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Abstract—This paper takes the problem of packet scheduling and
self-localization in sensor network with distributed nodes. In terms of
packet scheduling, goal is to minimize the localization time. Two
problem schemes namely a collision-free scheme (CFS), and a
collision-tolerant scheme (CTS). The required localization time is
formulated for CFS and CTS and through analytical results and
numerical examples their performances are shown to be dependent
on the circum- stances. The short packet duration enables the large
operating area, and the average probability of packet-loss is not close
to zero, the collision-tolerant scheme is found to require a shorter
localization time. At the same time, its implementation complexity is
lower, because in CTS, independent working of anchors. CTS shows
throughput in form of signals and consume more energy to reduce
collisions, but it is shown to provide better localization accuracy.

Index Terms—CFS, CTS networks, localization, packet
scheduling, collision.

I. INTRODUCTION

FTER the emergence of autonomous underwater vehi-
es (AUVs) in the 70s, developments in computer sys-
tems and networking have been paving a way toward fully
autonomous underwater acoustic sensor networks (UASNs)
[17, [2]. Modern underwater networks are expected to han- dle
many tasks automatically. To enable applications such as
tsunami monitoring, oil field inspection, bathymetry mapping,
or shoreline surveillance, the sensor nodes measure various
environmental parameters, encode them into data packets, and
exchange the packets with other sensor nodes or send them to a
fusion center. In many underwater applications, the sensed data
has to be labeled with the time and the location of their origin to
provide meaningful information. Therefore, sensor nodes that
explore the environment and gather data have to know their
position, and this makes localization an important task for then
network.

Due to the challenges of underwater acoustic communica-
tions such as low data rates and long propagation delays with
variable sound speed [3], a variety of localization algorithms
have been introduced and analyzed in the literature [4], [5].
In contrast to underwater systems, sensor nodes in terrestrial
wireless sensor networks (WSNs) can be equipped with a
GPS module to determine location. GPS signals (radio-
frequency signals), however, cannot propagate more than a
few meters, and underwater acoustic signals are used instead.
In addition, radio signals experience negligible propagation
delays as com- pared to the sound (acoustic) waves.

An underwater sensor node can determine its location by
measuring the time of flight (ToF) to several anchors with
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known positions, and performing multilateration. Other ap-
proaches may be employed for self-localization, such as finger-
printing [6] or angle of arrival estimation [7]. All these
approaches require packet transmission from anchors.

Many factors determine the accuracy of self-localization.
Other than noise, the number of anchors, their constellation and
relative position of the sensor node [8], propagation losses and
fading also affect the localization accuracy. Some of these pa-
rameters can be adjusted to improve the localization accuracy,
but others cannot.

Although a great deal of research exists on underwater local-
ization algorithms [1], little work has been done to determine
how the anchors should transmit their packets to the sensor
nodes. In long base-line (LBL) systems where transponders
are fixed on the sea floor, an underwater node interrogates the
transponders for round-trip delay estimation [9]. In the
underwater positioning scheme of [10], a master anchor sends
a beacon signal periodically, and other anchors transmit their
packets in a given order after the reception of the beacon
from the previous anchor. The localization algorithm in [11]
addresses the problem of joint node discovery and collaborative
localization without the aid of GPS. The algorithm starts with
a few anchors as primary seed nodes, and as it progresses,
suitable sensor nodes are converted to seed nodes to help in
discovering more sensor nodes. The algorithm works by broad-
casting command packets which the nodes use for time-of-flight
measurements. The authors evaluate the performance of the
algorithm in terms of the average network set-up time and
coverage. However, physical factors such as packet loss due to
fading or shadowing and collisions are not included, and it is not
established whether this algorithm is optimal for localization.
In reactive localization [12], an underwater node initiates the
process by transmitting a “hello” message to the anchors in
its vicinity, and those anchors that receive the message trans-
mit their packets. An existing medium access control (MAC)
protocol may be used for packet exchanging [13]; however,
there is no guarantee that it will perform satisfactorily for
the localization task. The performance of localization under
different MAC protocols is evaluated in [14], where it is shown
that a simple carrier sense multiple access (CSMA) protocol
performs better than the recently introduced underwater MAC
protocols such as T-Lohi[15].

In our previous work, we considered optimal collision-free
packet scheduling in a UASN for the localization task in single-
channel (L-MAC) [16] and multi-channel [17] scenarios (DMC-
MAC). In these algorithms, the position information of the
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anchors is used to minimize the localization time. In spite of
the remarkable performance of L-MAC and DMC-MAC over
other algorithms (or MAC protocols), they are highly demand-
ing. The main drawback of L-MAC or DMC-MAC is that they
require a fusion center which gathers the positions of all the
anchors, and decides on the time of packet transmission from
each anchor. In addition, these two collision-free algorithms
need the anchors to be synchronized and equipped with radio
modems to exchange information fast.

In this paper, we also consider packet scheduling algorithms
that do not need a fusion center. Although the synchronization
of the anchors which are equipped with GPS is not difficult, the
proposed algorithms can work with asynchronized anchors if
there is a request from a sensor node.

We assume a single-hop UASN where anchors are equipped
with half-duplex acoustic modems, and can broadcast their
packets based on two classes of scheduling: a collision-free
scheme (CFS), where the transmitted packets never collide
with each other at the receiver, and a collision-tolerant scheme
(CTS), where the collision probability is controlled by the
packet transmission rate in such a way that each sensor
node can receive sufficiently many error-free packets for self-
localization. Our contributions are listed below.

* Assuming packet loss and collisions, the localization
time is formulated for each scheme, and its minimum is
obtained analytically for a predetermined probability of
successful localization for each sensor node. A shorter
localization time allows for a more dynamic network, and
leads to a better network efficiency in terms of throughput.

e It is shown how the minimum number of anchors can
be determined to reach the desired probability of self-
localization.

* An iterative Gauss-Newton self-localization algorithm is
introduced for a sensor node which experiences packet
loss or collision. Furthermore, the way in which this
algorithm can be used for each packet scheduling scheme
is outlined.

* The Cramér Rao lower bound (CRB) on localization is
de- rived for each scheme. Other than the distance-
dependent signal to noise ratio, the effects of packet loss
due to fading or shadowing, collisions, and the
probability of successful self-localization are included in
this derivation.

The structure of the paper is as follows. Section II de-
scribes the system model, and outlines the self-localization
process. The problem of minimizing the localization time in
the collision-free and collision-tolerant packet transmission
schemes is formulated and analyzed in Section III-A and
Section III-B, respectively. The self-localization algorithm is
introduced in Section IV. The average energy consumption
is analyzed in Section V, and Section VI compares the two
classes of localization packet scheduling through several
numerical examples. Finally, we conclude the paper in
Section VII, and outline the topics of future works.
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II. SYSTEM MODEL

We consider a UASN consisting of M sensor nodes and N
anchors. The anchor index starts from 1, whereas the sensor
node index starts from N + 1. Each anchor in the network
encapsulates its ID, its location, time of packet transmission,

and a predetermined training sequence for the time of flight
estimation. The so-obtained localization packet is broadcast to
the network based on a given protocol, e.g., periodically, or
upon the reception of a request from a sensor node. The system
structure is specified as follows.

* Anchors and sensor nodes are equipped with half-duplex
acoustic modems, i.e., they cannot transmit and receive
simultaneously.

* Anchors are placed randomly on the surface, and have
the ability to move within the operating area. The anchors
are equipped with GPS and can determine their positions
which will be broadcast to the sensor nodes. It is assumed
that the probability density function (pdf) of the distance
between the anchors is known, 7p(z). It is further
assumed that the sensor nodes are located randomly in an
operating
area according to some probability density function. The
sensor nodes can move in the area, but within the localiza-
tion process, their position is assumed to be constant. The
pdf of the distance between a sensor node and an anchor
is gp(z). These pdfs can be estimated from the empirical
data gathered during past network operations.

* We consider a single-hop network where all the nodes are
within the communication range of each other.

* The received signal strength (which is influenced by path-
loss, fading and shadowing) is a function of transmission
distance. Consequently, the probability of a packet loss is
a function of distance between any pair of nodes in the
network.

The considered localization algorithms are assumed to be
based on ranging, whereby a sensor node determines its dis-
tance to several anchors via ToF or round-trip-time (RTT). Each
sensor node can determine its location if it receives at least
K different localization packets from K different anchors. The
value of K depends on the geometry (2-D or 3-D), and other
factors such as whether depth of the sensor node is available, or
whether sound speed estimation is required. The value of K is
usually 3 for a 2-D operating environment with known sound
speed and 4 for a 3-D one. In a situation where the underwater
nodes are equipped with pressure sensors, three different
successful packets would be enough for a 3-D local- ization
algorithm [18].

The localization procedure starts either periodically for a
predetermined duration (in a synchronized network), or upon
receiving a request from a sensor node (in any kind of network,
synchronous or asynchronous) as explained below.

Periodic localization: 1f all the nodes in the network in-
cluding anchors and sensor nodes are synchronized with each
other, a periodic localization approach may be employed. In
this approach, after the arrival of a packet from the jth anchor,
the mth sensor node estimates its distance to that anchor as
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Fig. 1. Packet transmission from anchors in the collision-free scheme. Here,
each anchor transmits its packets according to its index value (ID number). All

dmj= clI* —r') where c¢ 1s the sound speed, I* 1§ the
mj
time at which the anchor transmits its packet, and ;; is the

estimated time at which the sensor node receives thls packet.
The departure time tTL s obtained by decoding the received
PACKCL (UIC dallU11IUL LIDTILW ulld H1I1IULLIIAuUVULL HIW ulc 1ulallZauull
packet), and the arrival time /R »,can be calculated by correlating
the received signal with the known training sequence (or similar
procedures). The estimated time of arrival is related to the
actual arrival time through 7,5 = i, + n,, ;, where n, ; is
zero-mean Gaussian noise with power —}3, '+ Which varies with
distance and can be modeled as [19]

=](Ed

m, | m. it (1)
with dp, j the distance between the jth anchor and the sensor
node, m the path-loss exponent (spreading factor), and &z a
constant that depends on system parameters (such as signal
bandwidth, sampling frequency, channel characteristics, and
noise level). In periodic localization, sensor nodes are not
required to be synchronized with the anchors. If they are
not synchronized, they can calculate the time-differences of
arrival (TDoAs) from the measured ToFs; however, we will not
consider this situation in our calculation.

On-demand localization: In this procedure (which can be
applied to a synchronous or an asynchronous network) a sensor
node initiates the localization process. It transmits a high-
power frequency tone immediately before the request packet.
The tone wakes up the anchors from their idle mode, and puts
them into the listening mode. The request packet may also be
used for a more accurate estimation of the arrival time. We
assume that all the anchors have been correctly notified by this
frequency tone. After the anchors have received the wake up
tone, they reply with localization packets. The time when the
request has been received by an anchor, tR, ,» and the time tT at
which a localization packet is transmitted"are included in  ‘the
localization packet. This information will be used by the sensor
node to estimate its round-trip-time (which is proportional to
twice the distance) to the anchor. The round-trip-time can be
modeled as

ERLC Rt n 1 n

= (tm,/ _tm) _(ti,m _ti ) + ),m + 1m,jy (2)

m,
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links between anchors are assumed to function properly in this figure (there are

no missing links).

where & is the transmission time of the request signal from the
sensor node. Therefore, the estimated distance to anchor jis

“m,] ALK

A myj-* (3)
After the sensor node estimates its location, it broadcasts its
position to other sensor nodes. This enables the sensor nodes
which have overheard the localization process to estimate their
positions without initializing another localization task [20].
The time it takes for an underwater node to gather at
least K different packets from K different anchors is called the
localization time. In the next section, we formally define the
localization time, and show how it can be minimized for
the collision-free and collision-tolerant packet transmission
schemes.

III. PACKET SCHEDULING

A. Collision-Free Packet Scheduling

Collision-free localization packet transmission is analyzed
in [16], where it is shown that in a fully-connected (single-
hop) network, based on a given sequence of the anchors’
indices, each anchor has to transmit immediately after receiving
the previous anchor’s packet. Furthermore, it is shown that
there exists an optimal ordering sequence which minimizes the
localization time. However, to obtain that sequence, a fusion
center is required to know the positions of all the anchors. In
a situation where this information is not available, we may as-
sume that anchors simply transmit in order of their ID numbers
as illustrated in Fig. 1.

In the event of a packet loss, a subsequent anchor will not
know when to transmit. If an anchor does not receive a packet
from a previous anchor, it waits for a predefined time (counting

from the starting time of the localization process), and then
transmits its packet, similarly as introduced in [21]. With a
slight modification of the result from [21], the waiting time for

th h h t kep fi;

R R AN S W X1 SN S S
index of the anchor whose packet is the last ohe which has been
received by the jth anchor, # is the time at which this packet
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Here, each anchor transmits its packets at random according to a  Poisson
distribution.

TABLE 1
POSSIBLE TIMES THAT ANCHOR j TRANSMITS ITS PACKET
T | wit ook ity
L bt e o
a TR, S s ER o - RS
R I Y I D e e el e
i—1 . :—'-I-T. ]'['_:-_,L ~

was transmitted from the kth anchor (counting from the starting

time of the localization process), cis the sound speed, Dic‘is
the maximum propagation delay between two anchors, and 7,
is th length., ket length is rel th

Baing Ak nethnbhs Rackeleneth 18 related g e syste
symbol b, number of bits in each patket b,, and guard time 7,
as formulated in

by

T,= Ty+, T. (4)
by

Under this condition, the transmission time of the jth anchor
tjcan be selected from one of the values listed in Table I where
D. = Ds, in on-demand localization which is the distance cor-
responding to the maximally separated sensor-anchor pair, and
D; = 0 1in periodic localization, i = 0 for periodic localization,

and 4 = % for on-demand localization, with d the ~distance
between the first anchor and the sensor who sent the request
packet, and p;(d] ) is the probability of packet loss between

two anchors located dj ; meters away from each  other. The
packet loss can be defined as
pild)="" i u(x)dx (5)
0N

B

where NpB s the noise power, © ¢ is the minimum SNR at
which a received packet can be detected at the receiver, and
given the

distance between two nodes, d, fy,/4(x) is the conditional pdf
of the received signal power which will be derived in the next
subsection. The first row of Table I indicates that no packet

loss (with probability 1 = p;(dj j-1)) occurs between the jth
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and ( 7 — 1)th anchor, and the jth anchor transmits after it
receives the packet from the ( 7 —1)th anchor. The second row
denotes that there is a packet loss between the jth and (7 —1)th

anchor (with probability p; (d;, ;~1)), but there is no packet-
loss between the jth and ( j = ﬁ)th anchor (with probability
1 = pi(d;, j=)). Thérefore, acchding to the protocol, the jth
anchor waits until #;,5+ 2( . + 7;) before it transmits its
packet. The last row of Table I specifies that the jth anchor has
lost all the packets from all anchors, and as a result transmits at
a worst possible time to avoid any collision.

Since d;jfor j=1,..., N-1, and d; are independent of each
other, the average time at which the jth anchor transmits its
packet can be obtained as

= ~ d dp
ti=(1-p)©° tkp}"“+7,3(l -+
k=1 c ¢
Dia -j
+ (1 -p1) +7 & kil
¢ | k=2 '
Dy J-1 Ly -1
+(-) o+ ot ©)

where py, d, and d:v/ are the expected values of p;(d; ), d;;,
and d; jp;(d; ), respectively.
The average localization time of a collision-free scheme can
be obtained as
_ D
+ A~ 7
where ﬁsﬂ added to ensure that the last transmitted packet
from the Mh anchor reaches the furthest point in the operating
area.
In the best case there is no packet loss between the anchors
and the average localization time reaches its minimum value at
low _d _dc Dsa
Fr =(N-1) + +NT7, ,
+

®)

where dsis the average distance between a sensor node and an
anchor. In the worst case, all the packets between the anchors
are lost, and the requesting sensor node is the farthest from the
initiating anchor. This case yields the longest localization time
given by

Daa DSH DSH

. ©)

which is equivalent to a packet transmission based on time
division multiple access (TDMA) with time-slot duration 7, +
BD(assuming D= Dy = Dh).

Another figure of merit is the probability with which a node
can localize itself. If this probability is required to be above

“1’upp

W =N+ (N-1)  + +

a design value P, the necessary number of anchors which
also minimizes 7°*'® (7'*'® is an increasing function of N) is

determined as the smallest N for which
.- N—k

= KPR ()
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2Py (10)

where p..is the probability that a transmitted packet reaches a
sensor node correctly, and it can be calculated as

Por = £y, (x)dx, (11)

® 0N
B

where fx, (x) is the pdf of the received signal power.

B. Collision-Tolerant Packet Scheduling

To avoid the need for coordination among anchor nodes,
in a collision-tolerant packet scheduling, anchors work inde-
pendently of each other. During a localization period or upon
receiving a request from a sensor node, they transmit randomly,
e.g., according to a Poisson distribution with an average trans-
mission rate of -+ packets per second. Packets transmitted

from different anchors may now collide at a sensor node, and
the question arises as to what is the probability of successful
recep- tion. This problem is a mirror image of the one
investigated in [22] where sensor nodes transmit their packets
to a common fusion center. Unlike [22] however, where the
sensors know their location, and power control fully
compensates for the known path-loss, path-loss is not known in
the present scenario, and there is no power control. The
average received signal strength is thus different for different
links (this signal strength, along with a given fading model,
determines the probability of packet loss). In this regard, the
signal received at the mth sensor node from the jth anchor is

(12)

where v () is the signal transmitted from the jth anchor, ¢, ;
1s the channel gam, Wi\ 7) 1S the additive white (Gaussian noise

Vm,j( t)= cm,jVj(t)"' jln(t)+ "Vm(t):

with power NyB, and 7,(?) is the interference caused by other
anchors whose packets overlap with the desired packet,

J'm(t)= s cm,ka(t_ ak),
kf=j

(13)

with =4 being the difference in the arrival times of the in-

terfering signals w.r.t. the desired signal which is modeled
as an exponentially distributed random variable. The signal-to
interference-plus-noise-ratio (SINR) at the receiver dependson
the interference level, and is givenby

_ X0

M #0 LAY (14)

where Xo = /cm, j/*P is the power of the signal of  interest
with P the anchor’s transmit power, and where £ is the total
interference power which can be expressed as

n= Y /cm{71'30

(15)

=1

with g the number of interferers, and 4;the index of the rth
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apr, models the path-loss attenuation which can be formulated as
(23]

4y

aL(dy ;)= " a( £)%
Ao

(17)
where ~ ois a constant, dy is the reference distance, m is
the path-loss exponent, and a( ) is the frequency-dependent
absorption coefficient. For localization, where the bandwidth
is not large, ~ ( f) can be approximated by a constant

The pdf of the received signal power, f¥, (x) can be obtained

I, S S L

varial
-10 log apr. separately. Then we convolve them which results
in fx,qs(xqp). With a simple change of variables x = 100-1xa
we can find fx; (x), and the pdf of the interference can be
obtained as

fi(x)= SIS(O(X) * Iy (x) *

35

gtimes

. * Iy (). (18)

The probability that a packet is received correctly by a sensor
node is then [22]

N-1

Ps= < P(C])Ps/qr
g=0

(19)

where P(q)= N (2N i the probability that g packets
interfere with the gies1red packet, and p/,is the probability that

the desired packet “survives” under this condition,

-aiaANARf}(n(X)dX qg=0

Ps/q (20)

=0 s (5 W) G, (w=NoB)wdwd® g 21

where w= b+ MB.

In addition, it should be noted that multiple receptions of
a packet from an anchor does not affect the probability of self-
localization (localization coverage), but in case where a sensor
node is able to localize itself, multiple receptions of a packet
from an anchor affects the accuracy of the localization (see
Section IV).

If we assume that the packets transmitted from the same
anchor fade independently, the probability of receiving a useful
packet from an anchor during the transmission time 71 can now
be approximated by [22]

[Py

Per=1-¢

and the probability that a sensor node accomplishes self-
localization using N anchors can be obtained as

noc N o= arm N-k
cr T ° k f‘T(l _pCT) ’ (22)
k=K
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interferer. We can express the signal power as

lemil* = a '(dy )™ [hm i [,
PL

where g, /N (0, gz) models the large scale log-normal

shad-
owing, hn,; B CN (5, %) models the small scale fading,
and
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which is equivalent to the probability that a node receives at

least K different localization packets. )
It can be shown that PC“T° 1s an increasing function of Tl (see

Appendix A), and as a result for any value of ps-+ f= 0,
there
is a 7 that leads to a probability of self-localization equal to

or greater than Py. The minimum value for the required 77 can
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Probability of localization vs. i, Pss = 0.9, N=5

Rate of anchors’ packet transmission, A

Fig. 3. Probability of successful localization for different values of -+ and
T

CT*

be obtained at a point where ps=+ is maximum (=Fp). It can

be

proven that the lower bound Of =+gp 1S =" =
upper

“—, and 1ts
opt 2NTp
bound i is N+1 (see Appendix B). These points will be illustrated

via numerlcal examples in Section VI (cf. Fig. 3).

Given the number of anchors A, and a desired probabil-
ity of successful self-localization P, one can determine pg;
from (22), while -+ and the minimum localization time can
be determined jointly from (19) and (21). Similarly as in the
collision-free scheme, we then add the time of request % and
tﬂf maximum propagation delay between a sensor-anchor pair
. to the (minimum) 7; that is obtained from (19) and (21).

The so- obtamed value represents the (minimum) localization
l.llllC \ 1 - 1UL UIC CULLIdIVLI-WVICLALLIL DULICLLIIT,

CT CT

IV. SELF-LOCALIZATION PROCESS

We have seen that a sensor node requires at least K distinct
packets (or time-of-flight measurements) to determine its loca-

RO Ui v wauar aa FEOFR LS OFCVIVEN

as well as some replicas, i.e., g ;packets from anchor j, where
7= 1,..., V. In this case, a sensor uses all ot this intormation

for self-localization. Note that in the collision-free scheme, g;is
either zero or one; however, in the collision-tolerant scheme ¢q ;
can be more than 1. Packets received from the jth anchor can be

used to estimate the sensor node’s distance to that anchor, and

the redundant packets add diversity (or reduce measurement
noise) for this estimate. In the next two subsections, we show
how all of the correctly received packets can be used in a lo-
calization algorithm, and how the CRB of the location estimate
can be obtained for the proposed scheduling schemes.

A. Localization Algorithm

After the anchors transmit their localization packets, each
Page | 1352
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anchor is related to the sensor’s position x (sensor index is
omitted for simplicity) as

1= f(x)+ n, (23)
where n/is the measurement noise (see (1)) and £(x) is
1
Ax)='%-x;% (24)

Waete Xl e/ Bl SRR RE Riadng Al dhe measmre
is given by
N

Q=%

J=1

(25)

where g ;is the number of measurements which are obtained
correctly from the jth anchor. In CFS, g ;is a Bernoulli random
variable with success probability P, = Pg;= 1)= 1 - pi(d)
where d ; is the distance between the sensor node and the
Jth anchor. In CTS g ; is a Poisson random variable with
distribution

N .
f);l= P(q/= I])_ (pS T p_-‘J—TT S/d, (26)
)
n 7
J
where ps / is the conditional probability that a sensor node
correctly receives a packet trom the jth anchor, knowing 1ts

distance from all anchors (elements of d). This pdf can be
found from the conditional pdf of the received signal and the
interference power (see (19) and (20)).

Since the measurement errors are independent of each other,
the maximum likelihood solution for x is given by

X =argmin 1-I\X) ’
x 2

(27)

which can be calculated using a method such as the Gauss-
Newton algorithm specified in Algorithm 1. In this algorithm,

7 controls the convergence speed, ~H(x?) =

.

1 =

3 3

1 e (» Tepresents the gradient of the vector

w.r.t. the Varlable X at x2, x is the estimate in the 7th iteration,
and = |__ Y, ”J’Where /=1,...,J.Here, /and **

are

X Tx Ty Tz
the user-defined limits on the stopping criterion. The initial
guess is also an important factor and can be determined through
triangulation, similarly as explained in [24].

sensor node has (J measurements. Each measurement is con-

taminated by noise whose power is related to the distance
between the sensor and the anchor from which the measurement

www.ijsart.com
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Algorithm 1 Gauss-Newton Algorithm x(+1) =x() -
e e
Start with an initial location guess. E= "1 —x()r
Seti= land E= . =i+ 1
while 7 < 7and E > % do end while
Next state: %= x(?

has been obtained. I'he fth measurement obtained trom the jth
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B. Cramér-Rao Bound

The Cramér-Rao bound is a lower bound on the variance
of any unbiased estimator of a deterministic parameter. In this
subsection, we derive the CRB for the location estimate of a
sensor node.

To find the CRB, the Fisher information matrix (FIM) has
to be calculated. The Fisher information is a measure of infor-
mation that an observable random variable tcarries about an
unknown parameter x upon which the pdf of tdepends. The
elements of the FIM are defined as

"= 21og At x) /x

I(x);,;=E (28)

=

X;
Y
where x is the location of the sensor node, A t;x) is the pdf
of the measurements parametrized by the value of x, and the
expected value is over the cases where the sensor is localizable.
In a situation where the measurements (ToFs or RTTs be-
tween a sensor node and the anchors) are contaminated with
Gaussian noise (whose power is related to the mutual distance
between a sensor-anchor pair), the elements of the FIM can be
formulated as

1 @ QA
Q
N - -
1(x); /= 7 ° ..
S
gN=0  @=0q1=0
s.t.7q1,...,qN} enable self-localization
=f =f 1 Ry TRy q
T
w1 tv w1 w1 NV s N\«
x + .
Iz 3T =1
w Xj w X; w J J
¢ 2 Xj

where P°° is the localization probability (see (10) and  (22)),
Qi=1 for CFS, and . for CTS, Ry is the O x Qnoise
covariance matrix

” Ry * [Rul ZLRwloQ
= , (30)

= . RW 1 =

X; s L 1o X/
- aiag f f
and . ¢
= f ) = = = T
ﬂ 1‘5— f—T
= XI’ < 7~ ’ 7 < ’

with ffa ToF or RTT measurement.
Once the FIM has been computed, the lower bound on the
variance of the estimation error can be expressed as CRB =
=1 CRBx.where CRB\.is the variance of the estimation error

in the #th variable, defined as ¢
CRBy,= 7(x) . (32)
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TABLE II
VALUES OF = ¢ AND =1 ¢ BASED ON
DISTANCE d

V. ENERGY CONSUMPTION

In this section, we investigate the average energy consumed
by all the anchors during the localization. In CFS, the receiver
of anchor ;is on for #; seconds, and its transmitter is on only
for 7,seconds. With power consumption A in listening mode
and Pr in transmitting mode, the average energy consumption

in CFS is
N

° _
re= NTpPr+ oy L (33)

where the energy consumed for processing is ignored. As is
clear from (6), an anchor with a higher index value has to listen
to the channel longer, and consequently consumes more energy
in comparison with the one that has a lower index. To overcome
this problem, anchors can swap indices between localization

procedures.

In CTS, the anchors do not need to listen to the channel and
they only transmit at an average rate of =+ packets per second.
The average energy consumption is thus

Aavg =“J—TTNTDPT. (34)

CT

For (i<ﬂ"(jﬁ), the average energy consumption of CTS
#r Nt
=17
is always greater than that of CFS. However, as -+ gets
smaller

(or equivalently 7., gets larger), the energy consumption of
CTS reduces.

VI. NUMERICAL RESULTS

To illustrate the results, a 2-D rectangular-shape operating
area with length Dyand width Dy is considered with uniformly

distributed anchors and sensors. There is no difference in how

the anchors and sensor nodes are distributed, and therefore we
have (d)= gp(d) which can be obtained as [26]

2d

L/PNU] = A

Note that the CRB is meaningful if a node is localizable (rlf
in (29)), meaning that a sensor node has at least K different

U)Dlll A"e Dllll TSl T LUxISWN T T e Y )
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D

X"y

+ 2Dyd(cos 1 .—cos ) 2Dyd(sin .—sin— )]

measurements. Hence, only %kiv ]Z possible states have to
be considered to calculate (29) for collision-free scheduling,
while the number of states is countless for collision-tolerant
scheduling. Nonetheless, it can be shown that the number
of possible states in CTS can be dropped to that of CFS
(see Appendix C).
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(35) where —1sand = .are related to das given in Table II.

The parameter values for the numerical results are listed in
Table III, and used for all examples.

The number of bits in each packet is set to b, = 200 which
is sufficient for the position information of each anchor, time
of transmission, (arrival time of the request packet), and the
training sequence. Assuming QPSK modulation (bs; = 2), guard
time 7;= 50 ms, and a bandwidth of B = 2 kHz the localization
packet length is 7, = 100 ms (see (4)). In addition, &z is set



TABLE III
SIMULATION PARAMETERS. NOTE THAT, IN THIS TABLE SOME
PARAMETERS SUCH AS N, Daa, Tg, etc. ARE RELATED TO OTHER
PARAMETERS, €.g., N DEPENDS ON THE VALUES OF THE pj, AND B

| Lescripran [ Farz it

Mmber ~~1 anchor nodes K A

Valve |

Masimrm 2

MNesimom sncoor-senses distanse i
Crzard rme |'~~ L-.';.JJ Aran paceet 4
Mcmber of B mple .
enber of l.-A rer peckel -
V) kHz=
e
A2 e e
12 e a2
i
i
ch
Bk

]

to 107'° which is approximately equivalent to 1.9 m range
accuracy at 1 km away from an anchor. Moreover, to keep
the transmitted packets from an anchor in CTS independent
of each other, we set — o = 0 (no shadowing effect) for the
simulations. Fig. 3 shows the probability of successful self-
localization in the collision-tolerant scheme as a function of
-+ and the indicated value for 7. It can be observed that
there

is an optimal value of -+ (denoted by -+,) which

corresponds
y— lbn?m, WILICIL SAUSLIECS riolc 2P
The highlighted area in Fig. 3 shows the predicted region of

=Fpt (obtained in Appendix B). As it can be seen,

edose

L0 UIC IILIIIdL vdluc Ol1
"J-opt 1S

values for -+ € [+Hy, upp] can attain the desired
probability of

VRV VRV

self-localization. In this case, the lowest value for -+ should

be selected to minimize the energy consumption.

Fig. 4 shows the probability of correct packet reception
versus the number of interferers (the desired Pgsis set to 0.90
in this example) for different values of the path-loss exponent
m. When there is no interference, the probability of packet
reception is high. Yet, when there is an interferer, the chance

of correct reception of a packet becomes small (0.126 for my =
1.4)., dllU d> UIC 11ULIIUCI U1 LICLICICIS ZIUOWDS, IL 2CLS SIALICL.

The probability that two or more packets overlap is also

depicted in part (b) of this figure for the three values of -+
sh(ci)wn clin Fig. 3. It can be seen that as the value ot -+ 1s
reduce

from =Fop (Which is equivalent to a larger 7), the
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Psiq for different values of path—loss exponent
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(b) Number of interfereing packets, q

Fig. 4. (a) Probability of successful packet reception versus different number
of interferers. (b) Probability that g interferers collide with the desired packet.
For this figure, - iow, ~Fopt and ~Fupp are chosen from Fig. 3.

it relies on the packets that have survived collisions, which is
not energy-efficient in practical situations neither for anchors
(required energy for multiple packet transmissions) nor for
sensor nodes (processing energy needed for packet detection).
Part (a) of Fig. 5 shows the time required for localization

versus the transmit power. As B increases, p; gets smaller,
and consequently fewer anchors are required for collision-free
localization. In Fig. 5, for a given A, the number of anchors
N is calculated using (10), which is then used to calculate
the minimum required time for the collision-free and collision-

tolerant localization. Each fall in 7: " in CFS indicates that the
number of anchors has been decreased by one. We also note that

for a given number of anchors, the upper and lower bounds of
T are constant over a range of A values; however, the actual
performance of both schemes becomes better as Agrows. The
collision-tolerant approach performs better for a wide range
of A values, and as the number of anchors decreases, its
performance slightly degrades. In part (b) of Fig. 5, we calculate
the ratio %below which the average energy of CTS is greater

an Mat of LS. 1N Fall0 OT £ fr #vi 1S & LGl 1uticuon
of - Pr , and as /) mcreases for larger Values of ;r

the average

energy consumption of CTS becomes greater than that of CFS.
In practice, for a range of 6 km the “L-is less than 7[25] and

this means
that CTS

www.ijsart.com
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consumes more energy. Y
of collision becomes smaller. The chance of correct packet Many factors such as noise power or packet length are

reception thus increases, and the energy consumption reduces directly dependent on the operating frequency and the system
as explained in Section V. In addition, it can be observed that bandwidth. Assuming single-hop communication among the

although using -+, results in the same performance as sensor nodes, an optimum frequency band exists for a given

“J'IOWa
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(a) Required localization time vs. transmit power

0.35 =z
=9

: 5 : : 5 = Tcr

o
w

avg ||
. —Ter ||

10.25

o
N

Jo.1s

g
&

®0.05

Required localizatin time to meet le:>Pss

Average probability of a packet-loss

5 1 i (i i L i i Jo

P /Py [dB]

e =Tav9
TCT = TCF

—-min
== TerTer

174

164 166 168 170 172
Transmit power, P, in dB re 1uPa

162

Fig. 5. (a) Effect of transmit power on the minimum time required for
localizatio'n,' and the averaﬁLe' probability of a packet-loss p; (dashed-line).
(b) The minimum value of Soin dB below which the average energy consump-
tion of CTS is greater than that of CFS.
operating area. As the size of the operating area increases,
a lower operating frequency (with less bandwidth) is used to
compensate for the increased attenuation. Furthermore, as the
distance increases, the amount of available bandwidth for the
optimum operating frequency also gets smaller [23]. As it was
mentioned before, the localization packet is usually short in
terms of the number of bits, but its duration (in seconds) still
depends on the system bandwidth. Below, we investigate the
effect of packet length (or equivalently system bandwidth) on
the localization time.
As it is shown in Fig. 6, the length of the localization packet
plays a significant role in the collision-tolerant algorithm. The
minimum localization time grows almost linearly with 7,in
all cases; however, the rate of growth is much higher for the
collision-tolerant system than for the collision-free one. At the
same time, as shown in Fig. 7, the size of the operating area
has a major influence on the performance of the CFS, while
that of the CTS does not change very much. It can be deduced
that in a network where the ratio of packet length to the maxi-
mum propagation delay is low, the collision-tolerant algorithm
outperforms the collision-free one in terms of localization time.
The localization accuracy is related to the noise level at which
a ToF measurement is taken, and to the anchors’ con-
stellation. If a sensor node in a 2-D operating system receives
packets from the anchors which are (approximately) located
on a line, the sensor node is unable to localize itself (or it
experiences a large error). To evaluate the localization accuracy

of each algorithm, we considered M = 100 sensor nodes, and
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Required localization time vs. packet length
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Fig. 6. Effect of packet length on the minimum time required for localization.
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Size of the operating area (normalized by c), Dxlc=Dylc

Fig. 7. Effect of the operating area size on the time required localization.

run a Monte Carlo simulation (10° runs) to extract the results.
The number of iterations in Algorithm 1 is set to /= 50, and the

convergence rate is 7 =.'. The T'was set equal to the average

localization time of CF%. In thisF special case where 7™ is

lower than T f:g, the successful localization probability b(P"“)
eater than t

8% tqg ocafization error t_o)g ’%: i llil;ltlr% eif?r?l%'llgyéi %t{%)& -
schemes. In this figure, the root mean square error (RMSE),
and root CRB (R-CRB) are also shown with the dashed and
dash-dotted lines, respectively. It can be observed that in CTS
the pdf is concentrated at lower values of the localization error
compared to CFS, because each sensor in CTS has a chance of
receiving multiple copies of the same packet, and thus reducing
the range estimation error.

VII. CONCLUSION

We have considered two classes of packet scheduling for
self-localization in an underwater acoustic sensor network,

www.ijsart.com
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Fig. 8. Probability distribution of the localization error, and its corresponding
CRB for CTS and CFS.

one based on a collision-free design and another based on a
collision-tolerant design. In collision-free packet scheduling,
the time of the packet transmission from each anchor is set

in such a way that none of the sensor nodes experiences a
collision. In contrast, collision-tolerant algorithms are designed
so as to control the probability of collision to ensure success-
ful localization with a pre-specified reliability. We have also
proposed a simple Gauss-Newton based localization algorithm
for these schemes, and derived their Cramér-Rao lower bounds.
The performance of the two classes of algorithms in terms  of

the time required for localization was shown to be dependent
on the circumstances. When the ratio of the packet length to
the maximum propagation delay is low, as it is the case with

localization, and the average probability of packet-loss is not
close to zero, the collision-tolerant protocol requires less time
for localization in comparison with the collision-free one for
the same probability of successful localization.Except for the
average energy consumed by the anchors, the collision-tolerant
scheme has multiple advantages. The major one is its simplicity
of implementation due to the fact that anchors work indepen-
dently of each other, and as a result the scheme is spatially
scalable, with no need for a fusion center. Furthermore, its
localization accuracy is always better than that of the collision-
free scheme due to multiple receptions of desired packets from
anchors. These features make the collision-tolerant localization
scheme appealing from a practical implementation view point.

In the future, we will extend our work to a multi-hop network
where the communication range of the acoustic modems is

much shorter than the size of the operating area.

APPENDIX A
P°¢IS AN INCREASING FUNCTION OF T

CT CT

In this appendix, we show that the probability of successful
localization is an increasing function of the localization time.
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is an increasing function of 7. if P is an increasing function
Cl
1 ] oC :
of p. . The derivative of IzT W.It. peris

= ploc N o= are _ o
_a— % (k=Nper )P (1—p )V (36)
= CT CT
Per k=K
With a simple modification we have
el 1
* per Perll = per)
x = -”- kpk = Per)N
k=0
K-1= A7" e .
- P (1 =per) ~
=0 Kk .
“Npe & (1 =per)
= kcT
0
K-1°pn° Nk
s o, L =Per) ¥ (37)
k=0
Using the properties of binomial random variables we have that
NN 4 N k
s ](p (1 — - =
=0 A CT CT CT
and
N oL _
&7 (L mpedV h =, (39)
=0 k T
Now, equation (37) (or equivalently (36)) is equal to
= poc K-177° o
_a - F (N —k)p (1-per) (40)
*p =0 K “
cr K

It can be observed that (36) is always positive for p.; < e
anda (4v) 1s always posiiive 1or p > o
or n-Asa result T- o 1S

positive tor any value ot p - theretore, 1': T” is an increasing

function of p.;, and consequently of 77.

APPENDIX B
MAXIMUM VALUE OF ps=+

The first and second derivatives of ps>+ w.r.t. =+ can be
obtained as

= ) N —X
Soel T XN o xt1), (41)
_ Ps/q N
- =0 C]!
-+ N - Xq—le—x
. =< ___ [g=x)(gx+1)=x], (42
( Ps P q
) s/q
"J—) g=0
= 2_»],

According to (21), and the fact that ps~+ is independent of 77, it
is clear that p is an increasing function of 7%. Therefore, P°°
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where x = 2N-}+T,, For x < 1 the derivative in (41) is positive,
and for x > N+ 1 it is negative. Therefore, ps-F has at least
one
maximum within x €[1,N+ 1]. In practical scenarios the
value
of psjqfor k >0 is usually small, so that it can be

approximated by zero. For a special case where py/g-0 = 0,
(41) is zero if
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1

x = 1, and (42) is negative, and as a result -How =
maxi-
opt  2NTp

mizes P:’lc This corresponds to a lower bound on the optimal
point in a general problem (i.e., ps/g>0 /=
0).

APPENDIX C
CRAMER RAO LOWER BOUND FOR CTS

The upper bound on the sum operation in (29) for CTS is
(note that in practice at most ;—Tpackets can be transmitted from
p
difficult

VILLIJIVAILLY

an anchor), and this makes the CRB calculation ve

UVULL 1L AU 1S MIIVIVIIIVIILLU LIULLIVIIVALLY . 1V 1IVUULL Uy

of the problem, the observation of a sensor node from the
Jth anchor is divided into two parts: Either a sensor node
does not receive any packet from this anchor (no information

is obtained), or it receives one or more packets. Since the
anchor and the sensor node do not move very much auring tne

localization procedure, their distance can be assumed almost
constant, and therefore the noise power is the same for all

measurements obtained from an anchor. When a sensor node

ZAUICTS INUILIPIC INCASUTCITICIILS CONLAININALCd WIL 11AJCpenucIit
Nnois€ with the same power (diagonal covariance matrix). CKB

can be computed with less complexity. We will explain com-

plexity reduction for the first anchor, and then generalize for

the other anchors.
considering the trst anchor, each element of the F1IvVI can be

calculated in two parts: no correct packet reception, and one or
more correct packet receptions from this anchor, which can be
formulated as

I(x);,;= Pl(x/q1 =0),; + BL(x/q1 >0) ,;, 43)

where P is the probability that no gacket is received from the
nrst andnor, ana £ ="e v 1S e probaviiity that one
or more than one packets are received from the first anchor
which depends on the distance between the sensor node and

the anchor. The second term in (43) can be expanded as
I(x/q>0);,

1 ONn (&)
- ﬁOC ° voe
<
gN=0  @=0

s.t. {q1,...,gN} enable self-localization

x
1 I - -

Xl +ta+147 —+ 0
IEXjﬁXj 1 =
ai =
Xi X
x P /PSRN p
[ 1 J=2
- / = 2= 2
= . -
+ i +a+24" “—+ao
2.7 .
K fi
lﬁXIﬁX/ 1 =
ai iX,‘ X;
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WNere €1 and ¢ are arrected only by measurements mrom tne

other anchors. Using a simple factorization we have

1 ON @
I(x/q1>0); =5z ° ..
gN=0  @=0
s.t. {q1,...,gN} enable self-localization
v, 2T A7 4
g
X< X;
i -, q
= 'J'quv"'cﬁ p’ (45)
4 —-4 1 1 NXs
1 = X = =2
X/
where /
© = _.,]—Ti,
kP p
gi= = _ . (40)
g=1%; T

Now, we define ayx with its 4th element ay either zero (if

TN MUV v LA e s o
N —4 - -

K [ R T L

CIVILCIIL U — | —

k =x=xT 7.1 Then, we have
Tk
1
I(x/a); ;= e )
xal ., P ., (1-P , (47)
\%/gN—n -
n=1 k,ap=0 n=1 k,ax>0 )

where . 1s the number of non-zero elements in a. Hence. to

evaluate I(x); ; for the localizable scenarios only " possible
states (different realizations of a which lead to focalizable

scenarios) have to be considered. This number is the same as
that of CFS.

REFERENCES

[1] L. Paull, S. Saeedi, M. Seto, and H. Li, “AUV navigation and localization:
A review,” I[EEE J. Ocean. Eng., vol. 39, no. 1, pp. 131-149, Jan. 2013.

[2] S. Chatzicristofis et al., “The NOPTILUS project: Autonomous multi-
AUV navigation for exploration of unknown environments,” in Proc.
IFAC Workshop NGCUV, 2012, vol. 3, pp. 373-380.

[3] M. Stojanovic and J. Preisig, “Underwater acoustic communication chan-
nels: Propagation models and statistical characterization,” /EEE Commun.
Mag., vol. 47, no. 1, pp. 84-89, Jan. 2009.

[4] G. Han, J. Jiang, L. Shu, Y. Xu, and F. Wang, “Localization algorithms of
underwater wireless sensor networks: A survey,” Sensors, vol. 12, no. 2,
pp. 20262061, 2012.

191 IVEA LAULImINGULAL UL, 11, 1. IVIUULLALL, QLU D, \UDLUE,

and localization techniaues for underwater acoustic sensor networks.”

MDULYUY UL dluLLIlLuLUL LD

IEEE Commun. Surveys Tuts., vol. 13, no. 3, pp. 487-502, 3rd Quart.
2011.
[6] H. Jamali-Rad, H. Ramezani, and G. Leus, “Sparsity-aware multi-

source RSS localization,” Signal Process., vol. 101, pp. 174-191,
Aug. 2014.

[7]1 P. Kuakowski, J. Vales-Alonso, E. Egea-Lopez, W. Ludwin, and
J. Garcia-Haro, “Angle-of-arrival localization based on antenna arrays for

wireless sensor networks,” Comput. Elect. Eng., vol. 36, no. 6, pp. 1181—



1364

R 1186, Nov. 2010.
. [8] S. P. Chepuri, G. Leus, and A.-J. van der Veen, “Sparsity-exploiting
+ - - - 5 anchor placement for localization in sensor networks,” arXiv preprint
- o h = = arXiv:1303.4085,2013.
M_Il + =
3 < t} ] i — ) 171 1n Owaatt, MALUUDLILV UIRIlal dDpIvau dDyLvLULULLL, Ml vilauinig WLLLLIVIVUR Y o
1 = X * Xx; I = X; Sea Technol., vol. 46, no. 10, pp. 15-20, 2005.
[10] X. Cheng, H. Shu, and Q. Liang, “A range-difference based self-
X qj positioning scheme for underwater acoustic sensor networks,” in Proc.
Lre N Int. Cont. WASA, 2007, pp. 38—43.

=2 B .
/ [11] A.-K. Othman, “GPS-less localization protocol for underwater acoustic
networks,” in Proc. 5th IFIP Int. Conf. WOCN, 2008, pp. 1-6.

Page | 1362 www.ijsart.com



[12]

[13]

M. K. Watfa, T. Nsouli, M. Al-Ayache, and O. Ayyash, “Reactive localiza-
tion in underwater wireless sensor networks,” in Proc. 2nd ICCNT, 2010,
pp. 244-248.

S. Shahabudeen, M. Motani, and M. Chitre, “Analysis of a high-
performance MAC protocol for underwater acoustic networks,” /EEE J.
Ocean. Eng., vol. 39, no. 1, pp. 7489, Jan. 2014.

[14] J.-P. Kim, H.-P. Tan, and H.-S. Cho, “Impact of MAC on localization in

large-scale seabed sensor networks,” in Proc. IEEE Int. Conf. AINA, 2011,
pp. 391-396.

[15] A. Syed, W. Ye, and J. Heidemann, “Comparison and evaluation of the T-

[16]

[17]

[18]

Lohi MAC for underwater acoustic sensor networks,” IEEE J. Sel. Areas
Commun., vol. 26, no. 9, pp. 1731-1743, Dec. 2008.

H. Ramezani and G. Leus, “L-MAC: Localization packet scheduling
for an underwater acoustic sensor network,” in Proc. IEEE ICC, 2013,
pp. 1459-1463.
H. Ramezani and G. Leus, “DMC-MAC: Dynamic multi-channel MAC in
underwater acoustic networks,” in Proc. EUSIPCO, Marrakech, Morocco,
2013, pp. 1-5.
H. Ramezani and G. Leus, “Ranging in an underwater medium with
multiple isogradient sound speed profile layers,” Sensors, vol. 12, no. 3,
pp. 2996-3017, 2012.

[19] R. Cardinali, L. De Nardis, M. Di Benedetto, and P. Lombardo, “UWB

ranging accuracy in high and low-data-rate applications,” /EEE Trans.
Microw. Theory Tech., vol. 54, no. 4, pp. 1865—1875, Jun. 2006.

[20] P. Carroll et al, “On-demand asynchronous localization for underwater

(21]

[22]

(23]

sensor networks,” Oceans, vol. 62, no. 13, pp. 3337-3348, Jul. 2014.
H.-P. Tan, Z. A. Eu, and W. K. Seah, “An enhanced underwater posi-
tioning system to support deepwater installations,” in Proc. MTS/IEEE
Biloxi-Marine Technol. Future, Global Local Challenges OCEANS, 2009,
pp. 1-8.

F. Fazel, M. Fazel, and M. Stojanovic, “Random access compressed
sensing over fading and noisy communication channels,” /EEE Trans.
Wireless Commun., vol. 12, no. 5, pp. 2114-2125, May 2013.

M. Stojanovic, “On the relationship between capacity and distance in
an underwater acoustic communication channel,” SIGMOBILE Mobile
Comput. Commun. Rev.,vol. 11, no. 4, pp. 34—43, Oct.2007.

[24] H. Jamali-Rad, H. Ramezani, and G. Leus, “Cooperative localization in

partially connected mobile wireless sensor networks using geometric link
reconstruction,” in Proc. IEEE ICASSP, 2012, pp. 2633-2636.

[25] Evologics, Underwater Acoustic Modems, S2CR Series. [Online]. Avail-

able:  http://www.evologics.de/en/products/acoustics/s2cr 12 24.html

[26] H. Ramezani, F. Fazel, M. Stojanovic, and G. Leus, “Packet scheduling

1363

for underwater acoustic sensor network localization,” in Proc. IEEE ICC,
2014, pp. 108-113.



	
	
	

