e − 1),

u

=

Δ

[uM −m+1 , · · · , uM −m+N ]t = (I − P)−1 Q,

(15)

from which the 1st and 2nd moment of L1 can be obtained as eM
and vM , respectively. As detailed below, u will serve as the initial
condition of the Markov chain constructed for Phase 2.
For Phase 2, the Markov chain has a state space {0, 1, · · · , M −
m + N } with 0 as the absorbing state. The transition probability is
given by

pj,k



=



Cmin(N−1,j−1),j−k
1
0

if 2 ≤ j ≤ M − m + N,
and j − min(N − 1, j − 1) ≤ k ≤ j
if 0 ≤ j ≤ 1, k = 0
otherwise

.
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With the similar definition of ej and vj (1 ≤ j ≤ M − m + N ), we
have
e

=

Δ

[e1 , · · · , eM −m+N ]t = (I − P)−1 1,

v

=

Δ

[v1 , · · · , vM −m+N ]t = (I − P)−1 (2e − 1),

where P is the transition probability matrix of this Markov chain
after removing the absorbing state 0. The 1st and 2nd moments of
L2 can then be obtained as
Em [L2 | N ]
Em [L22 | N ]

=
=

[eM −m+1 , · · · , eM −m+N ]u,
[vM −m+1 , · · · , vM −m+N ]u,

(16)

where u is the initial condition of this Markov chain given in (15).
We now consider the last term Em [L1 L2 | N ] in (13). Conditioned
on that the absorbtion in Phase 1 occurs at state M − m + i where
i = 1, · · · , N , L1 and L2 are independent. We thus have


N

Em [L1 L2 | N ]

=

Em [L1 L2 | N, i]uM −m+i

i=1


N

=

Em [L1 | N, i]Em [L2 | N, i]uM −m+i

i=1


N

=

Em [L1 | N ]Em [L2 | N, i]uM −m+i(17)

i=1

=

Em [L1 | N ]Em [L2 | N ],

where Em [L1 | N ] and Em [L2 | N ] are given in (15,16). In (17) we
have used the independence between L1 and the state M −m+i that
absorbs the chain in Phase 1. This independence follows directly from
the definition of L1 —the number of slots until the chain of Phase 1
hits any of the N absorbing states {M − m + 1, · · · , M − m + N }.
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