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ABSTRACT

Range-based cooperative and non-cooperative localization refers to the ability to determine the
location of the target nodes (nodes whose position is unknown at the time of deployment) based
on the locations of the anchor nodes (nodes whose locations are known apriori) and the pair-
wise distances (or parameters related to pairwise distances) between neighbouring nodes. In
this thesis, we propose various received signal strength (RSS)-based localization techniques,
derive theoretical performance bounds, and validate their performance via extensive simula-
tions and experiments. We derive the Cramer-Rao lower bound (CRLB) for each of the estima-
tors and use them as a performance benchmark. The maximum likelihood (ML) formulation
of the RSS-based localization is non-convex, non-linear, discontinuous, and cannot be solved
with a convergence guarantee using standard optimization techniques. Therefore, we use var-
ious relaxation techniques to convert the ML into a constrained or unconstrained optimization
problem with guaranteed convergence. We convert the ML into a tractable form using semidef-
inite/convex/invex relaxation, and solve it using constrained and unconstrained optimization

methods.

First, we present an RSS-based distributed iterative cooperative localization technique,
where the target nodes communicate with the anchor nodes to localize themselves in the first
iteration. After that the target nodes behave as pseudo anchor nodes. In the second iteration,
the target nodes update their location using measurements from the neighbouring anchor and
pseudo anchor nodes. We observe that the localization error propagates from one iteration
to the next and we mitigate this by eliminating the network edge nodes from updating their
location information after the first iteration. The network edge nodes are detected using the

proposed quadrant (Quad) method and geometric dilution of precision (GDOP) based method.

Next, we propose two RSS-based localization techniques in which we utilize a novel lin-
earization technique (to linearize the non-linear relationship between inter-node distance and

received power). Using semidefinite relaxation we convert the ML problem into a constrained
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convex optimization problem. We also consider scenarios where the transmit power of the

target node is unknown and estimate it along with the location of the target nodes.

We also propose novel techniques to convert the RSS-based localization problem into an
unconstrained optimization problem. We relax the ML function to either a convex or invex
(invariant convex) function, and solve it using gradient descent method. This relaxation is
achieved by obtaining a function that underestimates the ML cost function. We derive the
Lipschitz constants for the gradient of the relaxed ML functions, prove their theoretical conver-
gence, and derive the rate of convergence. Using the distributive property of coordinate descent

we solve the invexified ML in a distributed manner without any synchronization requirements.

Next, we address scenarios where malicious anchor node(s) attempt to disrupt the local-
ization process of a target node in an uncoordinated or coordinated manner. We propose tech-
niques based on weighted least squares and /;-norm optimization to safeguard the localization
process from the malicious nodes. The weighted least square based techniques are shown to
offer significant advantages in uncoordinated attacks over existing techniques by detecting the
malicious nodes and eliminating their measurements from the localization process. In a co-
ordinated attack, the localization problem can be posed as a plane fitting problem where the
measurements from non-malicious and malicious anchor nodes lie on two different planes.
The ¢1-norm based technique estimates the two planes and prevents disruption of the localiza-
tion process. This technique can also determine the location where the malicious anchor nodes

intend to make the target node appear to be located.

Finally, we implemented an indoor localization system using passive infrared (PIR) sensors,
where we localized a human subject ina 7m x 7.5 m area. We have proposed a mathematical
model for the analog response of the PIR sensor, the Fresnel lens, and associated electronic
circuitry. Our model relates the analog output waveform of the sensor to the width of the
sensing element, speed of movement and distance of the subject from the PIR sensor. Using
this model, we propose techniques to estimate the distance from the peak to peak value of
the analog output of the PIR sensor. Once the distances of the subject from the PIR sensors
are estimated, multilateration or support vector regression (SVR) based techniques are used to

compute the subject’s location.

v



HIY

IT-3maRT HghRY 3R IR-TEHRT TATHIRIUT U AlSH & TUTAT &
YR W 8T Azg (Asa S ufa srara 8) & T &t Fuia &
N &THAAT I GeHd AT & (AT oI U F g & S0 ofar ) 3R
TP AlgH & @I SEeR gl (A1 SR gt & Fafad WeeR)| s Afaa
H gx Affea grcqd e afdd (3IRTATH) TR TUTAIIRIOT dehailehl T
GEATT A &, Velicdeh Jedel AT 9o & 8, 3R e [{HeRe 3R
TN & HEIH § 3T el Hl AT I ¢l §H Ycdeh HeATD & v
-G SlI3R d138 (HIRTET) IIed X & AR 3¢ Jed dddAh & §9
H 3UAT FA &1 RSS-3MUTRA TAAIRIOT T 3fhcaer FHTGAT (ML)
FAARTOT I-3ecTel, IATEH, 3 &, 3R AlAh 3HeJehelel Tehollenl HT YA
$lh Teh TATI0T IREY & T §oT gl AT ST FohdT &l AT, §H
IREhd TFEROT & AU VAT I T faaer a1 H9fasitd ejshors F@ear
# deolel & TIT faffiest B dereilenl 1 3TN L ol
g IrIfTUTRA/3ccol/Saded ©C &1 3T &l THUS i Ueh coedol &9
A gRafdd Xd 8, 3R 38 faaer 3R 3ufasftd rgemele At s sqamr
Fh T A ol
I g, §H Teh IRUTHTH-ITUIRA fTIRT YeRIged TR TATAIHIOT
cTeheileh Y& X 8, STeT & oIS Ygel eRidicd H Ta I EAAThd
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SHch §1G, 8§ &I IRTHUH-3TUTRA TATHITRIUT dehailehl T AT hld &
S g4 T 3918 IWHeOT Teheileh T 3TANRT A § (R-A18 gl
AR grea ofFd & dg IRAWE Ty # W wa & o) r9-ARaa
T P YA FXeh &7 TATS FHATIT FT Ueh T Sedel egehelsd THTT
H g¢ol d &1 87 3 aReed W off R #a & Sigl o8 s fr TaR
AT AT § 3R o6 AlgH & TUT & WY SHRT AT o9l &

§H IRTHTH-ITUTR TATAIHFIOT HATAT T Toh AT 3Hefeheld
JALAT H dcola & [oIT a8 deheitent &7 oY YEarg s &1 g9 THUA
HerRleT & 3cddl AT SAd9d (ARTTAT Scdol) HarieT & 3IRH & §, 3K
g8 Afsie f3de fafer &1 3uer ik gl X &1 Ig ©C Tk Haeled ued
$lh U FT ST & off THUS ofleld Herelel bl el dch TRl ST &l
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th — t*/limy_y0 = t*
sup(-)

inf(-)

Vf

A=B

A-B

NOTATION

k dimensional Euclidean space

Scalar Quantity

Vector Quantity

i" element of a

¢> norm of a

¢1 norm of a

Column vector of size N with all its elements being 1
Column vector of size N with all its elements being 0
Matrix

Vertical concatenation of matrices A and B

Horizontal concatenation of matrices A and B

Element located at the intersection of i row and j™ column of A
Identity matrix

Diagonal matrix

Transpose of A

Trace of A

Determinant of A

Moore Penrose pseudo inverse of A

Represents a set

Cardinality off A

Sequence

Limiting point of sequence {t}

{t*} converges to t* or t* is the limiting point of sequence {t*}
Least upper bound

Greatest lower bound

Gradient of f

(A —B) is a positive semidefinite matrix

(A —B) is a positive definite matrix

Set of target nodes

Set of anchor nodes

Total number of anchor nodes present in the network
Total number of target nodes present in the network
Coordinate of i anchor node

Coordinate of i target node

Set of neighbouring target nodes of t;

Set of neighbouring anchor nodes of t;

Set of all neighbouring nodes (anchor nodes and target nodes) of t;
Communication range of the nodes

Received power (in dBm) at a; or t; when t; transmits or
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1
X

P;
PI'X
p(Pi*[)/p(P™[)
dij

Nij
o()
o()

Received power (in dBm) at t; when a; or t; transmits

Transmit power (in dB) of t;

RSS measurements of all neighboring anchor-target and

target-target links of the i target node

RSS measurements of all anchor-target and target-target links

The conditional joint probability density function of RSS measurements
Euclidean distance between t; and a; (or t j) or

Euclidean distance between t; and a; (or t;)

Path loss exponent

Zero mean Gaussian random variable with variance o2 (Th' i~ N(0, 62))
Little o notation

Big O notation
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