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Network Node Localization With Uncertainties in
Anchor Positions and/or Propagation Speed
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Abstract—Finding the positions of nodes in an ad hoc wireless
sensor network (WSN) with the use of the incomplete and noisy
distance measurements between nodes as well as anchor position
information is currently an important and challenging research
topic. However, most WSN localization studies have considered
that the anchor positions and the signal propagation speed are
perfectly known which is not a valid assumption in the underwater
and underground scenarios. In this paper, semi-definite program-
ming (SDP) algorithms are devised for node localization in the
presence of these uncertainties. The corresponding Cramér-Rao
lower bound (CRLB) is also produced. Computer simulations are
included to contrast the performance of the proposed algorithms
with the conventional SDP method and CRLB.

Index Terms—Node localization, range measurements, semi-def-
inite programming, sensor networks.

1. INTRODUCTION

WIRELESS sensor network (WSN) consists of a number

of sensors spread across a geographical area. These
sensor nodes are small in size and inexpensive and have limited
processing, storage, sensing and communication capabilities.
WSNs are useful for a wide range of monitoring and con-
trol applications in the military, environmental, health and
commercial aspects [1]-[4]. Due to the mostly arbitrary node
deployment, the sensor locations are often unknown. As a
result, determining the physical positions of the sensor nodes is
an important problem in the WSNs.

The task of WSN localization is to determine the positions of
sensor nodes in a network given incomplete and noisy pairwise
time-of-arrival (TOA), time-difference-of-arrival, received
signal strength and/or angle-of-arrival measurements [4], [5],
which are acquired by the sensors during communications with
their neighbors. A standard assumption is that the positions
of some nodes, called anchors, are known exactly, so that it is
possible to find the absolute positions of the remaining nodes
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in the WSN. In this work, we focus on node localization with
the use of the pairwise distances obtained from multiplying the
signal propagation speed with the TOA measurements, which
has received significant attention in the literature [6]-[18]. In
the presence of Gaussian disturbance, the maximum-likelihood
estimator (MLE) for WSN location estimation is devised in
[6] which corresponds to a multivariable nonlinear optimiza-
tion problem and is hard to implement in practice. The MLE
can be realized by stochastic optimization methods such as
genetic algorithm and simulated annealing [7] but they in-
volve intensive computations with no guarantee of attaining
the global optimum point. Analogous to the MLE, Costa et
al. [8], [9] have proposed to minimize the stress function,
which is a metric multidimensional scaling (MDS) technique,
via an iterative and distributed procedure with proper initial
position estimates of unknown-location nodes. Alternatively,
it is possible to relax the MLE formulation to a semi-definite
programming (SDP) problem [10], [11] in order to provide a
high-fidelity approximate solution that can be obtained in a
globally optimum fashion with reduced computational efforts.
Apart from SDP, second-order cone programming (SOCP) [12],
[13] relaxation is another convex optimization [19] technique
for node localization. Although SOCP has a simpler structure
and the potential to be solved faster than SDP, its relaxation is
weaker than that of SDP which implies an inferior estimation
performance. On the other hand, the pairwise distance informa-
tion is transformed into the relative coordinates of nodes in the
classical MDS [14], [15] approach. Unlike metric MDS, clas-
sical MDS is much less computationally demanding because
only eigenvalue decomposition and simple matrix operations
are involved in the positioning procedure. A subspace-based
WSN localization approach has been devised in [16] which
generalizes our work in single source positioning [17], and this
methodology can be considered as an alternative to the classical
MDS technique. Inspired by [20], a linear least squares node
positioning algorithm which allows distributed processing has
been devised in [18].

However, most WSN localization studies [6]—-[12], [14]-[18]
concentrate on the case where the anchor positions and/or the
propagation speed are perfectly known. In this paper, we devise
novel SDP algorithms for node localization using noisy pair-
wise TOA or distance measurements in the presence of these un-
certainties. A representative application scenario is node posi-
tioning for underwater WSNs [21]-[26]. In a typical underwater
sensor network [26], there are three types of nodes, namely, sur-
face buoys, anchors and ordinary or unknown-position nodes.
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Surface buoys drift on the water surface and they can get their
absolute locations from global positioning system (GPS) or by
other means. As radio frequency waves are heavily attenuated
under water, the anchors localize themselves through communi-
cations with the buoys instead of equipping with GPS receivers,
and this indicates that anchor positions are subject to errors.
Note that even GPS-based positioning cannot give error-free
location solutions as well. As in conventional WSNs, the or-
dinary nodes communicate with each other as well as the an-
chors to estimate their positions as they do not have wireless
connections with the buoys. On the other hand, the standard
choice for the underwater WSN communication is to utilize
acoustic waves but the speed of sound is a function of tempera-
ture, pressure, salinity and depth in the oceans [27], [28], which
implies that the signal propagation speed is also subject to un-
certainties. While in underground WSNss [29] and in-solid sce-
narios [30] where seismic/vibrational sensor data are processed,
the propagation speed is unknown and depends strongly on the
propagation medium [31], [32]. In fact, localization of single or
noncollaborative sources with anchor location errors have been
addressed in [33]-[37] which show that positioning accuracy
will be improved when the receiver location uncertainty is taken
into account. Recently, a pioneering work for the scenario of
WSNss has been presented in [13]. On the other hand, joint esti-
mation of single source position and propagation speed has been
studied in [38]-[40]. In [24], the propagation speed is treated as
one of the to-be-calibrated parameters in the application of un-
derwater ultrasound imaging.

The rest of the paper is organized as follows. Assuming that
both the distance errors and anchor position errors are Gaussian
distributed, the MLE for node localization with anchor location
uncertainty is first developed in Section II. A new SDP relaxation
algorithm for approximating the MLE is then derived. We also
present its simplified form when the anchor position errors are
independently and identically distributed and make a connection
to the standard SDP algorithm [10] which assumes perfect an-
chor position information. In addition, further approximation on
the developed algorithm based on the edge-based semi-definite
programming (ESDP) [41] which allows a more computation-
ally efficient realization is suggested. In Section III, we proceed
our SDP development to the case of unknown propagation speed
where estimation of both node positions and propagation speed is
performed. Section IV integrates the development in Sections II
and III to devise the SDP algorithm when there are uncertain-
ties in both anchor positions and signal propagation speed. As
Cramér—Rao lower bound (CRLB) for node localization with un-
certainties is not available in the literature, we have provided its
derivation in Section V. The proposed WSN positioning algo-
rithms are evaluated by comparing with the standard SDP ap-
proach as well as CRLB in Section VI. Finally, conclusions are
drawn in Section VII.

II. NODE LOCALIZATION WITH ANCHOR POSITION ERRORS

To start with, we would like to introduce the notations used in
this paper. Bold upper case symbols denote matrices and bold
lower case symbols denote vectors. We use {-}° to represent
the true value while its variable is {-} and its estimate is {-}.
The 0,,xn, € R™*™ and 0,, € R™*™ are zero matrices and

I, € R™*" is the identity matrix. For two symmetric matrices
A and B, A > Bisequal to A — B > 0 which indicates
that A — B is positive semi-definite. Trace operator of matrix
A is denoted by Tr(A). The T and ! denote matrix trans-
pose and inverse operators, respectively, and ||x||2 represents
the 2-norm of a vector x. Consider a network of m sensors in
a two-dimensional space. Let x? = [z¢,y?]%, i = 1,2,...,m,
be the true position of the 7th node. Without loss of generality,
we assume that the first & of them, x¢,x3,...,xJ, are the an-
chor positions while X7 1, X} , o, . . ., Xp,, correspond to the un-
known-position sensors. In this section, we consider that there
is position uncertainty in the anchor information and our task
is to find better estimates of the & anchor positions as well as
the n = (m — k) unknown-sensor locations, or to estimate
X° = [x9,x3,...,x%] € R®*™. After the development of the
SDP algorithm for general Gaussian anchor position errors, we
will consider the special cases of uncorrelated errors and per-
fect knowledge of x{,x3,...,x7. By further relaxing the con-
straints in the proposed SDP algorithm, we have also provided
its computationally efficient approximation using the ESDP.

A. SDP Algorithm Development

Denote t7; and 77;, 4,5 = 1,2,...,m, as the one-way prop-
agation time taken for the radiated signal to travel from the sth
node to jth node and their distance, respectively, and let c° be
the known signal propagation speed. In the absence of measure-
ment error, a simple relation between them is then

ro.
t; = -2

o hi=12m (1)

where

2 2
o _ ,0 __ o _ 0 0 _ 9,0 — o _ x©°
Tij =15 = \/(xz xj) + (y yj) = |Ix; Xj||2>
,j=1,2,....m. (2)
In the presence of distance errors and anchor position errors, our
observations are
L F

dij:rz‘oj+eij7 i7.j:1727"'7m (3)

and
1=1,2,... k. “4)

o
a; = X; + u,,

Each a; € R2*! represents an erroneous anchor position. The
disturbances ¢;; and u; € R2*! are assumed to be indepen-
dent zero-mean Gaussian processes with variances and covari-
ance matrices 01-2]- and ®; € R2*2, respectively. Note that we
only have an incomplete set of {d;;} due to limited commu-
nication ranges between nodes. Without loss of generality, we
assume that all the distance measurements between anchors are
not available.

the MLE for X is achieved by maximization of the following
probability:

p({di;}, A|X). (5)

As {e;;} and {u;} are independent, (5) can be expressed as

p({di;}, AlX) = p({di; }|X) Hp(a,:lxqz). (6)
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Maximizing (6) is equivalent to the nonlinear least squares
(NLS) problem

— %l

Xeszm ||X7’

Z Z % -

i=k+1j=1 LJ

+ Z O Fldij — llxi — xjl2]?
i,7=k+1 ”
i>7
k
+ Z(ai - Xa',)T‘I)i_l(ai - X;) @)
i=1

where 6;; = 1 if the distance measurement is available and
0 otherwise. The first and second terms of (7) correspond to
the distances between the anchors and unknown-position sen-
sors, and distances among the unknown-position sensors, re-
spectively, while the last term addresses the anchor position un-
certainty. To simplify the expression, we define g;;:

/942
9ij = { bij [207;

51‘]' /O'in 5

The objective function of (7) can now be written as

> Z 2, -

i=k+1j=1 ‘J

1>k and j>k
otherwise.

®)

x|z

+— Z Z % 5 ldij — IIxi — ;|2
] k+1i=k+1 ”
k

+ (ai —x) @] (i — x;)

1

m
> gisldij — l1xi = x;J2]?

15=1

MSn-

i=k

=+

+> al®7'a; — 2a] &7 'x + X7 B7'x;. (9)
=1

Expanding (9) and dropping the constant terms which have no
effects on the minimization, yields

m m
Yo D g [l = x5113 — 2dijlixs — xj2]
i=k+1 j=1
k
+ Zx?@[lxi — Za?@i_lxi.
i=1

(10)

In order to form a tight constraint in the later relaxation proce-
dure, we would like to introduce two dummy variables ~y;; and
7;; for the first term and second term of (10), respectively. Then
a constraint which relates «y;; and X is

2 2
Yij = 1ij = |Ixi — x|
:x?xi—l—xjrx]-—x?xj—xjrx,;
= Yii T Yij — Yij — Yjis
i=k+1,k+2,..., m, j=12,...,m (1)
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where y;; = x! x; is the (4, ) entry of the matrix Y which is
defined as

XX XT
Y = [ X I } . (12)
Furthermore, we denote =;:
B = x;x7. (13)
The second last term of (10) will become
k
Z xF®;1x; = Z Tr (') . (14)
i=1

For the sake of establishing a relationship between E; and y;;,
we utilize (13) to introduce

To(E) =x/x =y, i=12,...,k (15)

as a further constraint. With the use of all developed constraints,
the MLE of (7) is equivalent to the following formulation:

?, K 2dl /rl
x v (=) l;ﬂjzlgj g = 2diyrig

k
+) [ (27'E)
1=1
St Vi = Yii T Y55 — Yiji — Yjis
i=k+1L,k+2,....m, j7=12,....m
th]:’yt]7 Z—k+1 k+2....7m7
ji=1,2,....m
TI‘(EJ:yHI L:17277k
Ei=xx;, i=12,...,k
T T
yo [ ¥

— 2aiT<I>,L-_1xi]

X I, (16)
We now relax (16) to a convex optimization problem as fol-
lows. The equality rizj = ;; in (16) will be replaced by the
inequality r?j < 75 to meet the convex specification. In fact,
7;; and -y;; will increase and decrease in the minimization, re-
spectively, a tight constraint is automatically achieved, and thus
the inequality constraint will be forced to an equality. In addi-
tion, performing semi-definite relaxation on (12) and (13), the
MLE of (16) is approximated as a convex optimization problem:

m

ij [vij — 2dijrij
XY{”}{%}{M} 2 2 9l i

i=k+1 j=1
+Z [Tr (®;'8;) — 227 & 'x;] (17)

st vij yu-i-ym Yij — Yjis
i=k+1L,k+2,....m, j7=12,....m (18)

L]_'YL]
i=k+1,k+2,...0m, j7=12,....m (19)
Tr(.:i):yii, L—1,2,.. ,k (20)
Ei X; .

[x? 1}503, 1=1,2,...,k 21
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Y = 0,40 (22)

Xi = [Yim+1:Yims2] ', i=1,2,...,m (23)
Ym+1m+1  Ym+1m+2 =1, (24)
Ym+2m+1  Ym+2m+2

where all the constraints are tight except (21) and (22) which
impose rank relaxation on the matrices. In the optimization lit-
erature, there are readily available solvers for finding the glob-
ally optimum SDP solution for (17)—(24), such as SEDUMI [42]
and SDPT3 [43], [44].

B. Simplified Algorithm for Uniformly Diagonal ®;

In particular, when the disturbances in the x and y coordinates
are independently and identically distributed, that is, each ®; is
a diagonal matrix of the form ®; = 21, the proposed SDP
algorithm can be simplified to

XY {viibAris} z:zk;q]z::l i [ iriil

k
+ Z k72 (v — 2a] x;)
=1

st Yij = Yii + Y55 — Yis — Yjis

i=k+1,k+2,....m, j=12,...,m

5 < i, i=k+1Lk+2,...,m,
j:1,27...,m

Yt0m+2

X; = [yim+17yim+2]T7 i=1,2,...,m
Ym+1m+1  Ym4+1m+2 =1, (25)
Ym+2m+1  Ym+2m+2

where E; is replaced by y;; directly. As a result, the constraints
of (20) and (21) will also be dropped.

C. Connection to Existing SDP Relaxation

We now show that the SDP relaxation algorithm of (17)-(24)
can be easily modified to the scenario of perfect anchor position
information. When ®; — 05, the matrix E; can be removed,
and hence the SDP algorithm in the absence of anchor position
uncertainty will become

m m
min Gii [fy _Zdr]
XY {7vi; }.{ri; } Z;ﬂ; ig [ Vij ijTij
St Yig = Yii + Y — Yis — Yjis
i=k+1,k+2,...,m,

T‘IQJSFYU, z:]{;+1/l€+27,m,

i=12,....m

7=12,....m

Y = 0o

yi=ala;, i=12,... .k
i=1,2,....k

Xi = [Yim+1s ?Jim+2]T7

X; = aq,
1=1,2,...,m

Ym+1m+1
Ym+2m+1

Ym+1m+2 _ I
=15.
Ym+2 m+2

(26)

By direct substitution of the last two equalities into the other
constraints, (26) can be simplified to

oy S i:;rl ;gij [yij — 2dijmi;]
St Yij = Yii t Yji5 — Yij — Yjis

i i=k+1,k+2,....m

Yij = yi + &) a; — 2x] a;,

i=k+1,k+2...,m, j=12...k

7"1»2]- <vij, t=k+1LkE+2,...,m,

j=1.2...

Yuu = Opt2

Xi = [Yin+1:Yins2] s

i=1,2,....n

,m

Yn+1n+1

Yn+1n+2 _
=1
Yn+2n+1

27
Yn+2n+2 ( )

where X,, € R?>*" is extracted from X = [X, X,] with

X, € R2** and Y, € Rt2x(n+2) ig 5 submatrix of Y in

(12):

XTX, XTX, XT

XZXQ XZXU XZ
Xa Xu 12

Y = (28)

with

T T
Yuu = |:Xu Xu Xu :| .

Xu IQ

It is worthy to note that the SDP algorithm of (27) is an alterna-
tive realization of the approximate MLE solution in [10].

D. Edge-Based SDP

As the arithmetic operation complexity of the SDP is at least
O(m?) [41], it is desirable to have a more computationally ef-
ficient solution particularly when the network size is large. One
recent SDP development which can achieve efficient and accu-
rate estimation while retaining its key theoretical property is to
relax the single semi-definite matrix cone into a set of small-size
cones, and this is known as ESDP relaxation [41]. The ESDP
version of our proposed algorithm is simply achieved by re-
placing the single (m + 2)-dimensional matrix cone Y in (24)
with at most m(m — 1)/2 4-dimensional matrix cones:

Yii  Yij X?
Yii vij X; | =04,
X; Xj 12

(29)

That is, (17)—(21) and (29) correspond to the ESDP relaxation
algorithm for node localization in the presence of anchor posi-
tion uncertainty.

III. NODE LOCALIZATION WITH UNKNOWN
PROPAGATION SPEED

In this section, we consider that the speed of signal propa-
gation, ¢® € [c, ¢y, is unknown, although its lower and upper
bounds, namely, ¢; and c,, may be available, while the anchor
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position information is perfect, that is, A = X¢ is free of noise.
Instead of distances between nodes, the TOA measurements are
employed here and they are modeled as

¢~

j||2

CO

where {7;;} are the disturbances in {¢;;} and they are assumed
independent zero-mean Gaussian processes with variances
{A?;}. The MLE for X¢, and c° is achieved by maximizing

p({tij}|Xluc)'

Following the development in Section II, particularly (10), the
optimum solution can be obtained from the following NLS cost

€2y

function by letting x? = a; = x;,1 =1,2,...,k:
i — x;]|2 |
min < Z Zh” - (32)
Clacu] i ot =1 C
where
6ij/2/\%j, i >kandj >k

otherwise. (33)

hij =

! {5U/A%-
Denoting s; = x;/¢, S = X/cand S, = X, /¢, we expand
(32) to yield

min
c€ler, eu],Su

m m
> D hi
i=k+1 j=1
2 T T T T
[tij +s;8i+s;s; —s;s; —s;8; — 2t;j[|s; —

sjll2] -

A dummy matrix Z € R(™+2)x(m+2) where its (4, 5) entry is

(34)

zij = sI'sj, 4,7 = 1,2,...,m, is then introduced, which has
the form of
STs ST
z._[s 12] (35)

Let o = 1/c® and € = 1/c. Similar to (11), we define [;; =
lIxi —xjll2/c and B;; = IZ;. In doing so, the optimization
problem of (32) is equivalent to

2
S,Z,c,u,{l”}{ﬁw} Z Zhw[ﬂu tijlij]

i=k+1 j=1

st. Bij=zui+ 2 —2ij— %, t=k+1,k+2,....m
7=12,...,m
=By, i=k+Lk+2,...m j=12..m
zij=0xajaj, i,j=1,2,...k i>j
si=c¢xa;, 1=12,...,k
1/cw <2< 1/¢
(1/e.)’ <o < (1/a)
2<D
sTs sT
Z:[ S 12] (36)
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Note that v is employed to strengthen the relationship between
z;; and a;. The last three constraints are basically obtained from
the physical limitations, and they are optional and will be re-
moved if the bounds for ¢° are not available. Without loss of
information, these three constraints can be combined as

(1 / cu) <€
Z<o<(1/a) (37)
With the use of (37), we perform relaxation on (36) and note
that [, < f3;; has the same effect of I7; = [3;; to obtain the
SDP relaxation algorithm for node localization with unknown
propagation speed:

hiilBi; — 2tili;
SZC’C*vvrlr’l{lw}{/L]} Z Z illii ilis]

i=k+1j=1

S.t. ,[31']' = Zzii + 255 — Zij — Zji,

i=k+1L,k+2,....m, j=12,....m
i <By, i=k+Lk+2,....m j=12..m
Z > 042
Si = [Zima1s Zima2]t, i=1,2,....m
Zm4+1m+1  Fm+1m+2 -1,
Zm42m+1l  Fm42m+2
zj=vXa;a;, 4,j=12,..., k, i>7
s,i=c¢cxa;, 1=12,....k
(1/cy) <
& <ov< (1) (38)

In principle, 2 = © when noise is absent. But in practice, their
values will be different because of the inequalities in the SDP
formulation, that is, z;;, ¢,7 = 1,2,...,m, tends to be larger
than s;s;. From the empirical point of view, ¢ is chosen as the
scaling factor to retrieve X from S because s; is proportional
to a; in (38). On the other hand, 1/ /0 is a better choice than
1/¢ for speed estimation. It is because z;;, 4,5 = 1,2,...,m,is
directly related with 3;; in the equality constraints of (38). The
Bij is essentially the estimate of 7, while [;; is the estimate
of t7;. As the inequality between ﬂl ; and l is forced to be an
equahty, they are adjusted in a tight manner to estimate ¢7; be-

cause only the square and cross multiplication terms of s;, Wthh
isrepresented by z;;, 4,5 = 1,2,...,m, in (36) are involved in
the optimization process. Nevertheless, instead of employing v,
after estimating S, we substitute the node position estimates, é,
in (32) and minimize the resultant expression to produce a more
accurate estimate of c°:

Zzlk+1 Z;n=1 6ij||§i - é]”%
Dy e OigtijlI8i —

Sill2
For its ESDP version, the (m + 2)-dimensional matrix cone
relaxation Z in (35) will be further relaxed to

(39)

é:

T
Zii  Rij i
Zji  Zjj S? =04, 2,7=1,2,...m, 1>, 51']':1
7 S; 12
(40)
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IV. NODE LOCALIZATION WITH COMBINED UNCERTAINTIES

In this section, we will extend our study to the scenario when
there are uncertainties in the anchor positions and signal propa-
gation speed by utilizing the developments in Sections IT and III.
The optimum estimates of X° and ¢ are now obtained from:

i ihw’

i=k+1j=1

2
in [Ixi = %l

to —
c€ler, cu], X Y

C

k

—}—Z(az —xi)T'iI);l(ai _Xi)- (41)

i=1

Recall that the main inspiration on dealing with uncertain an-
chor positions in (15), which is a redundant constraint to re-
late ¥;; with E;, while S in (35) is introduced to tackle the un-
known propagation speed. At first sight, it seems that we have
two choices. One is based on the anchor position uncertainty
framework with extension to unknown propagation speed and X
is used to provide node position estimates. The second is based
on unknown propagation speed formulation with taking anchor
position errors into account and we estimate S and multiply it
with 1/¢. However, the latter approach is infeasible because we
only have the erroneous anchor positions. That is, constraints
between s; and a; as well as z;; and a;a; as in (38) cannot be
applied. Furthermore, it is hard to implement the second term
of (41) with S only as S should be multiplied with an unknown
scale ¢, which is a technical challenge for SDP technique, in
order to compare with a;. As a result, we base on the anchor
position uncertainty formulation to define

X ’UXIQ
_[sTsS  XT
- X ’UXIQ

7. [DXXTX XT}
(42)

where the (4, 7) entries of Z, namely, Z; ;, and Z are exactly the
same for ¢, 7 = 1,2, ..., m. Then, (32) is now modified as

min h7 [))1 - 2t7l,
X727{Ei}7vv{lij}7{ﬂij},L‘;_ljzzl J[ ! ! j]
k
+ Z [Tr (®;'8;) — ZaiTq)i_lxi]
i=1

S.t. ,[31']' = Zii + Zjj — Zij — Zji,

i=k+1,k+2,....m, j=12....m
=By, i=k+1Lk+2,...,m, j=1, ,m
Ei:XZ‘X?‘, i:1,27...,k
c?ﬁvgci
. - T T
7 _ vx XX X (43)

X ’U><12

where the constraint of (20) is removed as there is no direct in-
formation of ¥;; and the last constraint is essentially the physical
boundary of propagation speed. Note that S, which is subject to

errors, does not appear. Performing SDP relaxation on (43), the
algorithm for tackling the combined uncertainties is then

min Z Z hij [ﬂij - 2tijlij]

X’Zs{Ei}s”’{liJ}’{fqij} i=k+1 j=1
k
+) [T (27'8;) — 2a] @] 'x]
i=1

st Bij = Zii + 255 — Zij —
i=k+1,k+2,...

Zji;

;<Biy, i=k+Lk+2...m, j=12..m
clzgvgci
= x.
Lo =05, i=
_XiT 1]_03, 1=1,2,...,k
Z > 0,40

~ . T .
Xi = [Zim+1s Zima2] , 1=1,2,...,m
2m+1m+2 -1

~ = 1.
Zm+2m+2

2m+1 m+1

© 44
_Zm+2 m+1 ( )

Hence, the estimation of propagation speed is provided by /v,
but the ambiguity causes it severely biased, so the refined esti-
mate of ¢° is calculated using (39), where §; replaced with X;,
with X being the estimated position of both anchors and sensors.
Similarly, for its ESDP version, the (7 + 2)-dimensional matrix
cone relaxation Z in (44) will be further relaxed to

2“' 51']' XzT
Zji  Zjj X? =04, 2,7=1,2,...m, 1>], 6ij:1
X; X; UX 12

(45)

V. CRAMER-RAO LOWER BOUND

In this section, the CRLBs for WSN node localiza-
tion in the presence of anchor position uncertainty and/or
unknown propagation speed are derived. We first con-
sider the scenario of combined uncertainties. Let z =
[tikt1tiksa - tm_1maFal -..af]T be a vector which
contains all available observations of {t;;} and A. With the use
of (5) and (31), we see that z is Gaussian distributed with mean

p and covariance matrix C:

z~N(,C) (46)
where
o o o T
_ [Tk T1k+3 Tm—1m T T T
p=[mme B g gt ot X

C=blkdiag (Ci1, Ca2)
Cq1=diag (U%kﬂ, U%k+2> e
and
Cyy =blkdiag (®1, ®o,..., Pk)

’ U’rzn,—lm)

with diag - and blkdiag - denoting the diagonal and block
diagonal matrices, respectively. The Fisher information ma-

trix (FIM) for [ v$ x5 v$ -+ 22, 32, c°]T, denoted by
Icombineds is then
Icombined = HC?lHT (47)
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where
H [28 o op op op op  op T
- | 0x¢ 9y? oxg Y3 ox?, dy2, dc°
_|Hii  Hp
hoy  Orxox

with [see the equations shown at the bottom of the page]. Taking
the inverse of I.ombined, the CRLB for the parameters is then
obtained from its diagonal elements.

When there is only anchor position uncertainty, our observa-
tion vector is the same as (46) but now the speed ¢° is known.
The corresponding FIM for [z§ 3¢ x5 v§ --- 2, y5,]%, de-
noted by L ,chor, 1S modified from (44) as

Linchor = HuC Hy + HizC H,.  (48)

On the other hand, the observation vector for the unknown speed
only scenario will become

z~N(j,Ci1) (49)
where
2=[t0y1 o - to_1m]’
and
o o o T

The corresponding FIM for [#7,, ¥i,1 77,0 Yiio
29, 42, °]T, denoted by Lpeed, will be

Ispeed = Hcl_llHT (50)
where
Hiq
H =
)

and H 1, is the same as Hq; but with the first 2k rows removed.

VI. SIMULATION RESULTS

Computer simulation has been conducted to evaluate the
performance of the proposed SDP node positioning approach
in the uncertain scenarios. Comparison with the standard
SDP algorithm based on MLE [10] which assumes perfect
anchor position information and/or the corresponding CRLBs
is also made. We utilize the Matlab toolbox YALMIP [45]
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y (m)

I O sensor O anchorl

-5 0 5
X (m)

10

Fig. 1. Geometry of sensor network.

to realize all SDP algorithms where the solver SDPT3 [43],
[44] is employed. Unless stated otherwise, we consider a
WSN of 18 sensors with 8 of them are anchors and its con-
figuration is depicted in Fig. 1. The anchor positions are
(20, 20) m, (20, —20) m, (—20, 20) m, (—20,—20) m, (20,
0) m, (0, 20) m, (—20,0)m and (0, —20) m, while the un-
known-position sensors are located at (—8.6237, —1.2310) m,
(—10.4088,17.5334) m, (12.3117, —13.0601) m, (10.6205,
—7.1419) m, (—2.6837,—10.9620) m, (3.1923, 10.4146)
m, (1.1929,5.6211) m, (—11.6372,—10.8073) m, (11.3331,
7.2338) m and (—12.5562, 10.7131) m. In this WSN geometry,
nodes are partially connected and the maximum communica-
tion range between nodes is set to be 25 m which corresponds
to an average node degree [46] of 8.67. It is noteworthy that
we simply follow [47] and [48] to place the anchors on the
perimeter of the network because their experimental studies
show that this will yield more accurate estimation performance.
However, as pointed out by [49], the estimation performance
also depends on the connectivity and uniformity of the WSN.
That is, more accurate position estimates will be obtained
when the network is isotropic and/or the average node degree
is large whereas the estimated results will be poorer if it is
anisotropic and/or the average node degree is small. Further-

o

x(1)7x2+1 x€7xz+2 X=X 0 0 0
o o o
Th41 Tk+2 1m
x;_x2+1 x;)_xlt:+2
Hy— 2| ! T e 0
11 = _o + 2k+
C . .
; : ' x? —x9 ) : ’ x° —x° 1
m1 mm—1
T
His =[Iox  Ookxom—&]
and
- o o o
hyy = o2 [le+1 Tikg42 - Ton—1m |
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Fig. 2. Single trial performance of the standard SDP algorithm [10] in the pres-

ence of anchor position uncertainty.
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Fig. 4. Single trial performance of the proposed ESDP algorithm in the pres-
ence of anchor position uncertainty.
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Fig. 3. Single trial performance of the proposed SDP algorithm in the presence
of anchor position uncertainty.

more, the study of [49] indicates that placing the anchors on
the boundary generally gives better node localization per-
formance than the randomly deployment scenarios. We have
performed empirical study on different network geometries and
the findings generally agree with [49]. For the mean-square
error (MSE) performance evaluation, only the estimates for the
unknown-position nodes are involved in the computation as
the standard algorithm cannot fine tune the anchor positions,
and all the results are based on averages of 500 independent
runs. The range errors {e;;} in (3) and TOA errors {n;;} in
(30) are zero-mean white Gaussian variables with standard
deviations {og47¢;} and {Atf;}, respectively, which means
that a larger range or longer arrival time will correspond to a
larger variance, and we scale the values of o4 and \; to obtain
different noisy conditions. Unless stated otherwise, all anchor
position covariance matrices are assigned as ®; = £?I, with
x? = —10 dBm? for all i.

2 T T T T T

0r 3
NE -2 r
o
°
T 4r
e
o
§ °F
.‘§'
o -8 r
e
S
g -10
g
L 121 = a

O standard SDP [10]
) O  proposed SDP
-14 A proposed ESDP
—— CRLB
_16 . . . n N
-50 -45 -40 -35 -30 -25 -20

o’ (dBm?)

Fig.5. Mean-square position error versus o5 in the presence of anchor position
uncertainty.

In the first experiment, we investigate the performance of
the SDP algorithms in the presence of anchor position uncer-
tainty. Figs. 2 to 4 show the estimation results for a single trial
at 02 = —20 dBm? using the standard as well as proposed SDP
and ESDP algorithms, respectively. We cannot see obvious dif-
ference between their performance except that our approach is
able to estimate the anchor positions as well. Fig. 5 shows the
MSEs of the position estimates versus o3 where we can see the
superiority of the proposed SDP and ESDP methods over the
standard one particularly for smaller noise conditions, although
the two SDP algorithms give nearly the same performance when
o2 > —30dBm?. Itis also observed that the performance of our
SDP method is close to the CRLB while the ESDP version only
degrades the tighter SDP scheme by less than 0.5 dBm?. The
MSE results versus 7 at 02 = —50 dBm? are plotted in Fig. 6.
Apart from higher estimation performance of the proposed SDP
and ESDP methods, we see that the improvement over the stan-
dard one increases with the anchor position error.
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Fig. 7. Single trial performance of the standard SDP algorithm [10] for un-
known propagation speed.

In the second experiment, the performance of the standard
and proposed SDP algorithms for unknown signal propagation
speed situation is studied. The true propagation speed is set to
be 360 ms~! while its upper and lower bounds are ¢; = 120
ms~! and ¢, = 400 ms~—!. As the former cannot perform speed
estimation, we use a random number uniformly distributed be-
tween ¢; and ¢, as its speed estimate. Single trial estimation
results at 03 = A?/c°> = —20 dBm? is shown in Figs. 7
and 8 which illustrates the superiority of the proposed method.
Figs. 9 and 10 plot the MSEs of the position and speed estimates
versus A7 /c°2, respectively, at 03 = —20 dBm?. Note that the
speed estimate of the standard algorithm is not included. We
see that accurate position and speed estimation is achieved by
the proposed SDP scheme as its performance is very close to
the corresponding CRLBs. We have also illustrated in Fig. 10
that the speed estimate derived from v is of poorer accuracy. It
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Fig. 8. Single trial performance of the proposed SDP algorithm for unknown
propagation speed.
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Fig. 9. Mean-square position error versus AZ/c°? for unknown propagation
speed.

is worthy to point out that the ESDP variant cannot give satis-
factory performance in this scenario, which may be due to the
severer ambiguity effect for rank relaxed matrices with smaller
sizes and the scaling error. As a larger matrix limits the freedom
of its elements in stronger sense which leads to a better esti-
mation performance in the SDP algorithm while the numerous
smaller matrices in the ESDP scheme provide a higher degree of
freedom and can produce unsatisfactory result in the presence
of the scaler variable v. As a result, the estimation performance
of the latter is not included.

In the third experiment, we investigate the performance of the
SDP algorithms in the presence of both uncertainties. Figs. 11
and 12 show the single trial results while Figs. 13 and 14 plot
the MSEs of the position and speed estimates versus o2 /c°2. Al-
though Fig. 12 indicates that all nodes are localizable, the latter
figures illustrate the suboptimality of the proposed approach in
this very challenging scenario. Nevertheless, the superiority of
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TABLE 1
COMPUTATIONAL TIME AND MEAN-SQUARE ERROR COMPARISON FOR PROPOSED SDP AND ESDP SCHEMES

[ k+n | Range (m) | Connectivity [ SDP time (s) [ ESDP time (s) | SDP MSE (m?) [ ESDP MSE (mn?) |

8+2 48 8.5216 0.2802 0.3367 2.4935 2.4929
8+4 40 8.6007 0.3345 0.4500 1.6548 1.6622
8+8 30 8.8230 0.4905 0.6282 1.2497 1.2864
8+16 20 8.6188 1.2346 0.9322 1.0707 1.2013
8+32 12 6.6020 5.0113 1.5199 2.3573 3.5761
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Fig. 10. Mean-square speed error versus A?/c°? for unknown propagation
speed.
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Fig. 11. Single trial performance of the standard SDP algorithm [10] in the
presence of combined uncertainties.

our algorithm over the standard one is again demonstrated. Sim-
ilar to the second experiment, the results of the ESDP variant are
not included because of its poorer estimation performance.
Finally, the computation times and MSEs of the proposed
SDP and ESDP algorithms for the anchor position uncertainty
case are studied for different number of nodes, and the results
are tabulated in Table I. The number of anchors is fixed at k = 8
with the same positions as in the above tests. The unknown-po-
sition nodes are placed inside the 40 m x 40 m area where the
communication range is governed by 0.3(40 x 40)/m and 02 =

Fig. 12. Single trial performance of the proposed SDP algorithm in the pres-
ence of combined uncertainties.

Mean square position error ( dBm? )
1
N

O standard SDP [10]

-12 O  proposed SDP R
CRLB
_14 ! 1 1 T N
-50 -45 -40 -35 -30 -25 -20

A2ie ©2 (dBs?)

Fig. 13. Mean-square position error versus A7 /c°? in the presence of combined
uncertainties.

—20 dBm? is assigned. It is observed that for a larger WSN, the
EDSP scheme is much more computationally efficient than the
SDP method at the expense of a higher MSEs.

VII. CONCLUSION

Assuming Gaussian distributed disturbances, the nonconvex
maximum likelihood estimation problems for sensor network
node localization in the presence of anchor position and/or
signal propagation speed uncertainties have been approximated
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Fig. 14. Mean-square speed error versus A7 /¢°? in the presence of combined
uncertainties.

to convex optimization problems using the semi-definite pro-
gramming (SDP) relaxation technique. It is shown that when
only the anchor positions are of errors, the proposed SDP and
its edge-based variant algorithms can give very accurate node
localization performance. On the other hand, the performance
of the SDP scheme is nearly optimal and suboptimal, respec-
tively, when only the speed is unknown and in the presence of
both uncertainties.

Our future works include optimal anchor placement in sensor
networks and a good starting point is to analytically study the
Cramér-Rao lower bound [49]-[51]. We will investigate the
SDP methodology for node positioning with time-difference-of-
arrival, angle-of-arrival [4], [S] and/or signal energy [52] mea-
surements. Furthermore, it is interested to devise distributed
SDP algorithms for node position estimation and tracking. Node
localization in the presence of non-line-of-sight propagation is
also a challenging research topic.

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers for
their helpful and constructive comments.

REFERENCES

[1] I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, “A
survey on sensor networks,” IEEE Commun. Mag., vol. 40, no. 8, pp.
102-114, Aug. 2002.

M. Ilyas and I. Mahgoub, Handbook of Sensor Networks: Compact
Wireless and Wired Sensing Systems. London, U.K.: CRC Press,
2005.

A. Swami, Q. Zhao, Y.-W. Hong, and L. Tong, Wireless Sensor Net-
works: Signal Processing and Communications Perspectives. New
York: Wiley, 2007.

N. Patwari, J. N. Ash, S. Kyperountas, A. O. Hero III, R. L. Moses, and
N. S. Correal, “Locating the nodes: Cooperative localization in wireless
sensor networks,” IEEE Signal Process. Mag., vol. 22, no. 4, pp. 54-69,
Jul. 2005.

G. Mao, B. Fidan, and B. D. O. Anderson, “Wireless sensor network
localization techniques,” Comput. Netw., vol. 51, pp. 2529-2553,
2007.

N. Patwari, A. O. Hero III, M. Perkins, N. S. Correal, and R. J. O’Dea,
“Relative location estimation in wireless sensor networks,” IEEE
Trans. Signal Process., vol. 51, no. 8, pp. 2137-2148, Aug. 2003.

(2]

31

[4

=

(5]

[6

=

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 57, NO. 2, FEBRUARY 2009

[7]1 A. A. Kannan, G. Mao, and B. Vucetic, “Simulated annealing based
localization in wireless sensor network,” in Proc. IEEE Conf. Local
Computer Networks, Washington DC, 2005, pp. 513-514.

J. A. Costa, N. Patwari, and A. O. Hero III, “Achieving high-accuracy

distributed localization in sensor networks,” in Proc. Int. Conf. Acous-

tics, Speech, Signal Processing (ICASSP), Philadelphia, PA, Mar. 2005,

vol. I, pp. 641-644.

J. A. Costa, N. Patwari, and A. O. Hero III, “Distributed weighted-mul-

tidimensional scaling for node localization in sensor networks,” ACM

Trans. Sensor Netw., vol. 2, no. 1, pp. 393—464, Feb. 2006.

P.Biswas, T.-C. Liang, T.-C. Wang, and Y. Ye, “Semidefinite program-

ming based algorithms for sensor network localization,” ACM Trans.

Sensor Netw., vol. 2, no. 2, pp. 188-220, May 2006.

P. Biswas, T.-C. Liang, K.-C. Toh, Y. Ye, and T.-C. Wang, “Semidef-

inite programming approaches for sensor network localization with

noisy distance measurements,” I[EEE Trans. Autom. Sci. Eng., vol. 3,

no. 4, pp. 360-371, Oct. 2006.

P. Tseng, “Second-order cone programming relaxation of sensor

network localization,” SIAM J. Optim., vol. 18, no. 1, pp. 156-185,

2007.

S. Srirangarajan, A. H. Tewfik, and Z.-Q. Luo, “Distributed sensor net-

work localization with inaccurate anchor positions and noisy distance

information,” in Proc. Int. Conf. Acoustics, Speech, Signal Processing

(ICASSP), Honolulu, HI, Apr. 2007, vol. IIL, pp. 521-524.

X. Ji and H. Zha, “Sensor positioning in wireless ad hoc sensor net-

works using multidimensional scaling,” in Proc. INFOCOM, 2004, pp.

2652-2661.

[15] Y. Shang, W. Ruml, Y. Zhang, and M. Fromherz, “Localization from
connectivity in sensor networks,” IEEE Trans. Parallel Distrib. Syst.,
vol. 15, pp. 961-974, Nov. 2004.

[16] F. K. W. Chan, H. C. So, and W.-K. Ma, “A novel subspace approach
for wireless sensor network positioning with range measurements,” in
Proc. Int. Conf. Acoustics, Speech, Signal Processing, May 2007, vol.
1L, pp. 1037-1040.

[17] H.C.Soand K. W. Chan, “A generalized subspace approach for mobile
positioning with time-of-arrival measurements,” I[EEE Trans. Signal
Process., vol. 55, no. 10, pp. 5103-5107, Oct. 2007.

[18] K. W. Chan and H. C. So, “Accurate sequential weighted least squares
algorithm for wireless sensor network localization,” in Proc. Euro.
Signal Processing Conf. (EUSIPCO), Florence, Italy, Sep. 2006.

[19] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge,
U.K.: Cambridge Univ. Press, 2004.

[20] Y. T. Chan and K. C. Ho, “A simple and efficient estimator for hy-

perbolic location,” IEEE Trans. Signal Process., vol. 42, no. 8, pp.

1905-1915, Aug. 1994.

1. F. Akyildiz, D. Pompili, and T. Melodia, “Underwater acoustic

sensor networks: Research challenges,” Ad Hoc Netw., vol. 3, pp.

257-279, 2005.

V. Chandrasekhar, W. K. G. Seah, Y. S. Choo, and H. V. Ee, “Localiza-

tion in underwater sensor networks—Surveys and challenges,” in Proc.

1st ACM Int. Workshop Underwater Networks, Los Angeles, CA, 2006,

pp. 33-40.

J. Heidemann, W. Ye, J. Wills, A. Syed, and Y. Li, “Research chal-

lenges and applications for underwater sensor networking,” in Proc.

IEEE Wireless Communications Networking Conf., Las Vegas, NV,

Apr. 2006, pp. 228-235.

Y. Li, “Position and time-delay calibration of transducer elements in

a sparse array for underwater ultrasound imaging,” IEEE Trans. Ul-

trason., Ferroelectr., Freq. Control, vol. 53, no. 8, pp. 1458-1467, Aug.

2006.

M. Erol, L. F. M. Vieira, and M. Gerla, “AUV-aided localization for

underwater sensor networks,” in Proc. Int. Conf. Wireless Algorithms,

Systems, Applications, Chicago, IL, Aug. 2007, pp. 44-51.

[26] Z. Zhou, J.-H. Cui, and S. Zhou, “Localization for large-scale under-
water sensor networks,” Networking 2007, pp. 108-119, 2007, LNCS
4479.

[27] C.-T. Chen and F. Millero, “Speed of sound in seawater at high pres-
sures,” J. Acoust. Soc. Amer., vol. 62, no. 5, pp. 1129-1135, 1977.

[28] K. V. MacKenzie, “Nice-term equation of sound speed in the oceans,”
J. Acoust. Soc. Amer., vol. 70, pp. 807-812, 1981.

[29] 1. F. Akyildiz and E. P. Stuntebeck, “Wireless underground sensor net-
works: Research challenges,” Ad Hoc Netw., vol. 4, pp. 669-686, 2006.

[30] G. De Sanctis, D. Rovetta, A. Sarti, G. Scarparo, and S. Tubaro, “Lo-
calization of tactile interactions through TDOA analysis: Geometric
versus inversion-based method,” in Proc. Euro. Signal Processing
Conf. (EUSIPCO), Florence, Italy, Sep. 2006.

(8]

[9

—

[10]

[11]

[12]

[13]

[14]

[21]

[22]

[23]

[24]

[25]

Authorized licensed use limited to: CityU. Downloaded on February 3, 2009 at 21:39 from IEEE Xplore. Restrictions apply.



LUI et al.: SDP ALGORITHMS FOR SENSOR NETWORK NODE LOCALIZATION WITH UNCERTAINTIES

(31]

[32]

[33]

[34]

[35]

(36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

J. C. Chen, K. Yao, and R. E. Hudson, “Source localization and beam-
forming,” IEEE Signal Process. Mag., vol. 19, no. 2, pp. 30-39, Mar.
2002.

J. C. Chen, L. Yip, J. Elson, H. Wang, D. Maniezzo, R. E. Hudson,
K. Yao, and D. Estrin, “Coherent acoustic array processing and local-
ization on wireless sensor networks,” Proc. IEEE, vol. 91, no. 8, pp.
1154-1162, Aug. 2003.

Y. Rockah and P. M. Schultheiss, “Array shape calibration using
sources in unknown locations—Part I: Far-Field sources,” IEEE Trans.
Acoust., Speech, Signal Process., vol. 35, no. 3, pp. 286-299, Mar.
1987.

Y. Rockah and P. M. Schultheiss, “Array shape calibration using
sources in unknown locations—Part I: Near-Field sources,” IEEE
Trans. Acoust., Speech, Signal Process., vol. 35, no. 6, pp. 724-735,
Jun. 1987.

M. Viberg and A. L. Swindlehurst, “A Bayesian approach to auto-cal-
ibration for parametric array signal processing,” IEEE Trans. Signal
Process., vol. 42, no. 12, pp. 3495-3507, Dec. 1994.

A. Jakoby, J. Boldberg, and H. Messer, “Source localization in shallow
water in the presence of sensor location uncertainty,” I[EEE J. Ocean.
Eng., vol. 25, pp. 331-336, Jul. 2000.

K. C. Ho, X. Lu, and L. Kovavisaruch, “Source localization using
TDOA and FDOA measurements in the presence of receiver location
errors: Analysis and solution,” IEEE Trans. Signal Process., vol. 55,
no. 2, pp. 684-696, Feb. 2007.

C. W. Reed, R. Hudson, and K. Yao, “Direct joint source localiza-
tion and propagation speed estimation,” in Proc. Int. Conf. Acoustics,
Speech, Signal Processing (ICASSP), Phoenix, AZ, Mar. 1999, vol. 3,
pp. 1169-1172.

A. Mahajan and M. Walworth, “3-D position sensing using the differ-
ences in the time-of-flights from a wave source to various receivers,”
IEEE Trans. Robot. Autom., vol. 17, pp. 91-94, Feb. 2001.

J. Zheng, K. W. K. Lui, and H. C. So, “Accurate three-step algorithm
for joint source position and propagation speed estimation,” Signal
Process., vol. 87, pp. 3096-3100, Dec. 2007.

Z. Wang, S. Zheng, Y. Ye, and S. Boyd, “Further relaxations of the
semidefinite programming approach to sensor network localization,”
SIAM J. Optim., vol. 19, no. 2, pp. 655-673, Jul. 2008.

J. F. Sturm, “Using SeDuMi 1.02, a Matlab toolbox for optimiza-
tion over symmetric cones,” Optim. Methods Softw. vol. 11-12, pp.
625-653, 1999 [Online]. Available: http://sedumi.mcmaster.ca/

K. C. Toh, M. J. Todd, and R. H. Tutuncu, “SDPT3—A MATLAB soft-
ware package for semidefinite programming,” Optim. Methods Softw.,
vol. 11, pp. 545-581, 1999.

R. H. Tutuncu, K. C. Toh, and M. J. Todd, “Solving semidefi-
nite-quadratic-linear programs using SDPT3,” Math. Program. Ser. B
vol. 95, pp. 189-217, 2003 [Online]. Available: http://www.math.nus.
edu.sg/mattohkc/sdpt3.html

J. Lofberg, “YALMIP : A toolbox for modeling and optimization in
Matlab,” in Proc. Int. Symp. CACSD, Taipei, Taiwan, Sep. 2004, pp.
284-289.

K. Langendoen and N. Reijers, “Distributed localization in wireless
sensor networks: A quantitative comparison,” Comput. Netw., vol. 43,
pp- 499-518, 2003.

A. Savvides, W. Garber, S. Adlakha, R. Moses, and M. B. Srivastava,
“On the error characteristics of multihop node localization in ad hoc
sensor networks,” in Proc. 2nd Int. Workshop Information Processing
Sensor Networks (ISPN), Palo Alto, CA, Mar. 2003, pp. 317-332.

Q. Huang and S. Selvakennedy, “A range-free localization algorithm
for wireless sensor networks,” in Proc. IEEE 63rd Vehicular Tech-
nology Conf., Melbourne, Australia, May 2006, vol. 1, pp. 349-353.
Y. Shang, H. Shi, and A. A. Ahmed, “Performance study of localization
methods for ad hoc sensor networks,” in Proc. IEEE Int. Conf. Mobile
Ad Hoc Sensor Systems, Fort Lauderdale, FL, Oct. 2004, pp. 184-193.
B. Yang and J. Scheuing, “Cramér-Rao bound and optimum sensor
array for source localization from time differences of arrival,” in Proc.
Int. Conf. Acoustics, Speech, Signal Processing (ICASSP), Philadel-
phia, PA, Mar. 2005, vol. 4, pp. 961-964.

X.Li, H. Shi, and Y. Shang, “Selective anchor placement algorithm for
ad hoc wireless sensor networks,” in Proc. IEEE Int. Conf. Communi-
cations, Beijing, China, May 2008, pp. 2359-2363.

K. C. Ho and M. Sun, “An accurate algebraic closed form solution for
energy-based source localization,” IEEE Trans. Audio, Speech, Lang.
Process., vol. 15, pp. 2542-2550, Nov. 2007.

related mathematics.

763

Kenneth Wing Kin Lui received the B.Eng. (first-
class) degree in computer engineering from the City
University of Hong Kong in 2006. He is currently
working towards the Ph.D. degree in electronic en-
gineering at the same university.

His research interests include statistical signal pro-
cessing and their applications, with particular atten-
tion to frequency estimation, complex network and
graph theory, optimization techniques such as par-
ticle swarming and convex optimization, intelligent
system and data mining, localization problems, and

Wing-Kin Ma (5’96-M’01) received the B.Eng.
(first-class hons.) degree in electrical and electronic
engineering from the University of Portsmouth,
Portsmouth, U.K., in 1995 and the M.Phil. and Ph.D.
degrees, both in electronic engineering, from the
Chinese University of Hong Kong (CUHK), Hong
Kong, in 1997 and 2001, respectively.

He is currently an Assistant Professor in the De-
partment of Electronic Engineering, CUHK. From
2005 to 2007, he was also an Assistant Professor
with the Institute of Communications Engineering,

National Tsing Hua University, Taiwan, R.O.C., where he is still holding
an adjunct position. Prior to becoming a faculty member, he held various
research positions at McMaster University, Canada; CUHK, Hong Kong; and
the University of Melbourne, Australia. His research interests are in signal
processing and communications, with a recent emphasis on MIMO techniques

and convex optimization.

Dr. Ma’s Ph.D. dissertation was commended to be “of very high quality and
well deserved honorary mentioning” by the Faculty of Engineering, CUHK, in
2001. Since October 2007, he has been appointed as an Associate Editor of the
IEEE TRANSACTIONS ON SIGNAL PROCESSING.

H. C. So (5’90-M’95-SM’07) was born in Hong
Kong. He received the B.Eng. degree from the City
University of Hong Kong and the Ph.D. degree from
The Chinese University of Hong Kong, both in elec-
tronic engineering, in 1990 and 1995, respectively.
From 1990 to 1991, he was an Electronic Engi-
neer at the Research & Development Division of Ev-
erex Systems Engineering Ltd., Hong Kong. During
1995-1996, he worked as a Postdoctoral Fellow at
The Chinese University of Hong Kong. From 1996
to 1999, he was a Research Assistant Professor at the

Department of Electronic Engineering, City University of Hong Kong. Cur-
rently, he is an Associate Professor in the Department of Electronic Engineering
at City University of Hong Kong. His research interests include fast and adap-
tive filter, signal detection, parameter estimation and source localization.

Frankie Kit Wing Chan received the M.Phil. and
Ph.D. degree from the City University of Hong Kong
in 2005 and 2008, respectively.

He is currently working as a Research Fellow in the
Department of Electronic Engineering, City Univer-
sity of Hong Kong. His research interests include sta-
tistical signal processing and their applications, with
particular attention to frequency estimation, sensor
network localization and related mathematics.

Authorized licensed use limited to: CityU. Downloaded on February 3, 2009 at 21:39 from IEEE Xplore. Restrictions apply.



