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Abstract—This paper addresses the problem of positioning
multiple target nodes in a cooperative wireless sensor network
in the presence of unknown turn-around times. In this type of
cooperative networks, two different reference sensors, namely,
primary and secondary nodes, measure two-way time-of-arrival
(TW-TOA) and time-difference-of-arrival (TDOA), respectively.
Motivated by the role of secondary nodes, we extend the role
of target nodes such that they can be considered as pseudo
secondary nodes. By modeling turn-around times as nuisance
parameters, we derive a maximum likelihood estimator (MLE)
that poses a difficult global optimization problem due to its
nonconvex objective function. To avoid drawbacks in solving
the MLE, we linearize the measurements using two different
techniques, namely, nonlinear processing and first-order Taylor
series, and obtain linear models based on unknown parameters.
The proposed linear estimator is implemented in three steps. In
the first step, a coarse position estimate is obtained for each
target node, and it is refined through steps two and three. To
evaluate the performance of different methods, we derive the
Cramér-Rao lower bound (CRLB). Simulation results show that
the cooperation technique provides considerable improvements in
positioning accuracy compared to the noncooperative scenario,
especially for low signal-to-noise-ratios.

Index Terms— Wireless sensor network, cooperative posi-
tioning, time-of-arrival (TOA), two-way time-of-arrival (TW-
TOA), time-difference-of-arrival (TDOA), linear estimator, MLE,
CRLB.

I. INTRODUCTION

OWADAYS wireless sensor networks (WSNSs) have been

considered for many civil and military applications.
Position information is one of the critical requirements for
a WSN that can be carried out by the network itself [1]-[3].
Most studies in the literature assume that there are a number
of reference nodes, also called anchor nodes, that can be used
to estimate the position of an unknown target node [4]-[6].
In one viewpoint, positioning algorithms can be categorized
based on measurement types such as time-of-arrival (TOA),
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time-difference-of-arrival (TDOA), received signal strength,
and angle-of-arrival [1], [7].

Positioning algorithms based on TOA (or TDOA) need a
synchronized network [1] that can be handled using different
synchronization techniques [8]-[12]. The process of synchro-
nizing the sensor nodes is a cumbersome and costly task.
Alternatively, two-way TOA (TW-TOA) has been considered
as an effective approach in the literature (e.g., [13], [14]) and
has been standardized [15], [16], mainly because of its rela-
tively high accuracy and lack of synchronization requirements.
In this approach, a reference node sends a signal to a target
node, and waits for a response from it. The round-trip delay
time between the reference node and the target node gives
an estimate of the distance between them. As the number
of reference nodes in a WSN increases, the position of the
target node can be estimated more accurately via TW-TOA
estimation.

Since, in practice, there are some limitations on increasing
the number of reference nodes due to power and complexity
constraints, the idea of cooperation between reference nodes
was proposed in [17] to decrease the number of transmis-
sions, and its theoretical analysis was presented in [14]. In
this method, some reference nodes, called primary reference
nodes (PRNs), initiate range estimation by sending a signal.
The target node replies to received signals by sending an
acknowledgement after a processing delay called the turn-
around time. It is assumed that there are some other reference
nodes, which can listen to both signals, and these are called
as the secondary reference nodes (SRNs). It has been shown
that SRNs can help PRNs estimate the target node position
more accurately [14]. In fact, it is possible to get the same
performance with fewer PRNs when measurements from SRNs
are involved in the positioning process. It is assumed that
SRNs are able to receive signals from both a target node and
PRNs [14]; therefore, SRNs are able to measure the TDOA
between the target node’s signal and the signals of the PRNS.
Indeed a hybrid set of TW-TOA and TDOA measurements is
available to estimate the position of a target node. Positioning
of a single target using cooperative primary and secondary
sensors is studied in [14], [18], and [19]. In the previous
studies, it was assumed that either an estimate of the turn-
around time is available [14] or it is extremely small such that
it can be neglected [18], [19]. The model considered in this
study is based on cooperation between primary and secondary
reference nodes, which is different from targets cooperation in
traditional cooperative networks [20]. It should also be noted
that the idea of employing listening nodes was previously



considered in bistatic radars in a different context [21].

In this paper, we consider target nodes as ordinary sensors
that can measure the TOA of the received signals. Motivated
by the role of the secondary nodes, we extend the model
of a single target node positioning to multiple target nodes
positioning where for every target node the remaining target
nodes play the role of pseudo secondary nodes with unknown
positions. We further assume that no a priori knowledge of
the turn-around time is available and it is modeled as a de-
terministic unknown parameter. To derive different algorithms
for position estimation in cooperative networks, we model the
turn-around times at different targets as nuisance parameters
that can be jointly estimated with targets’ positions. Moreover,
assuming known probability distribution for TOA errors as
Gaussian random variables, we derive a maximum likelihood
estimator (MLE) to solve the positioning problem. However,
the MLE poses a difficult global optimization problem due to
the nonconvex nature of its objective function. Therefore, we
need to resort to numerical methods, e.g., an iterative search
algorithm with a good initial point. Generally, in the posi-
tioning literature, to cope with difficulty in solving an MLE,
different techniques such as convex relaxation techniques,
e.g., semidefinite and second order cone programming [22]-
[27], set theoretic approach [28]-[32], and linearization tech-
niques [33]-[36] are employed.

In this current work, in order to avoid drawbacks in solving
the MLE, we employ linearization techniques to obtain a
linear estimator for the positioning problem considered in this
study. The linear estimator that we obtain is implemented
in three steps: In the first step, assuming small variances of
measurement errors and using a nonlinear pre-processing on
measurements, a linear model based on target node’s position
and turn-around time is obtained. The linear (weighted) least
squares method is employed to solve the problem. Since the
linear estimator is a suboptimal estimator for the positioning
problem [37], a number of techniques such as correction
techniques can be used to improve the performance of the esti-
mator [33], [36]. We employ a modified correction technique,
inspired by the work in [35], to enhance the performance
of the linear estimator. Note that in the first step, a coarse
position estimate is obtained for every target node. In the
second step, considering measurements between target nodes
and using the first step estimation, the turn-around time is
estimated using a simple linear estimator. And finally, in the
third step, using the first-order Taylor series expansion, a new
linear model is obtained and then we apply a regularization
technique, namely, the Tikhonov regularization approach [38],
to solve the problem. Note that the step one and step two of
the linear estimator can be locally performed in target nodes
while the step three of the linear estimator and the MLE need
centralized processing. Moreover, to evaluate the performance
of different methods, we derive the Cramér-Rao lower bound
(CRLB) for this problem. Simulation results confirm that for
sufficiently large signal-to-noise-ratios (SNRs), the proposed
estimator can get very close to the CRLB.

Note that the measurement errors can be non-Gaussian, e.g.,
in non-line-of-sight (NLOS) scenarios. However, we consider
the Gaussian assumption in this study for the following

purposes:

1) closed-form expressions can be obtained for the theoreti-
cal limits and the proposed estimator under the Gaussian
model;

2) the cooperative positioning scenario studied in this
manuscript has not been investigated before in the lit-
erature, even for Gaussian error models. Therefore, this
study can be considered as a first step in the investigation
of such scenarios, and non-Gaussian error models can
be considered as future studies;

3) the model/estimators studied in this paper can be ex-
tended to cover NLOS scenarios if the errors can be
modeled as Gaussian random variables with positive
means [39].

In summary, the main contributions of this study are:

1) a new model for multiple target nodes positioning in
cooperative networks in which for every target node the
other target nodes play the role of pseudo secondary
nodes;

2) a joint turn-around time and position estimation idea for
the TW-TOA;

3) derivation of the MLE and the CRLB for the cooperative
networks considered in this study;

4) a novel three step linear estimator based on linearizing
the measurements using two different techniques: non-
linear processing and first-order Taylor series.

The remainder of the paper is organized as follows. Sec-
tion II explains the system model and the problem formulation
considered in this paper. The optimal estimator and theoretical
limits are derived in Section III. In Section IV, a three-step
linear estimator is obtained. Simulation results are discussed
in Section VI. Finally, Section VII makes some concluding
remarks.

Notation: The following notations are used in this pa-
per. Lowercase Latin/Greek letters, e.g., a, b, 3, denote scalar
values and bold lowercase Latin/Greek letters show vectors.
Matrices are shown by bold uppercase Latin/Greek letters. 1,
and 0 denote the vector of M ones and the vector (matrix) of
all zeros, respectively. Iy, is the M by M identity matrix.
The operators Tr(-) and E{-} are used to denote the trace
of a square matrix and the expectation of a random variable
(or vector), respectively. The Euclidian norm of a vector is
denoted by || - ||. For a matrix A € R"™*™, the Frobenius
norm of A, i.e., ||A||p, is defined as ||A||r = (Tr(ATA))'/2.
The (blk)diag(X1, ..., Xy) is a (block) diagonal matrix with
diagonal elements (blocks) Xi,..., Xy and |X| shows the
cardinality of the set X. [-] denotes the ceiling function and
d(a,b) is the Euclidian norm of a — b, i.e., ||a — b|. The
function mod(m,n) denotes the modulo operation that gives
the remainder of division of m by n.

II. SYSTEM MODEL AND PROBLEM STATEMENT
Let us consider a two-dimensional network ! with N +
M + L sensor nodes. Suppose that the first N + M reference

IThe generalization to a three-dimensional scenario is straightforward, but
is not explored in this paper.



nodes are located at known positions a; = [a; 1 CL»L"Q]T € R?,
i =1,..., N+ M and the remaining L target nodes are placed
at unknown positions X, = |21 :CM]T € R? ¢ =N+
M+1,...,N+ M + L. For simplicity, we assume that the
first IV sensors are the PRNs and the next M sensors are the
SRNs. Suppose that the PRNs are used to measure the TW-
TOA between the PRNs and the L target nodes and that M
SRNs are able to listen and measure signals transmitted by
both the PRNs and the target nodes.

Let us define Zp := {1,...,N}, Zg :={N +1,..., N+
M}Y,andZp :={N+M+1,...,N+ M+ L} as the set of
indices of primary, secondary, and target nodes, respectively.
Let Co := {(4,4)| PRN % € Zp can communicate with target
node ¢ € Zp and SRN j € Zg can receive both signals
transmitted by PRN ¢ and target node ¢} as the set of all
pairs with one primary node and one secondary node that are
connected to each other and also connected to target node /.
We also define 7; := {(4,5)| PRN ¢ € Zp can communicate
with target node ¢ € Zp and target node j € Zp, j # ¢, can
receive both signals transmitted by PRN ¢ and target node ¢} as
the set of all pairs with one primary node and one target node
that are connected to each other and also connected to target
node /. For notational convenience, let us order the elements of
sets Cy and 7y, and write Cp := T, x I and Ty := I, x I,
where

Ip, = {i1 iz, .. ..ipy} CIp, i1 <iz <...<ip ),
Tp, = {il,ib, - ipy oy} CIp, iy <iy <...<ip,
I4 = {j1.jos - dswy} € Is, 1 <ja <...<js
4% = {p1.p2, .. ..oy} S Ir, D1 <p2<---<pT(zz-1)

To simplify later calculations, we further assume that the SRNs
and targets connected to target ¢ are connected to the same set
of primary nodes, i.e.,
¢ ¢ ¢ .
Ip, =Ip, = Ip = {ir,iz,...

<t <...

7iP(€)} C IPa
<'ip)- 2

The TW-TOA measurement between primary node 7 and
target node ¢ can be written as [14]

E d(ai, Xg)

ar ~ ~
o Ti,é T i Nie
il = I

2 2 2

i€Th, L€y,
3)

where c is the speed of propagation, d(a;,xy) is the Euclidian
distance between PRN ¢ and the point x¢, 7, is the turn-
around time in response to the signal transmitted by the ith
PRN at target node ¢, ;. is the TOA estimation error at
target node ¢ for the signal transmitted by the ith PRN,
and ny; is the TOA estimation error at the ith PRN for
the signal received from target node ¢. The estimation errors
are modeled as zero mean Gaussian random variables with
variances o7 ; /c and 07,/c% ie., fg; ~ N(0,07,;/c*) and
nie ~ N(0,0; g/c ) [6], [14].

Suppose that SRNs and other target nodes are able to
measure the TOA of the received signal from target node ¢
and PRN ¢ connected to target node ¢. The TOA estimates
of the signal received from the ¢th PRN, during the TW-TOA

measurement with target node ¢, at SRN j and at target node
p are

d(a;, .

zé,_] TZ (fj)'i‘nz@,_]u (27])6(2@7 ZEITu (43)
d a;, . .

zlp = TE % + Ti,0,p, (Z,p) S /Tz, le IT, (4b)

where the 7th PRN sends its signal at time instant Tfi to target
node ¢, which is unknown to SRN j and to target node p,
d(a;,a;) and d(a;,x,) are the distances between PRN i to
SRN j and to target node p, respectively, 7; ¢ ; and 7; ¢,
are modeled as zero mean Gaussian random variables with
variances oy, ;/c* and o7, /c?, ie., nigj~ N(0,07,;/c¢%)
and 7 N ,p NN( ’ 1Zp/c )

Suppose that the response signal from target node ¢ to this
signal is also received at SRN j and at target node p as well.
The TOA estimates for these signals at SRN j and at target
node p are given by

t?)g _ Tfi T d(alc, Xg) T d(ch, aj)
(i,5) € Co, L €Iy,

+ T + Ny + Mg g,

(5a)
o d 13

w, =T + @ixe)
T, [ c

(i,p) € Ty, L € Ip.

d(xe,Xp)

+ T3 + i + T p,s
(5b)

Having two measurements in SRN 7, namely, measurements
in (4a) and in (5a), we are able to measure the TDOA between
PRN ¢ and target node ¢ corresponding to the distance from
PRN 1 to target node ¢ plus two additional distances; distance
from target node ¢ to SRN 5 and a distance due to the unknown
turn-around time, i.e., Tf,rp at target node /.

To gain some insight into the problem, let us consider Fig. 1
and Fig.2, where one PRN (PRN 1) performs the TW-TOA
estimation with Target 4. Namely, PRN 1 sends a signal to
Target 4 at time instant T;‘l, and Target 4 replies to this signal
after Tff4, see Fig.2. Suppose that three other nodes, SRN 2,
SRN 3, and Target 5, listen to both signals. Since the distances
between the reference nodes are known, it is possible in the
secondary node to estimate the time reference T(jll from (4a),
e.g., SRN 2 in Fig.2; Hence, SRNs are able to estimate the
overall distance from PRN ¢ to target node ¢ and target node
¢ to SRN j plus the additional distance due to the delay 77,
assuming that T}, is positive, as follows:

sze = c(t‘;é - T(fl) = d(a;,x) + d(a;,x¢) + T}

+ e+ nie —niey, (6,7) €Ce, L€ Ir, (6)

where Tfl is an estimate of T«i at the jth SRN, e.g., T«i =
tig g —d(ai,a;)/c =T + i, nej=cije nig = ciig,
and Niej = Cﬁ@&j.

Similar to the process for the SRNs, other target nodes that
receive both signals from PRN 4 and target node ¢ can play
the role of secondary nodes, e.g., Target 5 in Fig. 1 and Fig. 2.
Subtracting (5b) from (4b) and then multiplying with c yields

Z0, = c(ff)g —tiop) = d(a;, x¢) + d(x¢, %) — d(a;, X,)

+ T +nep+nie —nieyp, (i,p) €Ty, L€y, (1)



G ={(1,2),(1,3)}

Ti={(1,5)} ZIr={4,5}

Th={1) Ti={23)

SRN 3
Target 4

SRN 2

Fig. 1. A cooperative network consisting of one primary node, three
secondary nodes, and two target nodes. Here the primary node initiates the
TW-TOA measurement with Target 4. Both signals transmitted by PRN 1 and
Target 4 are received at SRN 2, SNR 3, and Target 5.
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Fig. 2. The primary node 1 transmits a signal at T4 and Target 4 responses
to the received signal after Tf'4 SNR 2 and Target 5 receive both signals
transmitted by PRN 1 and Target 4, and compute TDOA measurement.

where 1y, = cnyp and n; 0, = cNg g p.

In Eq.(6), parameters of target node /, ie., x; and T7,
are unknown, while in Eq. (7) besides the parameters of target
node ¢, the position of unknown target node p, i.e., X, is
also present. Note that target node p cannot make an estimate
of Tfi since the distance between PRN ¢ and target node p
is known in advance. From Eq.(3), the distance estimate to
target node ¢ in the ith PRN plus additional distance due to
the unknown turn-around time 77", is expressed as

~ Uz Ty i .
Ziﬁzzctiyg:d(ai,Xg)—F ; + 21, ’LGI;;,
{ e IT, (8)
where n; o = c; ¢ and ng; = cfg,;. Let us define the vector

of measurement z as

_ 1,7 T T
z2=[Znipgr - Zngmrr] s )]
where
_ .. J1 Jswy _p1 PT(e)
Z) = |Zi 0 --- Z'LP(Z)Z 2’“7@ o Piny sl Finl  Fipeyyt )

The goal of a positioning algorithm is to find the position of
L target nodes based on the position of the N + M known
sensor nodes and measurements made in (9).

In the positioning literature, it is commonly assumed that
either an estimate of T v, is available [14] or it is extremely
small such that it can be neglected [18], [19]. Since the esti-
mation of the turn-around time needs an accurate calibration,
it may generally increase the complexity. In this paper, we
assume that no a priori knowledge of the turn-around time

2 1s available. Since the turn-around time depends on the
prbcessing time at a target node, it is then reasonable to assume
a constant value for it. Here we assume that for every target
node, the turn-around time is unknown but fixed for all links,

ie, TY =T, i € Ip, L € Ir.

III. OPTIMAL ESTIMATOR AND THEORETICAL LIMITS

In this section, we first derive the MLE for the positioning
problem and in the sequel a theoretical lower bound on the
variance of any unbiased estimator is obtained. To derive the
MLE, we consider turn-around times as nuisance parameters
that can be estimated along with target nodes’ positions.

A. Maximum likelihood estimator

To find the MLE, we need to find the probability distribu-
tion function (PDF) of the measurement vector z in (9). In
Appendix A, the PDF of measurement vector z, i.e., fz(z; &),
is computed. The MLE then can be obtained by the following
optimization problem:

§:= arg?lax fz(2;€), Y

where £ is defined in (58). The expression for the MLE is
given by

4 2\ ,
5 = argmm Z Z — ozu(xz)
(€Tr ieTt, 0% 944
2
+ Z ’LZ X[ ) ( X[,Xm )
GIZ + UZ £,j e ( + Uz l, m)
B 4o o(X¢) ( Z fg(Xe) Z ]-g(Xz,Xm) >
2
a;,ial,i 'EZ[ + 01,2,3 mEZ[ + Uz L,m

_ 1 Z Z fo) zé(xfaxm)
ag o2

761 mEZ[ ZEJ)(UEm+Uzlm)

1 ( Z i f(X£7 Xm) )2
a;,i mEZ% 2(U€m +Uz€m)
_ 4 Z O‘g,z(xf) 2 (12)
ag; 20075+ 0705)

o7l
JEZLq

where azi, O g, ozg ¢» and &;’fg are given in Appendix A, i.e.,
Eq. (60) and Eq. (64).

As can be seen, the MLE forces a difficult global opti-
mization problem due to nonlinearity and nonconvexity issues.
Therefore, we need to resort to the numerical methods, e.g., an
iterative search algorithm with a good initial point. To avoid
drawbacks in solving the MLE, in the next section we derive



a three-step linear estimator that approaches the CRLB for
sufficiently high SNRs.

Note that for a single target node and a known turn-around
time, expression in (12) changes to the MLE derived in [14]. It
is also observed that when 0, ¢ ; — 00 and 0 ¢, — 00, 1.€., 2
noncooperative scenario (conventional network) where 7; = (),
the MLE reduces to the well-known weighted nonlinear least
squares estimator

= argmln Z Z { < -y %) a?,é(xé)}-

Lelr jeTf
(13)

B. Cramér-Rao lower bound

Since the TOA errors are Gaussian random variables, z
in (9) is modeled as a Gaussian random vector with mean
p and covariance matrix C, i.e., z ~ N (u, C), where mean
vector p and covariance matrix C are as computed in Ap-
pendix B.

Considering the measurement vector in (9) with mean p
and covariance matrix C, which are given by (65) and (67),
respectively, the Fisher information matrix can be computed

as [40]:
opl’ i [ ou
nm = | 5, - | :17,3_[/
m=1,...,3L,
where
xp1, if i <2L, mod(i,2) =1, {=(N+ M)+ [%1
Vi = @2, if i <20, mod(i,2) =0, £= (N + M)+ [4]
Ty, if2L<i<3L, {=(N+M)+i—2L.
(14)

Based on (66), O/, can be obtained as follows:

S| = |Heheaen | O
awn awn awn L
j1 VEID)
% = Ot ¢ Olip o) ¢ aﬂflyg Zi(i)l 6:“’11 ’
S T T T T T
Pr(e)

T
ﬁ] s (insgm) € Co, (in,pm) € To, € €T, (15)

where

T ifmod(n,2) =1, £=N+M+[5]
pie _ féfa;:;;, if mod(n,2) =0, £ =N+ M + [§]
Om | 5, i 0= N+M+n—2L

0, otherwise
i€Tp, €Iy, a16)

3#?,@

O
St iyt ifmod(n,2) = 1, =N+ M+ [§]
e T eyt ifmod(n,2) =0, £ =N+ M+ [§]
c, if {=N+M+n-2L

0, otherwise

(i,7) € Cy, L €I, a7

opy ¢

Oy
o T Syt ifmod(n,2) =1, £ =N+ M +[3]
zé(zai_’z;f xé&;:}f;, if mod(n,2) =0, { =N+ M + [£]
c, if{=N+M+n-—-2L
mg&;f:f - mg&::;f, if mod(n,2) =1, p=N+ M + [ 5]
e~ T, ifmod(n,2) =0, p= N+ M+ [§]
0, otherwise

(i,p) € Ty, L € Ip. (18)

The CRLB, which is a lower bound on the variance of any
unbiased estimator, can be obtained as

E{|l% —x[*} > ([Jil](j—l)(j—l) + [Jfl}jj)

J=2(£— (N +M))

tep. (19)
For the single target node, the CRLB in (19) reduces to
E{|[%: — x1[|*}
- J33(Joz + Ji1) — (J5, + J75)
= Jss(Ji1dea — JE) + (2J31J23J12 — JaoJE — Ji1J3s)

Jsg — (J2y 4 JZ) (Jog + J11)

33X + (231 Ja3J12 — Joo Py — J11J35) (Jaz + Ji)
(20)

_ 1 _ _Joat+Jis
where J;; = [J];; and Y71 = Tiihs T is a lower bound

on the variance of any unbiased estimator when the perfect
knowledge of the turn-around time is available [14]. For the
perfect knowledge of the turn-around time, i.e., J;3 — 0, ¢ =
2,3, Eq. (20) tends to Y.
Note that all results obtained here and in the previous
section can also be applied to conventional networks in which
there are only primary nodes.

IV. LINEAR ESTIMATOR

In this section, using linearization techniques, we obtain a
linear estimator to solve the positioning problem for cooper-
ative networks. In the proposed estimator, we first obtain a
coarse estimate for the position of the target nodes, and then
refine them in the next steps.



A. First step

One way to obtain a linear model versus the target node’s
position is to apply a nonlinear pre-processing on measure-
ments [34], [41], [42]. Suppose that the level of noise is small.
Lets move the term c7}"/2, recalling that T3, = T}", in (8)
to the left-hand-side. Now squaring both sides, after dropping
the small term, yields

(1)
4
i€, (eI,

~ |[xe]l - 2af x¢ + [|a; ]|

2 : 2
Zig— czi Iy +c

+ 2d(a;, x¢)Y; 0, 2D

where ¥; ¢ = n;¢/2+n¢,;/2. A linear model can be obtained
as follows:

Zio =200 — llag]]? = [—2a] 20 1] 9, + 2d(ai, x¢) Vs 0,
) GIf;, EGITa (22)
9 3 T
where 4, = [x{ T3 |x]|* — (cT}) /4]

For the TDOA measurement at the jth SRN, i.e., Eq. (6),
we first arrange a new set of measurements as
THI
et €t (i,7) €Cy,

| _
Z =2l — zie = d(xe,25) +

2 B
{elr, (23)
where efj =mng; +nie/2 —ng;/2 — nig ;. Now similar to

Eq. (21), we can linearize Eq. (23) to get
N2 y Tar)2
() ezl e P20 o )2 — 2l 1 )

(i,5) € Cy, € € Ip. 24)

+ 2d(xp, a;) et

4,37
Again a linear model based on unknown parameters is ob-
tained as follows:

AN j
Ro=(2) — Il = [=2a 21, 1] b, + 2026l
(m) €Cp telr.

The linear set of equations can be written as

df :Af'l,bg‘i‘l/é, KEITa (25)
where
_ |z =j1 =Js ()
do=[Be o Bpe il 0] 6w
_ T _
—2ai1 Ziy 0 1
_9qT .
A 22;,,, Zipwe 1 (26b)
L= _ 9T g1 s
2aj1 Zi1 b 1
_ 9T ~Js0)
L 23]5(2) ip(e),f i

vp=2 d(ailvxl)ﬁihl . 'd(aiP(2)7X2)’l9iP([)vg d(Xg, ajl)efh_h
L

T
..d(Xg, ajs([))eip(e),js([) ) (invjm) € Cz, (invpm) €T

(26¢)

Using the least squares criterion [40, Ch. 8], a closed-
form solution to Eq. (25) can be obtained as 1,53 =
(A;?FC;ZAZ)’lA{C;eldg. If matrix Ay is ill-conditioned, we
can use the regularization technique [38, Ch. 6] to get

P = (A7

where parameter )\, defines the tradeoff between ||d;— A1), ||
and ||7),||?, and the covariance matrix C,,, of the zero mean
noise vector v, is as computed in Appendix C.

We here show for a large network, matrix A, in (26b) is
ill-conditioned, i.e., has a large condition number (CN). To
that aim, we first find a lower bound on the CN of the matrix
Ay.

Lemma 4.1: Let F be an n by m matrix with ordered
singular values d; > d2 > .... Let F,. denote a submatrix
of F derived by deleting a total of r rows/or columns from F.
Suppose the ordered singular values of F,. are 61> 0y >
Then

C A+ NIy 'A[C My, L€y, (27)

O >0 > Opgry, k=1,... ,min{n,m}, (28)

where for a p by ¢ matrix H we set ; = 0 if 7 > min{p, ¢}.
Proof: Please see Corollary 3.1.3 in [43, Ch. 3].

|

Proposition 4.2: (Sufficient condition) Let Ay 4 € R@x3,

where Q = Z5(1 + Z5), be a submatrix of the A, € R9*4

in (26b) derived by deleting the last column (the 4th column)

of matrix Ag. If ||Ag4]|F >> Q@ (e.g., this is the case for a

large network where some entries of matrix Ay 4 have large

values), then the CN of matrix Ay is large and the matrix is
ill-conditioned.

Proof: Suppose that matrix Ay = [T1 T2 T3 Ta|gx4 has
full column-rank, i.e., Q@ > 4, where @ is the number of rows
of matrix Ay and 7;, ¢ = 1,2, 3,4, are column vectors, e.g.,
T4 = 1¢. Let 61 > 62 > 63 > 64 > 0 be the singular values
of matrix A,. Then, one can write [44]

Tr(Ay A) = ZIITz|\2+Q—IIAe4IIF+Q 252

i=1 =

Therefore, a lower bound on the largest ; of the matrix Ay,
although not very tight, can be found as

Tr(A; A¢) |
4 o 4 '

o1 > (29)

Now we find a simple upper bound on the smallest singular
value J,. Suppose that we delete all the columns except the
column 4. Then, using Lemma 4.1, we can write

01 < |[1qll = V@

According to (29) and (30), a lower bound on the CN of the
matrix Ay in (26b) can be obtained as

CN of matrix Ay = 24 > \/ W- 3D

Although the lower-bound in (31) is not very tight, it is
sufficient to show that, for large networks, when matrix Ag 4

(30)



has [|Ag 4% >> @, then it is ill-conditioned. In fact,

lim CN:§—1—>00.

A 2
I E’C;HFHOO 4

This condition is sufficient and it does not claim that if the
entries of the matrix A, are small, the CN is consequently
small. ]

Similar matrices have appeared in the positioning literature
when the least squares approach is employed to solve the
problem, e.g., see [33]-[36], [45]. Therefore, if large networks
are considered, those matrices are ill-conditioned.

Let us decompose the positive semidefinite matrix
AgTCljZlAg using singular value decomposition as U? AU
where U and A are orthogonal and diagonal matrices, re-
spectively. Considering U”U = I, we can compute the bias
of the estimator as,

E{sh} —
=UTAAUY, — ¢, =U" (A} — A7") AUy, (32)

where Ay, = A + Ay It is observed that the estimator in
(27) is biased in general. However, it can be shown that for
high SNRs, the estimator tends to be an unbiased estimator.
The covariance matrix of 12; can be computed as

cov(th,) =
(A7 Cp A+ ALy) PACL AT (A7 C A + Aedy) 7
(33)

To compute the covariance matrix C,,, the real distances
between reference nodes to the target ¢ is required. Since in
practice, the real distances are not available, we instead use the
estimated distances. To do this, first we can compute (27) by
replacing C,,, with the identity matrix and then we can obtain
the distance estimate from reference nodes to the target. It
has been shown in [41] that the degradation of replacing the
estimated distances instead of the real distances is negligible.

Since the elements of estimated parameters in (27) are
dependent, one method to improve the estimation accuracy,
called correction technique [33], [35], [36], is to take this
relation between elements of 12; into account. Here we extend
the correction technique to our problem. Suppose each element
of (27) can be written as

[t
[Q/Qz]z = T2+ €2,
[’Q/;l]:i = CT;r + €3,

- 1
[hely = [[xell” - Z(CTE")2 +eq, LETIp.

=xy1 + €1,

(34)
where € = [e1 ea ez eq)T is the error of estimation € =
¥, — 1,. Let the errors on estimation be considerably small.
Therefore, squaring both sides of the first three elements of
(34) yields

(e Tr. (35)

Hence, the relation between the estimated elements in (27) can
be written, using (35), as

b, = B¢, + ¢, (36)
where
A2 A2 A2 T
b, = [["nbe]l hbf]Q ["nbé]g ["/’6]4} )
CZ = [21‘@)161 2%@7262 20T5r63 64}T
2
¢, = [17?,1 15,2 (CTEH) }7
1 0 O
01 0
B= 00 1 37
11 —3

The least squares approximation of ¢, is obtained from (36)
as

b, = (BTCC_;B)_lBTCE;bg, (38)

where covariance matrix Cgl can be computed as

C¢, = E{(by — Bo)(b, — Bep,)"} = Agcov (,)Ar, (39)

where Ay = diag(2x,,1, 2202, 2¢T}", 1).
To compute the covariance matrix A, since the exact value
of the unknown vector ¢, is not available, the estimated one

from (27) is replaced. The covariance matrix of ¢, is given
by

cov(¢p,) = (B"C;'B) . (40)
Finally, the target position can be obtained as follows:
Tej = H AZ]J‘ Hd)f].] ) J= 1327 Le IT' (41)
[Wl;

The estimate X, = [T41 7] obtained in (41) is a coarse
estimate and it is refined in step three.

The covariance matrix of the estimator in (41) can be
computed similar to [35] as follows. Suppose that the estimate
in (38) can be written as

b0 = ¢ +C, 42)
where ¢ = [(; (o] is the error of estimation in (38). Using
the first-order Taylor-series expression, assuming small error

¢, we get

- ‘_H"/’E]j| ‘ I~ .
Lej = [’l/;e]j (|x€;47| + 2|I—E,J|<J) y J = 132 (43)

Hence, the covariance matrix of X, can be computed as

cov(X¢) = By {cov (qlgg)} B,, (44)

(1:2,1:2)

where B, = sdiag (|$@71|_1,|$g72|_1) and [Z](1.n,1.m) de-
notes the upper left n x m part of matrix Z.



B. Second step

In this step, we consider the measurements taken in (7)
between target nodes that were not involved in the first
step. Since the turn-around time is linearly dependent on the
measurements in (7), we derive a simple estimator for the
turn-around time estimation.

For a small error of estimation, let us apply the first-order
Taylor-series expansion for the measurements in (7) about (41)
(considering X¢ = [Z4,1 Zr2]T, ¢ € I7) as follows:

(% —a)"

zpp = d(a;, %) + d(Xe, Xp) — d(ai, Xp) + “d(a;, %)

(X — )
’ - (Xp — ai)T
R

(il — ip)
d(ifv ip)

(Xp — XK)T

d(Xe,Xp)

=d(a;,X;) + <

(xp — Xp) +cT}"

+ (Xp = Xp) + Npe + Nie — Niep

X, — a;
d(ai, i@)

~ ~ T
Xy — Xp < <
+d(i€=ip)> (Xe Xl)

X, %  Xp—a; \

— d(a;, X p 2 Ap e
(a Xp)+<d(xlvxp) d(aiaxp)) By = %)
+d(i€=ip)+CT;I+npl+nil_ni%pv (Lp) €Ty,

{elp,

(45)

If the distribution of random vector Ax, = X, —X, is known,
it is possible to derive the MLE for the turn-around time 7}".
For high SNRs, the estimator obtained in the last section is
approximately an unbiased estimator, i.e., E{x,—X,} = 0, £ €
Ir. Instead of deriving the MLE, an estimator based on the
least squares criterion can be obtained and we can estimate
the turn-around time 7" as

~ 1
ar __ p oy ~ ~ =
T} = W(Z)E:T (0, = d(@s, %) = (e, %) + d(@i,%,)).
P 3
(46)

A more accurate estimation can be obtained considering the
weighting matrix based on the covariance matrix of the noise.
We leave it here since the simple averaging estimator works
well as we observed through simulations.

C. Third step

In the final step, the estimate of target nodes’ positions is
refined. The difference between this step and two previous
steps is that here all target nodes’ positions are corrected
simultaneously while in the two last steps, every estimation
parameter, i.e., the position of the target node or the turn-
around time, is updated one by one. Based on the estimation
in the step one and two, namely estimation in (41) and (46),
let us apply the first-order Taylor series expansion to whole
measurements. For target node ¢, we get

(% — ;)" . Tar

0~ d(a;, X _ Ly Nie Ny
zie = d(@5,Xe) + eSS (e =X Femm+ 5E 4 55
i€Tb, L€y, (47a)

~ ~ T
; - Xy —a; Xy —a; ~
J ~d a; — — J _
zj = d(ai, X) + <d(ai,x@) + d(X@,ﬁj)) (xp — X¢)
+ d(f(g, aj) + CTZI + N0+ Nie — N g, (’L,]) €Cy, L €Iy,
(47b)

ig — a;
d(ai, i@)

X — X,

T ~
- d(iéaip)) (XE - Xl)

zfx ~ d(a;,X¢) + (

X % 5 T
T Xp — Xy X, —a; B L
Tar P . D _ d
e <d(fu,ip> d(al-,m) (xp = %p) + d(Xe, %p)
—d(X,Xp) +Np e+ Nie —Nigp, (i,p) € To, L Ip.
47¢)

Therefore, from (47a), (47b), and (47¢) a new linear model
based on the error of estimation Ax can be derived as

h=GAx + v, (48)
where Ax = [AXL 0 - Ax%+M+L}T ;nd DXy = Xp—
X¢, and vector h = [h} /01 ... hiya o] is obtained as
follows:

j J P
hf = [hihf e hip(f)l hﬁ,l . 'hii((g,l hfll,f ce his((:;j} )
(invjm) S Cz, (invpm) € Iflv le IT7 (49)
where
Tar ) ]
hiv = zio —d(a;,Xg) — c%, i, =z, —d(ai,Xe)
- d(ifaaj) - CT;Ia
he, = 2P, — d(ai, %) — d(Xe, %) + d(a;,X,) — T},
i €Th, (i,5) € Co, (i,p) €Ty, L € Ip. (50)
Let matrix G be written as
T
G= [G%JrMJrl T G%+M+L} ; (5D

where submatrix G, is obtained as

. ; T
_ 1 isw)  op1 Pr(e)
Ge= {gih@ o Bipy.t B 'gip(z)lgil,f e 'giP(e),f} ’

(inajm) € Cfa (inapm) € /Tb le ITa (52)

and vectors g; , € R**!, g, € R*M*!, and g7 , € R**!
are obtained as

r T
g )= 0 M 0
112 ... d(al, ig) .. )
L —_——
£th
r T
; (% —a)" | (ke—a;)"
2, =10 ... — + — ... 0],
gz’l | d(ai, Xg) d(Xz, aj)
£th
0 ifk=#£4p
Fe—%p)" (Re—a;)" . _
[gﬁf]k = ;Iéfitz)}fp)T ‘?ia:itz)T’ if k=/( (53)
sy~ ey k=P

To solve (48), we note that the new linear model is derived
assuming small errors of estimation. Hence, to obtain the
estimation error from (48), i.e., AX, to be small enough (if



possible), we solve a regularized least squares problem as
follows:

minimize [[h — GAX||Z-1 + 7 || &2, (54)
where the regularization parameter v > 0 determines the
tradeoff between ||h—GAX||Z_, and ||Ax]|?, and ||| stands
for the weighted norm aTPa. The solution to (54), Tikhonov
regularization problem, is given by [38, Ch. 6]

Ax= (G"C'G +9L.)'G"C 'h, (55)
where the covariance matrix C is given by (67) in Appendix B.
Finally, the updated estimate in this step is

X =%+ Axg, €Ty (56)

It is noticed that step three can be repeated for a number of
updates; however, as observed in the simulations, one round
of update is sufficient to get very close to the CRLB. Note
that similar procedures can be derived for the conventional

networks.

V. COMPLEXITY ANALYSIS

In this section we evaluate the complexity of the estimators
considered in this study based on the total number of the
floating-point operations or flops. We assume that an addition,
subtraction, multiplication, division, or square root operation
in the real domain can be computed by one flop. We calculate
the total number of the flops for every method and express it
as a polynomial of the free parameters [46]. To simplify the
expression, we keep only the leading term of the complexity
expression.

A. The maximum likelihood estimator

As previously mentioned, the MLE is nonlinear and non-
convex. The complexity of the MLE highly depends on the
solution method. Moreover, for every method we may have
a number of parameters that affect the complexity, e.g., the
number of iterations, the initial point, or the solution accuracy.
We leave the complexity analysis of methods that may be
used to solve the MLE and instead we compute the cost of
evaluating the objective function of the MLE (12) for a certain
point. To do that we first compute the cost of each element
in (12) separately. We need 6 flops to compute a distance. For
computing v ¢(X¢), o ,(x¢), and &} (Xe, X ), We require 9,
15, and 22 flops, respéctively (we consider cT}" as a single
variable). Similarly, 1/a$; needs 6 + 5(|Z¢| + |Z%|) flops to
compute. Then the total number of flops for evaluating the
MLE at a point can be computed as

MLE flops ~ Y |Zp| (T4+ 13(|Z§| + [Z5]) + 3|51 ZF) -
Lelr
Therefore, for dense networks the leading term is

MLE flops ~ 3 Y _ |Zp[|Z§|Z7|.
Lelr

B. The linear estimator

For the linear estimator, we compute the complexity for
each step. Hence, the total cost is the sum of the complexity of
three steps. There are a number of ways to find the complexity
of a linear estimator, e.g., see [47], [48]. Here, we derive
the complexity for the worst case without any attempt to
optimize computations to take advantage of, e.g., the structure
of matrices.

1) First step: We first compute the complexity of comput-
ing C,!. C,, can be computed by |Z5[(25 + 13|Z%| +|Z5|?)
flops. Now we compute the positive definite matrix C, 21 by

(IZI(1+1Z5D)° + (IZ6(1 +IZ5D)* + |Zp|(1 + |Z5]) flops.
The matrix multiplication A} C,, Zl requires 8 (|75 |(1+ |If.;|))2
flops. Therefore, the total complexity of Eq.(27) can be
computed as:

First step flops
=~ 3|Zp|(1 + |Z§|) + |Z5| + [Zp|(25 + 13|Z5| + |Z|)

cost of computing dg cost of computing Cy,,

+ (IZBI(L+ 1Z5D)* + (1Z51(1 +1Z6D)* + 1251 (1 + |Z8))

cost of computing C, El

+8(|Z6|(1 + |Z5)))° + 32|T5| (1 + |T4) + 8 + 64 + 16 + 4

cost of ATC;; cost of (A7Cy ) Ag+Aely)~!

+ 8|Z5|(1 + |Z5|) + 32

cost of (A7 CJAr+X1s)~1ATCy ) d,
Similarly, we can find the complexity of the correction tech-
nique. It can be verified that the complexity of the correction
technique is negligible compared to the cost of Eq.(27)
since the most complex part, i.e., Eq.(33), has been already
computed. Then, for every target we can define the complexity
by getting the leading term as

First step flops ~ |Z5||Z5| + |25 3| Z5° + 3256|325
+9|Zp *|Z5].
The total cost for all targets can be computed as
Total cost of the first step ~ Z \To||Z5 1% +1Z5 131 Z5)°
LeTr
+ 3|Zp|IZ5]* + 10|Z5 | Zs .
2) Second step: The cost of the turn-around time estimation
for target node ¢ can be computed as
Second step flops ~ 12|Z6| + 6|Z%| 4 3|Z5||Z%| + 2.
Then considering the leading terms, the total cost for all targets
can be computed as
Total cost of the second step ~ Z 3|Z5 |5 .
LeTT

3) Third step: From the first step, we can compute the
matrix C~! with a little modification. Hence, when computing
the overall cost for an algorithm that involves both step one
and three, we can disregard the cost for computing c!
when formulating the cost for step three. We will follow this



approach here, and the complexity of the estimation in (55),
remembering block diagonal nature of the matrix C ™, can be
computed as follows:

Total cost of the third step

~ Y |ZpI(1Z8] + |Z5]) + |Zh| + 1Z5] + |27
LeTT

cost of computing G

+4L2 Y |TH|(1+ |Z| + |Z5)
el

cost of computing GTC~!

+4L2 Y (ITh| + |Z§| + |Z7]) + 4L
LeTr

cost of GTC—1G+AIzy,

+4L Y |Th| + |8 + |Z7|
LeTr

cost of GTC—'h
3 2
+ 8L°+4+4L°+6L + 2L

cost (GTC—1G4~Ipy)—1  costof (56)

Table I shows the cost of different approaches (considering
the leading terms) for a fully connected network.

VI. SIMULATIONS RESULTS

In this section, computer simulations are performed to
evaluate the performance of the different approaches. To
compare different methods, we consider the root-mean-square-
error (RMSE) for target node ¢ defined as

RMSE = /E(|[x¢ — x/[]?). (57)

The network deployment shown in Fig.3(a) consists of four
PRNSs (sensor nodes 1, 2, 3, and 4), four SNRs (sensor nodes
5, 6, 7, and 8), and six targets (sensor nodes 9, 10, 11, 12,
13, and 14). The connectivity matrix for the network is shown
in Fig. 3(b), where every target is connected to a number of
PRNs, SRNs, and other targets. For instance target node 9 is
connected to primary nodes 1, 2, and 4, to secondary nodes 5
and 8, and to targets 10, 11, 13, and 14. In every realization for
a target node, the turn-around time is randomly drawn from
[10,1000] ns. We also assume that 0, = 04, = 0, = 0.
In all simulations, joint estimation of the turn-around time
and the position is considered unless stated otherwise. In
addition, no attempt is taken to choose the optimum value
for the regularization parameters and we simply set A, = 0.3
and v = 0.0002. To compute the MLE, we employ Matlab’s
function Isgnonlin [49] initialized with the true values of the
positions and turn-around times of targets. In the simulations,
we consider targets 9, 12, 13, and 14.

A. Effects of the turn-around time

In this section, we study the effects of involving turn-around
times in the estimation process for different scenarios. In
the conventional network (Conv.), the measurements in PRNs
are used to jointly estimate the position of a target and its
turn-around time. For the cooperative network, we distinguish
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between involving only SRNs (Coop. 1) and involving both
SRNs and target nodes (Coop.2) in the estimation process.

In Fig. 4, we illustrate the CRLBs of position estimation for
different networks. For every network, the CRLB is plotted for
two cases; the perfect knowledge of the turn-around time and
the joint estimation of the turn-around time and the position. It
is observed that estimating the turn-around time as a nuisance
parameter can deteriorate the accuracy of the position estima-
tion. For target nodes 9 and 12, the difference between two
cases is negligible, while there is a more noticeable difference
for target nodes 13 and 14, especially for target node 14. For
target node 14 for the conventional network, the gap between
the two curves increases as the standard deviation of noise
increases while for the cooperative networks (Coop.1 and
Coop.2) the CRLB of the joint estimation of the turn-around
time and the target position is very close to the CRLB of the
case in which the perfect knowledge of the turn-around time is
available. It is clear from the figure that the cooperation idea
improves the performance of the estimator especially for high
values of the standard deviation of noise. It is concluded that
involving target nodes as pseudo secondary nodes improves
the performance as well.

For further investigations, we study the case when the partial
knowledge of the turn-around time is available. This informa-
tion can be obtained by, for instance, calibrating a target node
with a fixed sensor node. The target node can estimate its turn-
around time using loopback test and then transmit it to other
sensor nodes [13], [14]. Let us model the turn-around time of
target node £ as a Gaussian random variable with mean p7x
and variance oy, i.e., Tj" ~ N(uty, 07w).

Fig.5 shows the CRLBs of target node 9 and 14 in various
scenarios when partial knowledge of the turn-around time
is available in different sensor nodes. We fix the standard
deviation of the TOA estimation error (o) to be equal to 10 and
30 meters and plot the CRLB versus standard deviation opar.
It is again observed that the cooperative networks outperform
the conventional network. Based on Fig.4 and Fig.5, we can
obtain a benchmark to specify the values of o and orw for
which the joint estimation of position and turn-around time
outperforms to the case in which the partial knowledge of
the turn-around time is available. For instance for target 14,
Coop. 1 for ¢ = 30 m has better performance compared to the
case in which partial knowledge of the turn-around time with
oy > 12 is available.

B. Performance of estimators

As mentioned in Section IV-A, matrix Ay in (26b) has a
large CN if a large network is considered. For the network
considered in the simulations, we plot the cumulative distri-
bution function (CDF) of the CN of matrix A, for target 9 and
14 in Fig. 6 for 3000 realizations of noise for different values
of 0. It can be observed that the CN of matrix A, is large;
hence, the regularization technique is one option in order to
solve the linear model in (25).

Fig.7 shows the RMSEs of the MLE, the CLRB, and the
linear estimator for the cooperative network (Coop.2) for target
nodes 9 and 14. It is observed that the linear estimator in step



COST OF DIFFERENT APPROACHES FOR A FULLY CONNECTED NETWORK, |Z%| = N,|Z5| = M, AND |T4| = L — 1.

TABLE I

Method Flops
Evaluation of the MLE at a point | 3SLNM (L — 1)
First step L(NM? + N3M3 +3N3M? + 9NZM?)
Second step 3LN(L —1)
Third step LN(M + L) + 4L3N(N + L) + 4L3(N + M + L) + 8L®
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Fig. 3. (a) The network deployment used in the simulation (b) The connectivity matrix: the x-marker shows which nodes are connected.
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Fig. 4.

CRLBs of different networks for different targets (a) target 9, (b) target 12, (c) target 13, and (d) target 14.
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three attains the CRLB for sufficiently high SNRs. It is also
seen that removing step two and considering a two step linear
estimator, i.e., a linear estimator consisting of step one and step
three, deteriorates the performance for low o (high SNR). For
high SNRs, it seems that the estimation of the turn-around
time in the first step is more accurate than the one in the
second step. Then, the estimation of the target position in step
three can be affected by the accuracy of the turn-around time
estimation. Note that we do not attempt to obtain the optimum
regularization parameters in the simulations.

VII. CONCLUSIONS

In this paper, we have studied the multi-target positioning
problem in cooperative sensor networks using TW-TOA and
TDOA measurements performed by primary and secondary
nodes, respectively. We have assumed that there is no a priori
knowledge of the turn-around time at target nodes and we
have modeled them as nuisance parameters that can be jointly
estimated with the position of the targets. We have proposed a
new model for multiple target nodes positioning where target
nodes can play the role of secondary nodes. Then, we have
derived an MLE that forces a difficult global optimization
problem due to the nonconvex nature of its cost function. To
cope with the difficulty in solving the MLE, we have used two
different linearization techniques to obtain linear estimators.
The proposed estimator is implemented in three steps: In the
first step, a coarse estimate is obtained; and in the second
and third steps, the estimates are refined. The advantage of
the proposed linear estimator is that it can get very close to
the CRLB for sufficiently high SNRs. For future studies, we
can focus on situations in which some target nodes are just
connected to a number of other target nodes. One approach
for this scenario is to consider the TW-TOA measurements
between the targets. Moreover, positioning in NLOS scenarios
and designing robust algorithms, e.g., based on a projection
approach, are of great interest for future studies. Finally, the
effects of non-Gaussian measurement errors on the proposed
linear estimator can be investigated based on practical TOA
measurements.
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APPENDIX A

PDF OF MEASUREMENTS
Since measurements in (10) are correlated, due to the term
n;¢ in (6), (7), and (8), we first perform conditioning on
correlated terms, i.e., np = [nf, ... nf ]7 and then compute

fzine (zng; §), where

T
nr, = [nih@ nip(e);f} im€TL, b=N+M+k’
}T

(58)
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In (58), £ is an unknown vector of positions and turn-around
times of target nodes. From (8), (6), and (7) for given nr, we
can write

fzing (zIn7; §) = Ky

H H exp{_2 (Oéi,g(xcfl; — 122) }
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Hexp — 202
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where K1 = and

Tar
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d(Xe,Xm) + d(a;, X, ) — cT}".
(60)

Oéie(Xe) = Zit —
— d(aZ,Xg)

(aiv Xf) -
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The PDF of the noise vector ny can be computed as (due to
independent samples)
} (61)

where Ky = (27)~%®~L, Having the conditional PDF (59)
and the PDF of the noise vector nr, i.e., (61), we can obtain
the PDF of the vector z as follows:
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where K = K K.
Using ffooo €Xp — (CLI + 2bz + C) dr = \/_exp (—4‘10)



for a > 0, the PDF of the measurements can be computed as:
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APPENDIX B
MEAN VECTOR AND COVARIANCE MATRIX OF
MEASUREMENTS

The mean p can be computed as

K= [HJT\/+M+1 cee NJTV+M+L]T= (65)

where
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Suppose that the covariance matrix C is expressed as

Cii Cypo Ciz
C21 C22 C2L
C=B{-ma-wy=| T
Cr1 Cpo Crr
(67)

It can then be shown that Cg,, = 0 for k& # m. To compute
Crr = ]E{(ZN+M+k — BNy mk) N Mk — NN-Q—M-H@)T}’
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first consider the following expressions:
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The matrix Cj; can be written as
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APPENDIX C
COVARIANCE MATRIX IN THE FIRST STEP ESTIMATION

Let us express the covariance matrix of zero mean random

vector v in (26¢) as
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