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ABSTRACT
The selection of relay nodes (RNs) for optimal communication and source location estimation is
studied. The RNs are randomly placed at fixed and known locations over a geographical area. A
mobile source senses and collects data at various locations over the area and transmits the data to a
destination node with the help of the RNs. The destination node not only needs to collect the sensed
data but also the location of the source where the data is collected. Hence, both high quality data
collection and the correct location of the source are needed. Using the measured distances between
the relays and the source, the destination estimates the location of the source. The selected RNs
must be optimal for joint communication and source location estimation. We show in this paper
how this joint optimization can be achieved. For practical decentralized selection, an opportunistic
RN selection algorithm is used. Bit error rate performance as well as mean squared error in location
estimation are presented and compared to the optimal relay selection results.
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INTRODUCTION
Data collection by a mobile source and the corresponding wireless transmission to a distant destina-
tion node is an important topic in telemetry. In many applications, the collected data samples also
need to be associated with the corresponding geographical location of the mobile source. Hence
both data transmission and positioning of the source have to be considered. Relay nodes (RNs)
randomly spread over the area can help with both communications and location estimation of the
source. The RNs are randomly placed and their locations are a priori known at the destination. In
our work, after the source completes its transmission, one of the RNs also relays the data, and its
measured distance from the source. The question is how to select this RN.

It is known that multiple RN antennas can cooperate and emulate a multiple-antenna terminal to in-
crease the link reliability [1]. Such cooperative relay scheemes are studied in [2], where a two-phase
repetition-based relaying scheme is proposed. The proposed scheme divides data transmission into
two phases. In the first phase, the source transmits data to all the RNs, and the RNs within the
transmission range of the source receive a noisy and attenuated version of the transmitted signal. In
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the second phase, a subset of RNs is selected and they switch from listening mode to transmission
mode. The selected nodes finally send the data to the destination node using orthogonal chan-
nels. There are different approaches to select the RNs, and those include best source-to-destination
signal-to-noise ratio (SNR) selection, geometry-based selection and random relay selection [3]. For
the particular case of best source-to-destination SNR selection, the proposed scheme in [2] achieves
full diversity. However, it is at a cost of the spectral efficiency. Selected relaying is proposed in
[4], where only the RN with the highest source-to-destination SNR is selected by the destination
for relaying the signal. This scheme has improved spectral efficiency, and also offers full diversity.

Relays at known positions can also be used to estimate the source location. By measuring the
distance between the selected RNs and the source, its location can be accurately estimated at the
destination node. In [5], optimal RN placements are given for source localization that are based on
radio signal strengths. It is concluded that for optimal source location, the RNs have to be placed
around the source separated by equal angles. The work in [6] also studies the optimal RN place-
ment for source localization. For a small number of nodes, the optimal placement of RNs is at the
vertices of simple shapes such as triangles or squares surrounding the source. In wireless sensor
networks (WSN), sometimes there is no freedom to place the RNs to optimally locate the source.
Thus, the problem reduces to optimally select a subset from an already deployed set of RNs so the
source location estimation is optimal at the destination node. In [7], the RN selection problem is
studied via convex optimization. To find the optimal RN subset selection for source localization,
the Fisher information matrix (FIM) determinant of all the possible range distance measurements
from any possible subset of RNs to the source is found, and the subset with highest determinant is
chosen. A relaxed node selection problem is proposed, thus reducing the complexity of this prob-
lem from NP-hard [8] to polynomial complexity. A joint communication and positioning approach
is also proposed in [9]. However, the work in [9] considers only a static source and multiple relay
nodes are used.

In this paper, we study the problem of optimal selection of a single RN for joint communication
and location estimation of a mobile source. As the source moves, different RNs may get selected
at different times. Some or all of the previous distances measurements from different or even the
same RNs are used to estimate the source location. We study a cost function that optimizes the com-
munication performance as well as the source location estimation performance at the destination
node. We use a decentralized opportunistic RN selection algorithm, and compare its performance
with respect to the optimal RN selection using the mean square error (MSE) of the source location
estimation and bit error rate (BER) performance between the source and the destination. Numeri-
cal results show that the BER performance of opportunistic RN selection matches the optimal RN
selection performance.

SYSTEM DESCRIPTION
Consider a WSN with N identical RNs randomly spread over a geographical area. The location
of each RN is fixed and is known at the destination. Let the i-th RN be located at vi = (xi, yi)

T ,
where (·)T denotes the transpose operation. The source s is considered moving in the WSN as
shown in Fig. 1, and its location at time t is v(t) = (x(t), y(t))T . Thus, the distance between the
source and the i-th RN at time t is di(t) = [(xi − x(t))2 + (yi − y(t))2]1/2. During its travel, the
source node collects data at various points along its path and transmits to the remote destination f
via an RF link. The data transmission is performed in two phases. During the first phase, the source
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transmits data and the RNs as well as the destination node listen. During the second phase, one of
the RNs amplifies-and-forwards the received data to the destination. The RNs do not provide any
feedback to the source or to any other RN. The question is which of the N RNs will be selected
for relaying the source signal? In our problem, the RN selection is important for both improving
communications between the source and the destination as well as localization of the source. Since
the RN locations are known at the destination, the received signal at the RNs can be used to estimate
the source location.

Destination node

           (f)

Source signal (Phase I)

Relay signal (Phase II)
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          (s)
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Fig. 1. Telemetry data collection using a two phase amplify-and-forward relay network

During the first phase, the received signal at the destination node is only due to the source, and is
given by

rs,f =
√
P0hs,fD

−α/2a+ wf , (1)

where P0 is the transmitted power from the source, D is the distance between the source and the
destination node, a is the unit energy transmitted symbol, α is the path-loss exponent, hs,f is the
channel gain of the source-to-destination link, and wf is additive white Gaussian noise (AWGN)
with normal distribution CN (0, σ2

f ), where σ2
f is the noise variance at the destination node. Note

that due to the large distance of the destination node from the WSN, the distance between the source
and the destination node is approximately constant for all source positions during its movement.
The received signal at the i-th RN from the source is given by

rs,i =
√
P0hs,i[di(t)]

−α/2a+ ws,i, (2)

where hs,i is the source-to-i-th RN channel gain, and ws,i is AWGN at the i-th RN with normal
distribution CN (0, σ2

n). The received signal at the destination node from the k-th RN is given by

rk,f =

√
Pkhk,fD

−α/2√
P0‖hs,k‖2[dk(t)]−α + σ2

n

rs,k + wf , (3)
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where Pk is the transmitted power from the k-th RN, and hk,f is the k-th RN-to-destination node
channel gain. The total power is PT = Pk + P0. Each channel gain coefficient has a Ricean
distribution and E[‖hs,f‖2] = E[‖hs,k‖2] = E[‖hk,f‖2] = 1, where E[·] is the average operator.
We consider Rice factors of source-to-destination, source-to-RN and RN-to- destination links to be
Ksf , Ksn and Knf respectively.

To estimate the transmitted symbol a at the destination node, maximal ratio combining (MRC) is
used. Combining the received signals from the selected k-th RN and the source, the soft estimate â
of a is given by

â =

√
P0Pkh

∗
s,kh

∗
k,f [dk(t)]

−α
2D−

α
2

σ̃2
f

√
P0‖hs,k‖2[dk(t)]−α + σ2

n

rk,f +

√
P0h

∗
s,fD

−α
2

σ2
f

rs,f (4)

where

σ̃2
f =

Pk‖hk,f‖2D−ασ2
n

P0‖hs,k‖2[dk(t)]−α + σ2
n

+ σ2
f . (5)

In many practical scenarios, the transmitted signal from the source may not be received directly at
the destination node. For example, when the moving source collects data in a narrow canyon or
when it does not radiate enough power to be received at the destination the source signal will not
be directly received. In that case, rs,f is absent and the second term in (4) is set to zero.

OPTIMAL RELAY NODE SELECTION
There is a large body of literature dealing with optimal relay selection for communications [3],
[10], [4]. There is also significant amount of recent works dealing with location issues [11], [6],
[5]. However, we believe that our work here is the first work where RN selection is considered for
jointly optimizing communication performance and location estimation for a mobile source. To see
why joint communication and localization is important, consider Fig. 1. At time instants t0, RN 1 is
nearest to the source and so for improved communications performance at the destination node, RN
1 is most likely selected. Similarly, at t1, RN 2 is also most likely selected for improved commu-
nications. At time t2, although RN 3 appears to be selected for communication performance, this
selection may not be a good choice for localization performance, and instead RN 4 may be selected
for jointly optimal communications and localization performance. In the following, we describe
communication, localization and joint metric approaches.

Communication performance metric: The SNR at the destination node when the k-th RN is
selected for transmission is given by

γ(k, t) =
PkP0‖hs,k‖2‖hk,f‖2[dk(t)]

−αD−α/(σ2
nσ

2
f )

1 +
Pk‖hk,f‖2D−α

σ2
f

+
P0‖hs,k‖2[dk(t)]−α

σ2
n

+
P0‖hs,f‖2D−α

σ2
f

. (6)

For communication performance, the optimal RN is selected by solving

max
k∈Λ

γ(k, t), (7)
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where Λ is the set of all RN indices receiving the source signal. This minimizes the BER at the
destination node.

Localization performance metric: Let us now consider the RN selection for optimal source local-
ization. Although different methods for range measurements between the source and the RNs are
available, one approach is to consider the received power model

P̃i(t) = 10 logP0 − 10α log di(t) + wp,i (8)

where wp,i is the measurement noise with Gaussian distributionN (0, σ2
p) [5]. Let at time t = tl, the

RN i1 = k be selected. Let the previous m− 1 RNs selected be i1, i2, ..., im, and the corresponding
received power be P̃i2(tl−1), P̃i3(tl−2), ..., P̃im(tl−m+1), where tl−1, ..., tl−m+1 denote the previous
m time instants. Define p̃(t) = [P̃i1(tl), ..., P̃im(tl−m+1)]T . To keep the notations simple, we omit t
and simply use p̃ and v to denote p̃(tl) and v(tl) respectively. The FIM at time instant tl is denoted
by F(k, p̃) and is expressed as [12]

F(k, p̃) =E
[(
∇v ln p(p̃; v)

)(
∇v ln p(p̃; v)

)T] (9)

=
1

σ2
p

[
(∇vg)(∇vg)T

]
(10)

where g = [g(i1, l)...g(im, l −m + 1)]T , g(i, l) = 10 logP0 − 10α log di(tl), p(p̃; v) is the proba-
bility density function of p̃, and∇v = [ ∂

∂x
, ∂
∂y

]T .

Now consider v̂ to be an unbiased estimation of the source location v. By the Cramer-Rao lower
bound (CRLB), the covariance matrix M of v̂ is lower bounded by [12]

M = E[(v̂ − v)(v̂ − v)T ] � [F(k, p̃)]−1 (11)

where M � [F(k, p̃)]−1 means M− [F(k, p̃)]−1 is positive semi-definite. The η-confidence ellip-
soid ερ for (v̂−v) is defined as the minimum volume ellipsoid containing (v̂−v) with probability
η, and its volume is given by [7]

vol(ερ) =
(ρ)n/2

Γ
(

n
2+1

) |M|1/2 (12)

where | · | denotes the determinant, ρ = F−1
χ2
n

(η), Fχ2
n

is the cumulative distribution function of a
χ-squared random variable with n-degrees of freedom, n is the length of vector v, and Γ is the
Gamma function. Since M � [F(k, p̃)]−1, (12) can be lower bounded by

vol(ερ) ≥
(ρ)n/2

Γ
(

n
2+1

) |F(k, p̃)|−1/2, (13)

and can be achieved by an efficient estimator. So, the RN selection problem for optimal source
localization is formulated as

max
k∈Λ

|F(k, p̃)|. (14)
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Joint Communication and Localization performance metric: Let k1 maximize γ(k, t) and k2

maximize |F(k, p̃)|. Functions (6) and (10) are normalized, weighted and added to obtain the joint
function

Ω(k, t) = µ1
γ(k, t)

γ(k1, t)
+ µ2

|F(k, p̃)|
|F(k2, p̃)|

. (15)

where µ1 and µ2 are the weighting coefficients, µ1 ∈ [0, 1], and µ1 = 1 − µ2. Thus, (15) gives us
the joint optimization metric. To select a RN to optimally communicate and locate a moving source
at a destination node, we solve the following problem

max
k∈Λ

Ω(k, t). (16)

JOINT COMMUNICATIONS AND LOCALIZATION FOR A MOVING SOURCE
In a decentralized WSN, RNs can be selected as given in [10], where the RNs are selected only
based on their SNR. Thus, the destination node sends a clear-to-send (CTS) signal to all the RNs
and the source. Then, all the RNs check their received SNR ηi, 1 ≤ i ≤ N , and initialize their
down-counters to τi = λ/ηi. Assuming that all the nodes receive the CTS signal at the same time,
the down-counters of the RNs start, and the k-th node whose counter expires first switches from
listening mode to transmission mode. As soon as the transmission signal from the k-th node is
overheard by the rest of the nodes, they stop their corresponding down-counters. Once the k-th
node finishes transmitting, this scheme is repeated iteratively.

Note that to accurately locate the source in a 2D space, three or more distance measurements are
needed [13]. When using opportunistic relaying, only one power measurement is available at a
given time instant tl. To solve this problem, m− 1 previous measurements are used to estimate the
source location from previous time instants. Consider the following model for the predicted source
location based on the previous location estimates

ṽ(tl) = ṽ(tl−1) + ∆v + we (17)

where ∆v is fixed displacement of the source based on odometer readings, and each element of we

is AWGN with variance σ2
e . Assuming the initial location of the source known, using the estimated

m − 1 previous source locations and p̃, we estimate the source location through a least squared
estimator using the Gauss-Newton method [12].

NUMERICAL RESULTS
We consider a source moving in a WSN contained in a 100×100 2D space. The total WSN available
power PT = 1 W, and the transmitted power from the source P0 = 0.5 W. The noise variance at any
RN is set to σ2

n = 2.25× 10−4. At the destination node we consider 10 log(PT/(D
−ασ2

f )) = 20 dB,
withD = 10, 000 and α = 2. The distance measurement noise at each sensor is equal to σ2

p = 10−4.
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Figure 2 shows the MSE performance of the optimal RN selection for different time instant ti,
2 ≤ i ≤ 12, and different values of µ1. We consider 23 RNs located randomly as shown in Fig.
3(a). Normalized channels are used as ‖hs,f‖2 = ‖hs,k‖2 = ‖hk,f‖2 = 1, and 5, 000 realizations
for averaging at each time instant ti are used. When µ1 increases from zero, the source location
estimation MSE improves. Note that for smaller values of m, the MSE performs worse since less
power measurements are used for the source location estimation. We also show the behavior of the
opportunistic RN selection algorithm when σ2

e = 10−4. It can be observed that initially, the source
location estimation performance is close to the optimal RN selection for µ1 = 0. As more power
measurements are used for the source location estimation, the location estimation performance de-
grades as a consequence of introducing noise in (17)

2 4 6 8 10 12
10

−5

10
−4

10
−3

10
−2

Time index

M
S

E

 

 

Noisy location, σ
e

2
 ≠ 0

Optimal, µ
1
=0

Optimal, µ
1
=0.5

m=4

m=10

Fig. 2. MSE performance of the optimal RN selection using different values of µ1.

Next, both Fig 3(a) and 3(b) RN placements are considered to show BER results in Fig. 4. Block
fading is considered in all the communication links with Ksf = Knf = 10 dB, and Ksn = 5 dB.
For every transmission event at ti, one data packet of 1, 000 bits is sent, and 5, 000 realizations are
considered in averaging for every ti. Note that RN algorithm selection matches the BER bound
established by the optimal relay selection when µ2 = 1. The BER performance degrades when no
communication link between the source and the destination node is considered as well as when the
number of RNs in the WSN reduces.
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CONCLUSIONS
In this paper, we study a cost function to select RNs to optimally communicate and locate a moving
source at a destination node. The cost function jointly maximizes the overall SNR at the destination
node as well as the FIM determinant of the distance measurements obtained at the selected RNs.
Numerical results show the tradeoff of using different weighting values in the proposed cost func-
tion and the MSE performance of the optimal RN selections. We use an opportunistic RN selection
algorithm, and show in our numerical results its performance compared to the optimal RN selection
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bounds for MSE and BER.
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