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ABSTRACT metrical time-stamping and passive listening (ATPL) peoto
yvas proposed ir [5] for joint clock synchronization and rang

few anchors (nodes with known locations) is considered. Lol"d: Subsequently, the estimated pairwise distances can be
calization and synchronization are traditionally treaasdwo useﬂ aj ?n ||nput|_to the least-squares (LS) bfaied ra”_gfrgquaf
separate problems. In this paper, localization and synchrd€thod for localization. Joint estimation of the positioia

nization is studied under a unified framework. We presen&he clock parameters of a sensor based on the two-way time-

a new model in which time-stamps obtained either via twoStamp exchange protocol has been considered in [6], where

way communication between the nodes or with a broadca& synchronous network is considered where only the sensor
based protocol can be used in a simple estimator based §i§de suffers from clock-skews and clock-offsets and the an-
least-squares (LS) to jointly estimate the position of #e t chors are assumed_ to be synchronized. [In [7], localization
get node as well as all the unknown clock-skews and clockof the sensor node in a fully-asynchronous network has been
offsets. The Cramér-Rao lower bound (CRLBY) is derived forstudied, where the main focus is on localization but alse cer
the considered problem and is used as a benchmark to anal in approximations of the clock parameters are required to

the performance of the proposed estimator. solve the problem. _ _
In this paper, we again consider fully-asynchronous net-

Index Terms— Clock synchronization, clock-skew, clock-\yqrk consisting of one sensor and a few anchors, and inves-

A fully-asynchronous network with one target sensor and

offset, localization, wireless sensor networks. tigate localization and clock synchronization under a edifi
framework. We propose a linear data model for joint localiza
1. INTRODUCTION tion and clock synchronization. The data model is generic in

the sense that it can be used with either the two-way ranging
Localization and clock synchronization are two key compo-protocol or the ATPL protocol. This is used in an estima-
nents of any self-organizing location-aware wireless 8ens tor based on LS to jointly estimate the position of the sensor
network (WSN). A WSN enables distributed information pro-node and all the unknown clock-skews and clock-offsets. The
cessing tasks like data sampling, information fusion, &hdio  Cramér-Rao Lower Bound (CRLB) is derived for the consid-
time-based tasks [1]. Every node in the network has an auwred problem and is used as a benchmark to analyze the per-
tonomous clock. These individual clocks in a WSN drift from formance of the proposed estimators.
each other due to imperfections in the oscillator, aging anf\otation:
other environmental variations. Itis essential to calidthese  Upper (lower) bold face letters are used for matrices (colum
imperfections from time to time to achieve a network-widevectors);(-)” denotes transposition; () refers to element-
time coherence. A plethora of algorithms for clock synchro-wise matrix or vector product (division);)®? denotes the
nization can be found i [2]. For the data to be meaningelement-wise matrix or vector squarifgliag(.) a block di-
ful, the location where the data is acquired is often reglire agonal matrix with the matrices in its argument on the main
Computing the location of the nodes is commonly called  diagonal;1y (0y) denotes théV x 1 vector of ones (zeros);
calization, and is a well-studied topic [3]. I is an identity matrix of sizeV; E(.) denotes the expecta-

Even though localization and clock synchronization arejon operation® is the Kronecker product.

tightly coupled, traditionally they are treated as two sepa
rate problems. Recently, for an anchorless and a fully asyn-
chronous network, a global least-squares (GLS) estimatedb 2. NETWORK MODEL
on a two-way time-stamp exchange protocol for joint clock
synchronization and ranging has been proposedlin [4]. EX\e consider a fully-asynchronous network with anchors
ploiting the broadcast nature of the wireless medium, amasy and one sensonde 0) as shown in Fig.]1. We assume one
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5 g In this paper, we focus on the two-way communication proto-
node 2 ; @ Scnsor col for deriving the data model. The transmission and recep-
(e - O Anchor tion time-stamps are recorded independently at local tioe ¢

.i . ordinates both during the forward and the reverse links. The
o (eot.xo7) time-stamp recorded at thith node when thé:th iteration
@) (O message departs to thith node is denoted byi(jk), and upon

arrival of the corresponding message, fttenode records the

time—stampl“j(f). For the sake of generality, we do not put any
®onstraints on the sequence of forward links and reverks lin
or the number of time-stamps recorded |4, 5].

. , . The time-of-flight for a line-of-sight (LOS) transmission
of the nodes has a relatively stable clock oscillator angésiu between theth node and theth node can be defined ag —

as a clock reference. All the other nodes suffer from clock- "1 wherey denotes the speed of a wave in a medium
skews and clock-offsets. The network model considered hellé g, W v . > SP wave | um.
. . sing [2),7;; can be written in terms of the local clock coor-

is the same as the model considered in [5].

All the nodes are distributed over &gimensional space, dinates as
with [ = 2 (plane) orl = 3 (3-D space). Let the vector o (k) (k) (k)
x; € RI*! denote the coordinates of tlith node. The co- mij = (g T3 + Bj) — (a " + i) + g )
ordinates of all the anchors are collected in a maXix=
[X1,X2,...,xy] € RXM The unknown coordinates of the
sensor are collected iy. The distance between thih node
and thejth node is denoted by

Fig. 1. An illustration of the network model, together with
the know and unknown parameters. Light shaded lines ref
to the passive listening links.

wherengf) denotes the aggregate measurement error on the
time-stamps.

In all there arek time-stamps recorded at each node and
the time-stamps recorded at ik node are collected ity; =

1 ) (KT Kx1 et
dij = dji = |[%; — %2 = \/HXiH2 —oxTx; + |2 (T, Ty, T;; ] € R4 The direction (forward or
(fl reverse) of the:th link is denoted byz(’.“) wheree!¥) = 1 for

) i ‘
Let ¢; be the local time at thé&h node and be the refer- Y et

: ) transmission from nodéto node;j ande!") = —1 for trans-
ence time. We then assume that the relation between the lo%?ssion from node to nodei. The direg:tion information is

time and the reference time can be given byafwst-orderaffmgollected in a vectoe, — [e(;)’ 8§2)7 L e(,K)]T c REX1.
clock model[[4], J oty P
The error vector is denoted ly; = [n§j>,n§j>, e ,nz(-j )]T €
t; :wzt—i—(bz & t= Oéztz+ﬂ1 (2) REXT
wherew; € R, is the clock-skewg; € R is the clock-offset, For the sake of exposition, we consider the example of a

o = Wi_l andg; = —w[1¢i are the synchronization parame- network withM = 3 aqchqrs and one sensao@e 0) with
ters of theith node. Without loss of generality, we use anchor@ Of two-way communication protocol between each of the

M as absolute time reference, i.eoar, oa1] = [1,0]. The sensor-anchor pairs. Let the clock parameters correspgndi
unknown synchronization parameters are collectedvin= {0 theith node be collected in a vecter = [a;, ;] and
(a0, a1, ..., anr—1]T andB = [Bo, B, ..., Bar—1]T. Theun-  To = [170.1,70,2,-- -y T0.m] € RM*L The pairwise dis-
known clock-skews and clock-offsets are respectively mive tances of the sensor to each anchor wille= v7,. We
by can now write [(#) for all theK time-stamps collected in a
w=1lyoa and ¢=-00a. (3)  matrix-vector form shown ir[{5) on top of this page. Mov-

. . a T
Nodes in the network can communicate with each othe'rng the known columns correspondingdg = [1, 0] (clock

. ) L reference) to one side, we can re-wrfi¢ (5) showr{dn (6) on
either via a two-way communication protocoal [4] or an ATPL : - )
protocol [5] as illustrated in Fi] 1. top of this page. The generalization bf (6) for ably > 2 is



straightforward. using LS as follows
In case we adopt the broadcast based ATPL protocol, the

matrix A will have additional rows corresponding to the pas- p=(X"X)"'X"(dy®dy — q) (10)

sive listening links[[5]. The detailed derivation of thedar ) .

data model for the ATPL protocol can be foundlin [5]. providedM > I+ 1 such that the matriX is tall. The
The generalized linear model for either the two-way com-2nchor positions can be designed such that the m&tris

munication or ATPL protocol can be written as left-invertible.

5. THE JOINT ESTIMATOR
AO=t+n (7)

whereA € REMX3M g ¢ R3Mx1 ¢ ¢ REMX1 gndn €  Although clock synchronization and localization probleare
REMX1 with the structures detailed ifl(6) for the two-way tightly coupled, they have a non-linear relation as can ke se
communication protocol or in [5] for the ATPL protocol. in @). In case we want to localize the sensor and also esimat

The aim of this work is to estimate the positisg of  all the unknown clock parameters in one linear step, we have
the target node along with all the unknown clock parametergo linearize the relation between the clock parametersiaad t
The position of the target nodg) can be computed using the position.
range estimates obtained by solvifig (7). This is preserged a In order to do such a joint localization and synchroniza-
a two-step approach in the next section, where in the firpt stetion, we exploit the linear relation between the range-segia
we estimate the unknown clock parameters and the pairwis@easurements and the coordinates of the sensor. Instead of
distances of the sensor to each anchor, and use this estimatgjuaring the estimated pairwise distances in the secopd ste
pairwise distances to compute the position of the targeénodas in Sectioi 412, we linearize the problem by squaring the
in the second step. Alternatively, we can formulate a singléinear model in[(¥), and this is the main contribution of this
estimation problem to jointly compute the position of the ta paper. A unified framework for localization and synchroniza
get node as well as all the unknown clock parameters and thin is essential for applications in WSNs such as jointkrac

is the main contribution of this paper. ing of the position and the clock-parameters, for e.g.,giain
standard Kalman filter.
4. TWO-STEP APPROACH Hadamard squaring the data modellih (7) would result in

a linear model and is given by
In the two-step approach, we first solve for all the unknown
clock parameters and the pairwise distances of the sensor to (A0)© (Af)=(t +n)© (t +n) (11)

eachanchorandthenusetherangeestimatesinaLSestimatord be further simplified t
to compute the location. and can be further simplitied to

4.1. Joint synchronization and ranging: step | (AT o AT)T(0®6) = (t +n) ® (t +n) (12)
For K > 3, matrix A is tall and Ieft-invertiblg. Henge, the The linear model in[{112) does not have a unique solution as
unknown parameters i can be estimated using LS, i.e., the system matrikA” o AT)T is a K M x 9M? matrix which
0— (ATA)'ATY ®) is generally fat and thus not left-invertible. Howeversthan
’ be solved with certain approximations of the clock paransete

Subsequently, the clock-skews clock-offsets¢ can be ob-
tained using the relation ifi(3), and the pairwise distarnées
the sensor to each anchor using the relatlon= v 7.

4.2. Localization from estimated pairwise distances: stefp

asin[7].
An alternative approach to linearizing the problem is by
taking the Kroneckor product of the measurements, i.e.,

Pairwise distances form a major input to any localizatidresce. (A0)® (A0) = (t+n) ® (¢ +n). (13)
Using the pairwise distance estimates obtainefllin (8), ¢he ¢ Using the matrix propertPC @ QE = (P ® Q)(C @ E),

ordinates of the sensor node can be estimated using rangge can further simplify[{ZI3) to the following linear model
squared localization algorithms.

Let us define avectay = [||x1||?, |x2]|?, ..., [|xum|]" € A 0
RM*1Using [1), we can write the pairwise distance of the ’(A ® A)U(O ® 9)‘ =(t+n)® (t+n)

sensor to each anchor in a vector form as (14)
t
~ =
do ®do = q — 2X"xq + [|x0|* 12 ) =t@t+nen+ten+net
=Xp+aq,

) whereA € RE*M*x9M* andw ¢ RE*M*x1 js the new er-
wherep = [x{', [|xo[|?]” andX = [-2X", 1] € RM*(HD_ ror vector. If the matrixA is full column-rank, then it follows
Subsequently, the coordinates of the sensor can be estimatiat the matrixA is also full column-rank.



We now introduce two new variables to resolve the clockunbiased estimatap it follows from the CRLB theorem that
parameters without ambiguity after the squaring operationg(44”) > F~! whereF is the Fisher information matrix.
For theith node, we define the variables If the error vectom is Gaussian distributed with a variance
o2, thenF can be computed & = ¢—2J7J, where] is the

a2 V-S-S
v =a; and 4 = aif, (15 jacobian matrix given by
and collect parameters corresponding to ienode in the 9(A0 —t)
vectore; = [y:,0;]7. The clock-skewu; € R, is always J= 5 — Jo Jg Jy,) € REMX@MAY
positive and the clock-offset; € R can be either positive or ¥ (21)

negative. As a result, recovering clock-offsets fréfwith- with sub-blocks
out ambiguities would be difficult. Hence, we make use of the

cross-termy; = a;3; to recover the clock-offset. For all the Jo=-A(Sa —Sg O 1rgnmo") © (1xnw’)®?,

nodes in the network we have= [¢], e7, EZQT, - et . Jy= —AS50 1w’ 22)
1 i IOM=x9M

Let us define a permutation matiix € R that sorts J., = flTSTOD,

the entries oB, such thafilld = [c”,75%", 27T, Here, the
entries of the vectaz € R*=*! with L. = 9M* —3M, con-  whereS,,, Sg, andS.., are selection matrices to select the
sist of the nuisance parameters excludingndr;> from@  columns ofA corresponding tax, 3, andro, respectively.
and is of less interest. The M x [ derivative matrixD is defined as

We can now re-write (14) as follows

ddy [XO]j - [Xi]j
AT (Sco+1280d(? + 8,0) — E 4w (16) o= [5e] e @
whereSg, Sq, andS; are the selection matrices to select
columns of AII” corresponding t&, dJ?, andz, respec- 7. NUMERICAL EXAMPLE

tively. Substituting[(®) in[(16), we get
A network with one target sensor aBénchors is considered.

A" (See+ v *SaXop + S,2z) =t — AII" v °Saq + w. Both the target node and anchor nodes are deployed randomly
(17)  within a range ofl.00m. The clock-skewss and clock-offsets

We next collect the unknowns in the vectpr= [¢”, p”, 2" 1" ¢ are uniformly distributed in the range — 100ppm, 1 +

€ R¥*! whereL = 2M + 1 + 1 + L, and the columns cor-  100ppm] and[—1s, 1s], respectively. We use an observation

responding to the unknowns in the matrix interval of 100s during which the clock parameters are as-

sumed to be fixed. We use= 300m/s and recordX’ = 10

A _1a1i7q. . 2amil’qe.x AtTiT K2M?xL
A = [AIL'Se, v "AIl" SaX, AIl' S, € R time-stamps. The error vector is assumed to be Gaussian dis-

and the measurements in the vedter © — V‘QAHTSd(c:llse) tributed with a variancer>. The simulations are averaged
REM*x1 over1000 independent Monte Carlo experiments.
The generalized linear model for joint localization and
synchronization is then given by 10° ‘
~ ~ - {1 - 2-step (two-way)
Ayp=t+w (19) e
- €5 - 2-step (ATPL)
The unknown parametersncan be estimated using LS, i.e., ot o B IR N
£ 5 : 8 B
P =(ATA)'ATH. 200 =
=

Hence, the unknown positiaxy, is obtained by solvind (20)
and the unknown clock-skews and clock-offsets can be ok
tained using[{15) and(3) without any ambiguities.
Alternatively, a weighted least-squares (WLS) estimatol
instead of[(ID) taking the estimation error[ih (8) or a WLS es-

o® [s]
timator instead of{20) pre-whitening the noiseis possible.
However, this is not further detailed in this paper. Fig. 22 RMSE of the estimated sensor coordinates.
6. CRAMER-RAO LOWER BOUND In this paper, we analyze the performance of the proposed

estimators in terms of the root mean square error (RMSE) of
We now derive the CRLB for jointly estimating the clock- the estimated sensor position, clock-skews, and clocketdf
skewsw, the clock-offsets, and the coordinates of the sen- for different values of2. We provide the results for a) two-
sor nodex, i.e., ¢ = [wT7¢T,x0T]T based on[{7). For an way communication protocdl[4] b) ATPL protocaol [5].
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Fig. 3: RMSE of the estimated clock-skews.
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Fig. 4. RMSE of the estimated clock-offsets.

parameters and the position which is an important apptinati
in a WSN.

8. CONCLUSIONS

We have considered a fully-asynchronous network with one
sensor and a few anchors. In this paper, we have addressed
a problem in which we estimate all the unknown clock pa-
rameters as well as the position of the target node. Loca-
tion of the node can be estimated with a two-step approach
using the range estimates. To avoid this two-step approach,
we have proposed a generic linear data model for joint lo-
calization and clock synchronization. An estimator based o
LS to jointly estimate the position of the target sensor node
along with all the unknown clock-skews and clock-offsets ha
been presented. The proposed estimator for clock-skews and
clock-offsets is asymptotically efficient and meets the BRL
however, the position estimates do not asymptoticallyehi

the CRLB.
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