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ABSTRACT

Indoor Localization Using Three dimensional Multi-PD Receiver
Based on RSS
Yinghao Liu

In modern life, there are many applications where positioning plays an important
role. People have developed the global positioning system (GPS) to locate world
wide position with error in decameter scales, which brings people much convenience.
However, the accuracy of GPS is too low for indoor localization. The signals will drop
down due to the signal attenuation caused by construction materials. With the well-
developed GPS being indispensable for outdoor activities, many researchers have been
also devoted to seeking an indoor positioning system to realize indoor localization with
acceptable error. Indoor localization can be very useful in different situations, like
locating, tracking, navigation and identification. For example, in the mall, locating
the exact goods for customers can provide much convenience and benefits. Locating
and tracking in the airport can greatly help passengers save their time and energy in
reaching the destination. In another general scenario of identification, the population
of observed targets is usually larger than just one. Hence, only with small error, indoor
localization system (ILS) can be able to identify the targets despite the neighbors.
Due to the emerging and urging demands of increasing the accuracy of indoor
localization, we propose a novel design of three dimensional (3-D). optical receiver for
visible light communication (VLC) indoor positioning system. First, we model the
optical wireless channel. Then we utilize modified triangulation method to obtain
more robust receiver position by using at least two light-emitting diodes (LEDs)

and one receiver consisting of nine photodetectors (PDs). Finally, the improved
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algorithm is implemented and the results are shown under our three dimensional
multiple photodetectors (multi-PDs) structure receiver. In the simulation, we take
the parameters of Lambertian radiation pattern, LEDs and PDs as those shown in
1 .

To be noticed, our design of multi-PDs receiver is fully expanded into three di-
mensions compared with the pyramid receiver (PR), which allows indoor positioning
with our receiver structure to be more robust to the higher or corner positions. The
details will be explained in the following sections. Based on Multiple-Photodiode-
based Indoor Positioning algorithm [I], the indoor positioning algorithm is improved
by redefining the optimization problem of obtaining the direction from receiver to
LED and using weighted triangulation method to locate receiver position. We ad-
mit the solution under the redefined problem is not optimal to the actual problem.
Yet, our given solution is better to that in [I] due to the existence of noise, which is

reasonable and has been verified.
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Chapter 1

Introduction

1.1 Backgrounds and Review

The GPS works out well with accuracy of several meters for the outdoor environ-
ments. However, the GPS signals can easily be blocked by the building walls, and
we need to find another reliable positioning approach for the indoor environments.
Indoor localization is the process to obtain the position of the target or device in
the indoor environment. With precise positioning accuracy, there are a wide range of
related applications and services, which include health sector, industry, disaster man-
agement, building management, surveillance and plenty of other sectors including
smart buildings and smart cities [2].

There are many research projects studying indoor localization using Wi-Fi based,
radio frequency (RF) based, infrared (IR)-based and ultrasonic-based communication
systems. Some systems conduct a Wi-Fi fingerprint localization method [3] using sub-
sistent infrastructures, yet they need to build an environment-dependent database and
can only get positioning accuracy with several meters. An indoor fingerprinting lo-
calization approach for Zig-Bee [4] is proposed to avoid collecting a large number of
reference points in the tracking area by dividing the tracking area into subareas to
achieve reasonable localization accuracy. The RADAR system in [5] implements a
location service within several meters error utilizing the information obtained from
an already existing RF data network to locate and track users inside buildings. But

indoor environments often contain substantial amounts of metal and other such reflec-
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tive materials that affect the propagation of RF signals in non-trivial ways, causing
severe multipath effects, dead-spots, noise, and interference, which would greatly ef-
fect the accuracy of positioning. Others like [6] can achieve good precision with wide
coverage in positioning a mobile robot within an infrared sensor system, yet with the
requirement of a very accurate design and device selection. In [7], an ultrasonic-based
indoor positioning system for indoor environments with centimeter level error is pre-
sented but it can achieve high accuracy at the price of high cost for extra hardware.

The most popular RF-based indoor localization systems utilize existing wireless
local networks to estimate position of the target, being able to provide better cover-
age than IR-based and ultrasonic-based positioning systems. The most common ap-
proaches being used in RF-, IR- and ultrasonic-based positioning systems are usually
highly environment-dependent. The effects of multi-path and access points overlap-
ping can greatly reduce the accuracy of indoor positioning.

VLC using visible light instead of RF signals for communication has drawn much
attention in recent years. The light-emitting diode (LED) has been widely deployed
because of long lifespan, high power efficiency, low deployment cost and illumina-
tion functions. Besides, LEDs can be used to modulate electric signals into optical
signals without introducing interference even at high rates, which turns LEDs into
communication devices with the potential of transmitting high speed data streams.
Therefore, compared with RF-, IR- and ultrasonic-based positioning systems, posi-
tioning systems based on visible light communication have many merits such as no
extra infrastructure, no electromagnetic interference and high accuracy.

Indoor localization based on received signal strength (RSS) of optical light has
been studied in [8, O 10]. Centimeter-level errors can be achieved in [§] with the
assumption of known height of the receiver. An array of PDs is mounted on the
robot to obtain both RSS and angle-of-arrival (AOA) information in order to track

the position of a moving robot in [9] with the assumption of known and fixed heights.
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Then another hybrid utilization of AOA and RSS information in VLC systems for

3-D localization is proposed in [10] and applies analytical learning rule to solve its

non-linear and non-convex problems, which is pretty complex.

1.2 Objectives and Contributions

The main objective of the thesis is developing an improved algorithm of positioning
the receiver by using the received signal strength.

The Miltiple-Photodiode-based Indoor Positioning algorithm [I] based on pyramid
receiver is very original and effective, but there are some place to be improved from
the perspective of the structure of the receiver and the actual environment.

This thesis focuses on a novel design of 3-D optical multi-PDs receiver and pro-
poses an improved algorithm to enhance the performance of indoor localization based
on [I]. In our indoor localization system, we assume that there are at least two LEDs
on the ceiling with known positions in the room coordinate and then we use a 3-D
multi-PDs receiver to locate its position based on RSS. The main contributions are

as follows.

(a) A novel receiver structure is proposed, which gives better performance, espe-
cially when the height of the receiver is high, namely, 1.3m-1.7m. The new
structure contains nine PDs. Compared with pyramid structure, our multi-PDs
receiver is fully expanded into three dimensions (more details about the distri-
butions of the PDs are given in . This not only makes our receiver more
sensitive to the optical signals coming from LEDs with much longer distance to

the receiver but also but also enhances the coverage of the receiver.

(b) We show a critical problem neglected by the existing work when the noise is
comparable to the optical signals received by PDs and then the solution is

provided considering the practical environment. Intuitively, considering the
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white noise around all the PDs of the receiver, stronger optical signals coming
from the near LEDs are more reliable than those from distant LEDs when the
received signal strength is utilized to estimate the receiver’s position. Hence,
we should give more weights to the trustworthy optical signals rather than
ignore the different effects coming from noise with the same distribution on the

different received signals.

The previous existing algorithm proposed in [I] is optimal under the circum-
stance of no noise. However, in reality, the performance of their algorithm highly
depends on the actual position of the receiver or the optical signal strength.
Generally speaking, we want the algorithm to be as robust as possible for in-
door localization. Therefore, we revised the previous algorithm in terms of
modifying triangulation with weights in order to obtain more accurate results.

This can greatly lessen the error and has been verified by the simulation results.
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Chapter 2

Positioning System

In this chapter, we present the transmitter side information including the type, dis-
tribution and positions of LEDs in addition to the simulation environment. Then we
describe the optical channel model from the prospective of LED radiation pattern,
Lambertian pattern and the way to obtain Lambertain parameters. Finally, we give

a detailed description of our 3-D receiver design.

2.1 Transmitter

The LEDs are taken as transmitters, and the optical light can be modulated into
different signals with unique identification to be distinguished. Our indoor localization
system assumes that there are at least two LEDs within the line of sight (LOS) link to
the multi-PDs receiver, because only the direction (or the distance) from the receiver
to the LED can be known if there is only one LED.

We model the wireless optical communication system in a room of size 5m x5m x 3m.
There are four LEDs uniformly distributed on the ceiling considered as transmitters.
Their positions are (g, g,S)m, (g, 1—30,3)m, (%, g,S)m, (%, 1:,)—0,3)1rn7 respectively. The
type of LEDs is Bridgelux LEDs (BXRA-56C5300-H-00), and the typical luminous
flux of each LED is 50001m.
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2.2 Channel Model

The system takes irradiated LED optical signal at the LEDs and optical signal re-
ceived by PDs as transmitted signal and received signal, respectively. The optical
wireless channel is determined by the environment and LED irradiation pattern, which

we assume as Lambertian emission.

2.2.1 Lambertian Radiation Pattern

Suppose dj; is the distance between the j-th photodetector (PD) {j : 1 < j < L} and
the ¢-th LED {i : 1 <i < K}, ¢j; is the irradiation angle of the optical signal from
the i-th LED to the j-th PD with respect to the normal of the i-th LED (defined as
the vector perpendicular to the LED plane), v;; is the incidence angle of the optical
signal from the i-th LED to the j-th PD with respect to the normal of the j-th PD
(defined as the vector perpendicular to the PD plane), and the effective area of PD is
denoted as A. Then, the channel gain Hj; from the i-th LED to the j-th PD through
the LOS optical channel is

A(m+1)

Hy =
J 27Td?i

cos™ (i) cos™ (i) (2.1)

Note that the Lambertian emission order m is

—In2 (2.2)
m=—————, .
In(cos (¢1/2))
where ¢/, is the LED semi-angle at half-power and
—In2
M=— 2.3
In(cos (¢1/2)) (23)

where 1)y, is the half power angle of incidence of a PD. The angles, ¢,/ and ¢, 5, are
determined by the properties of LEDs and PDs. Besides, channel gain Hj; in (2.1)
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holds only if the optical LOS signal arrives within the field of view (FOV) of the PD.

Otherwise, the PD detects no luminous power beyond its FOV.

Therefore, suppose the optical luminous flux ®; (in Im) of the i-th LED is the
transmitted luminous power, the received luminous power Pj; transmitted from the
i-th LED and received by the j-th PD is

A(m+1)

Py = O H,; — @,
! ! 2nd?;

cos™ (i) cos™ (1) (2.4)
Here we give Fig. to demonstrate the geometrical relationship of parameters in

the LOS channel, where O; is the centrol point of the j-th PD and N; is the normal

of the j-th PD.

Figure 2.1: Demonstration of the LOS channel.

2.2.2 Lambertian Parameters

The definition of Lambertian parameters, m and M, is given in [2.2.1 As mentioned
above, the order of Lambertian emission m = ln(co_;% is determined by the property
of the LED, ¢;/9, which is the half-power angle of irradiance of the LED. Also in

another word, the half-power angle is also the semi-angle of the LED at half power.
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2.3 Receiver Design

The existing typical angle diversity receivers can be separated into PR and hemi-
spheric receiver (HR) proposed in [I1]. Inspired by this, we propose a novel angle
diversity receiver with nine PDs. There are three titled PDs uniformly distributed
with the same elevation angle in the horizontal plane and six PDs vertically dis-
tributed, where two PDs are placed vertically (like PD, and PDj;) in Fig.
around each PD (like PD;) in Fig.[2.2(a)] Note that there is another PD on the other
side of PD, and same for PDs.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Elevation angle

(a) (b)

Figure 2.2: (a) Top view of the receiver. (b) Front view of the receiver.

Compared with PR and HR, our design is more robust to positions with higher
height or around the corner in the room. For example, when the receiver is moved
approximately with height from 0 m to 1.5 m, the number of PDs in PR that can
receive optical signals from a certain LED may decrease since the optical signals from
distant LEDs may be out of FOV of some PDs. Yet, the number of PDs in our
3-D multi-PDs receiver being able to receive optical signal from a certain LED may

increase due to the existence of vertically distributed PDs. Besides, the PDs in PR
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receive similar power since the PDs have similar orientation compared with our 3-D
multi-PDs receiver. Intuitively, we can see that our three dimensional receiver will
perform better considering the structure and application environment. The main

reasons are

(1) It has more chance to receive optical signals from at least two or even more

LEDs in the indoor positioning system.

(2) The more discrepancies the received signals from different LEDs hold, the less
error the positioning system will produce. As for PR structures shown in [3],
when the number of PDs is increased from three or four to nine, PR just gets
more kinds of similar power from a greater number of LEDs, which cannot

contribute much to positioning accuracy.
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Chapter 3

Indoor Localization Algorithm

In this chapter, we will introduce some pre-acknowledge of the indoor localization
algorithm consisting of coordinate transformation and the weighted triangulation
method, which helps us better understand the transformation of different coordinates
and the following procedures within the positioning algorithm. Then, we describe the
algorithm by decomposing it into three parts and explain each part in detail step by
step. The ideal and non-ideal scenarios are both analyzed and the solutions are given
based on the specific optimization problems. Besides, the systematic flaw is given
with respect to the small distance between the central points of receiver and PD, and
the localization correction is provided. At last, the algorithm tables are shown to

summarize the detailed steps.

3.1 Pre-acknowledge

With the two parts of pre-acknowledge provided below, the approach to localize the
position of receiver can be more straightforward. Since there are multiple PDs inside
the receiver and the orientations of PDs are needed in the room coordinate, it is
easy to obtain the orientations of PDs in the receiver coordinate and then convert
these orientations into room coordinate, in which case the coordinate transformation
is necessary. By collecting the optical signals received by the nine PDs, we try to
obtain the directions from the receiver to LEDs in the room coordinate with the

help of measurement of the accelerometer, after which the triangulation method is
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employed to calculate the position of the receiver in the room coordinate.

3.1.1 Coordinate Transformation

Through the accelerometer, the normal or orientation N of the receiver can be ob-
tained shown as in Fig. , which we assume is the Z-axis of the receiver coordi-
nate. Now consider the coordinate O, is aligned with the room coordinate O,, then
coordinate O, can be known by shifting coordinate O, with a vector v,_,,. The angle
between N and Z,-axis is §y and the angle between the projection of N and X,-axis
is ¢n. We can get O, by rotating O, through ¢y angle along Z,-axis, and then get
O, by rotating O, through 6y angle along new Yj,-axis. For any point (), in coor-
dinate O,, if coordinate O, is rotated through ¢y along Z,-axis, O, coordinate can
be acquired. Let (), denote the corresponding position in O, coordinate of fixed @),
point. According to linear algebra, we know the relation among @),, (), and rotation

matrix €, (¢n)

cos (pn) —sin(¢n) O
Qo =Q(on)Qb = | sin(¢n) cos(on) 0 | @b (3.1)
0 0 1

Then we know the position of ), in room coordinate is

Qr = Upq t+ Qa

= Upa t+ Qz(¢N)Qy(9N)QC’

(3.2)

where (). comes from the corresponding point )y in coordinate Og4. The point )y,
central point of a PD, is known in the receiver coordinate O, because the distribution
of PD is defined by us. But we do not know the misalignment angle vy between Oy
and O., which can help us obtain the positions of any points that are known in Oy

and unknown in O, (or O,) coordinate, in order to calculate positions of these points
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in room coordinate. Suppose the misalignment angle between Oy4 and O, is vy, then
the receiver coordinate O4 can be acquired by rotating through vy along Z-axis in O..
Applying the same rule above, there is a known point ()4 in Oy receiver coordinate,

the position @), in room coordinate O, is

Qr = Upsq + Qz(¢N)Qy(9N)QZ<UN)Qd- (33)

The geometric relation is shown in Fig. 3.1 If we know the discrepancy vector v,_,,
and the misalignment angle vy, we can easily get the position of every PDs in the
room coordinate since we know PDs positions ()4 in receiver coordinate O,4. As for vy,
we let it traverse from 0 to 27 to find the most appropriate value, which is explained
in our algorithm in the following part. To sum it up, we can get the luminous power
matrix P consisting of Pj; if and only if we know vy and position of receiver AQ), in
room coordinate. This is useful in terms of producing power matrix P, which can be
used to estimate the receiver position in simulation after adding noise with a certain

range of SN R.

3.1.2 Triangulation

There are generally two main approaches being used to study indoor localization,
trilateration [12] [13] and triangulation [10, [14].

Generally speaking, trilateration is the process of determining location of the
target by measurement of distances, using the geometry of circles, spheres or triangles.
triangulation is the process of determining the position of the target by forming
triangles to it from known points when the angle of arrival is measurable. For 3-D
positioning, there are at least two directions and two reference points mandatory for
3-D positioning compared with four distance and four reference points required in

trilateration.
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Figure 3.1: Coordinates transformation from (a) to (d).
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With triangulation, the location of the target can be determined by the intersec-
tion of several pairs of direction lines [I5]. Take localizations in two dimensions for
example shown in Fig. 3.2l A and B can be represented as the reference points, the
known 64 and g can be converted into two lines as L 7 and Lgr. Then the position
of target T' can be calculated based on the predetermined coordinates of the reference

points A and B.

Figure 3.2: Triangulation within two dimensions.

3.2 Find the direction from receiver to transmitter

The pre-defined luminous power of received optical signal in [2.4| can form the received
luminous power matrix P, where the j-th row represents the luminous power received
by the j-th PDs from all LEDs and the i-th column represents the luminous power
received by all PDs from the i-th LED. Through power matrix P, where the element
Pj; represents the optical signal luminous power received by the j-th PD from the
i-th LED, we can calculate the estimated direction V; from receiver towards the i-th
LED.

Besides, in the aforementioned part we try to divide the complex problem of
obtaining the direction from receiver to LED in room coordinate into two parts of

converting receiver coordinate into room coordinate with the assumed misalignment

angle and obtaining the direction from receiver to LED. To be noticed, the accelerom-
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eter is necessary yet not sufficient for the coordinate transformation. The orientation
given by the accelerometer can be considered as Z-axis of the receiver coordinate,
then there is still a misalignment angle vy after we compensate for another two an-
gles provided by the accelerometer between the room coordinate and semi-converted
receiver coordinate. To solve this problem, the misalignment angle vy is assumed to
be known, then we take the objective function, from which the position of receiver is
estimated, as the evaluation function to estimate the actual misalignment angle cor-

responding with the minimum value of evaluation function. The details are provided

in [3.3]

3.2.1 Ideal Scenario

In , assuming that all LEDs have the same optical luminous power ®, we can
let ¢;; = ¢; and dj; = d; for Vj € {1,2,..., L} since the small distance A;, between
the center of the receiver and the j-th PD, is negligible with respect to the distance
between the i-th LED and the receiver center, d;. Therefore, considering the i-th

LED for i € {1,2,..., K} and the j-th PD for j € {1,2,..., L}, we have

P = QD% cos™ (i) cosM (i) (3.4)
74
C
N5 cos™ (¢;) cos™ (y;), (3.5)

where C' is defined as QD% that is known and constant.

Considering just the i-th LED, we can see cos (¢;;) Pﬂﬁ Hence, in the ideal
scenario without noise, the planes perpendicular to the normal vectors of the j-th PD
with length of Pﬂﬁ will intersect at a line (two PDs within LOS of the i-th LED) or
a point (three or more PDs within LOS of the i-th LED), and the vector V; from the

receiver to its projection on the line or the intersection point is pointing to the i-th

LED. The geometric figure is shown in Fig. [3.3] Note N; is a vector with a certain
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LED;

Figure 3.3: Demonstration of the approach to get V; without noise in 2 dimensions.

length for the rest context, rather than the orientation vector. The solutions provided
in [I, [16] are optimal under the circumstance that there is no noise, which cannot be

guaranteed in the real world.

3.2.2 Non-Ideal Scenario

In the non-ideal scenario or real environment, there is noise existing around each PD.
Then the intersection line or point described in may become a region. Therefore,
we need to find a point w which minimizes the summation of all the distances from w
to the projections of w into the planes that are perpendicular to normals of PDs with
length Pﬂﬁ, N;. Lemma 1 in [I6] gives a method to find the point w. However, they
neglect a critical problem as shown in Fig3.4] where the error would be unreasonable
if N; is large and small /V;/ is comparable to noise. Here N,/ is small with respect to
N;. Suppose N,/ is not big enough relative to noise n;, then noise component on N;/
will lead V; far away from the correct direction, which could introduce huge error.

Therefore, N; with greater magnitude should be given more emphasis when we

define the optimization problem, which helps obtain w through minimizing summation



Figure 3.4: Demonstration of unreasonable error.

of all the distances from w to the projection points w; on the j-th plane perpendicular

to the j-th PD.

3.2.3 Solution

Suppose the misalignment angle between coordinate O, and coordinate Oy is v, for
1
the i-th LED, the orientation of PDs with length P’ are known, denoted as Nj.

Then we have
Wy —w = th, (36)

(3.7)

get

wj—w = ———2L w4 N (3.9)
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T

N;N?
Let E; and F; denote — NZ'T w; and Nj, we have

w; —w = Ejw+ Fj. (3.10)

Let W} = ||N;||* denote weight put on the j-th plane since greater N; will introduce
greater W;. It means that we lay higher emphasis on the error resulting from (w; —w)

part and the optimization problem to obtain w or V; is defined as

w* = argmin f(w)

L (3.11)
= argmin ) (|| Bjw + Fj|'W}),
w =
which gives us
L L
w'=-0_EEWH)TY EF;W}. (3.12)
j=1 J=1

Denote Z§:1 EjTEjVle as matrix A with rank r, we get w* as following.

1. r = 1: This means there is just one IV that is none zero, hence w* = N;.

2. r = 2: This problem is similar as w = minl|jw||?, subject to Aw = b, where b is

- Zle E]F;W}. The optimal solution is w* = AT(AAT)™b.
3. r = 3: We use matrix inverse operation in (3.12)).

Finally, the estimated direction from the receiver to the i-th LED is V; = w*.

3.3 Find and Estimate Location

The directions, V; for i € {1,2,..., K}, from receiver position to LEDs can be es-
timated since the misalignment angle vy is assumed to be known as v. With the
pre-known positions of LEDs as reference points mentioned in and these direc-

tions, we can use triangulation to estimate the position of the receiver in the room
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coordinate, which is of course under the assumption of the misalignment angle v.

3.3.1 Ideal Scenario

In the ideal scenario where there is no noise and no much small distance between the
center of the receiver and the PD, V; will be the exact direction pointing from the
receiver to the i-th LED. According to the ideal directions V; and the positions of
reference nodes or LEDs, the position of receiver, s, can be perfectly obtained as the

intersection point of lines, where the i-th line is defined as
ri = hi +t; V3, (3.13)

where {i : 1 < ¢ < K} and h; denotes the position of the i-th LED. However, the
directions from receiver to LEDs cannot be perfectly acquired, and this leads to the

practical scenario and another optimization problem introduced in [3.3.2

3.3.2 Non-Ideal Scenario

From the analysis above, it is known that in practical scenario these K lines defined in
probably not intersect at one point due to the additive noise and the negligible
small distance between the centers of receiver and PD. Therefore, we need to find the
point s that minimizes the summation of L2 norm squares of the vectors from s to
s;, where s; is the point in line L; and most closest to point s. The fact that s; is
within line L; tells us (s; — s) LV, which can be written as s'V; = sTV;. From the

expression of line 3.13] we know
LV + BV = s"Vi. (3.14)

Or equivalently,
sV, = hl'Y;
=T

7

ti (3.15)
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Substituting into we can get

vy
VIV,

A
VI,

si—s=( —Ds+ (I )hi, (3.16)

where matrix [ represents appropriate identity matrix.

Previous work in [I6] defines the objective function as the summation of all Lo
norms of the vectors from point s to s; expressed in [3.16| and finds the optimal s to
minimize the objective function. However, we believe there still exists some space to

improve the performance of localization by redefining the optimization problem.

3.3.3 Solution

Inspired by weighted centroid localization (WCL) in [17], here we define W? as Lo

(2

norm of V;. Greater ||V;||? indicates stronger received luminous power or smaller

distance d; between the i-th LED and the receiver, where we regard error coming

T
from smaller distance as important. Let B; = % — I, the revised optimization
problem can be transformed into
K
s*=argmin ) _(||s; — s|*W7) £ g(s)
o (3.17)

= argmin Z(HBZS — Bihi|PW?).

=1

Then we have the optimal § is:

K K
s =) BI'BW)™'Y BB (3.18)
i=1 i=1

If matrix S°5 BT B;W? is not full rank, we consider this problem as shown in the

analysis of (3.12)).

We calculate s* and the corresponding g(s*) for each assumed v changing from 0
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to 27 and record the pair of values. Then the desired receiver position is estimated

as s* corresponding with the minimum g(s*) over v € [0, 27].

3.4 Localization Correction

We should have noticed the approximation from to holds with the prerequisite
of ignoring the small distance between PD and the center of the receiver. Theoreti-
cally, the error coming from the small distance should be compensated, otherwise, it
would be a limiting factor of this method to reduce the localization error in further

study.

3.4.1 Cause of Error

Previously, we consider the receiver as an ideal point since the size of the receiver
is usually small enough to be neglected compared with the distance between LED
and receiver. Subsequently, the irradiation angles of the optical signals ¢;; from the
i-th LED to the j-th PD are taken the same and denoted as ¢;. However, strictly
speaking, we know ¢;; =~ ¢; rather than ¢;; = ¢;. Therefore, the error coming from

the distance between PD and center of the receiver needs to be compensated.

3.4.2 Solution

The geometry figure of localization error and correction analysis is shown in Fig. 3.5
Here N; is the normal of the j-th PD in room coordinate. O, represents the position
of the j-th PD and O denotes the original point of receiver coordinate. The actual
Pj; is the luminous power received by the j-th PD from the i-th LED, in which case
the j-th PD is actually at point O;. However, in our indoor localization procedures

the small distance between O; and O is neglected since it is relatively small compared

with dj;. Therefore, we need to calculate the power P]}i as if the j-th PD is placed on
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LED;

Figure 3.5: Localization correction.

O point. From [3.4], we know

P = ¢

J ||hz _ Oj||2 cos <¢]1) COos (wﬂ>7

where
cos (¢ji) = hl](\::i%gj\(]g)
and
coS (%’i) = ylilfil__OOjH)\:’F]]\\gH '

Then we have

P =

C(hi(3) — 0;(3))™ ((hi — Oj)TNj)M‘

" [hi = Oy ||>m+21

(3.19)

(3.20)

(3.21)

(3.22)

However, the hypothesis luminous power received by the j-th PD at point O is

P = ¢

m M
i m CcOs <¢ji/) CcOs (¢ji/)>

(3.23)
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where
NPT ELT) a4
and
(hi = O)'N;
. | 3.25
cos (jil) |hi — Ol N || -
Then we have
pi — CUn(3) =~ O)) (b — O) N)™ (3.26)

[hi = Of2+m+M

After the first time we calculate receiver position, we can obtain O and O;, then we
can proceed localization correction and estimate the position of the receiver again
by taking the hypothetical power matrix as the actual received one. Theoretically,
or without noise, the procedure can be done as many times as we want, and the
receiver position s* should converge to the real position of receiver after proceeding
localization correction enough times. However, the times of localization correction
should be picked up carefully to try to avoid the estimated receiver position diverge

from the real one due to the existence of optical noise.

3.5 Proposed Improved Algorithm

3.5.1 Algorithm Without Localization Correction

In this part, we introduce the algorithm to explain the indoor localization procedure,

named Three Dimensional Multi-PD Indoor Localization (TDMPIL).

3.5.2 Algorithm Without Localization Correction

In this part, we introduce the algorithm table to explain the indoor localization proce-
dure, named Three Dimensional Multi-PD Indoor Localization (TDMPIL) Through
the analysis in [3.4.2] we could enhance the indoor localization performance by it-

erating the TDMPIL algorithm. The improved version is denoted as the improved
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Algorithm 1 TDMPIL Algorithm

1:

10:

The receiver’s orientation is measured as N by the accelerometer. And the
luminous power received by the PDs is denoted as power matrix P.
Initiate v = 0, where v is the misalignment angle mentioned in part.
while v < 27 do

Nji = Pﬂ%, where N; is the orientation of the j-th PD in the room
coordinate under the correct assumption of vy.

V; is the estimate vector pointing from the receiver to the i-th LED in room
coordinate calculated using [3.12]

Let s*(v) denote the estimated position of the receiver in room coordinate
through [3.18]

Let e(v) = g(s*(v)) in[3.17] it represents the summation of the square
distance between the estimated receiver position and those directions from
receiver to LEDs.

Update v = v + 5.
end while
vn = v that offers the smallest e(v) subject to the condition that the

corresponding estimated receiver position s = s* is within the room.

TDMPIL (ITDMPIL).
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Algorithm 2 ITDMPIL Algorithm

1:

The receiver’s orientation is measured as N by the accelerometer. And the lumi-
nous power received by the PDs is denoted as power matrix P.
Let LCT denote the localization correction times.

: Run TDMPIL algorithm to obtain the estimated receiver position O° (or s*)

and the estimated misalignment angle v (or v%) for the first time, where the
superscript 0 denotes the number of rounds for localization correction.

4: Initiate n = 1

while n < LCT do

Use the estimated receiver position O"! and the estimated misalignment
angle v"~! to calculate the hypothetical luminous power using

Run TDMPIL algorithm to obtain the estimated receiver position O™ and the
estimated misalignment angle v™ based on the original orientation of the receiver
measured by the accelerometer and the updated hypothetical luminous power.

n=n+1.

. end while
10:

The final estimated receiver position is O*“T and the the estimated misalignment
angle is 0T
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Chapter 4

Simulation Results

4.1 Setup

Before the results are given, the environment for the simulation should be notified.
We model the wireless optical communication system in a room of size 5mx5m x3m.
There are four LEDs uniformly distributed in the ceiling considered as transmitters,
that is, (g, %, 3)m, (g, 1?0, 3)m, (%, g, 3)m, (%, %, 3)m. The propagation of optical sig-
nal from LEDs is assumed to follow Lambertian pattern, and we take the Lambertian
parameters m and M as 1 and 1.4, respectively, based on the experiments provided
by [1]. At the receiver side, there are nine PDs spreading into three dimensions as
our design, three of which are at the bottom and have the same elevation angle of
23°. The responsivity, effective area and FOV of each PD are 22nA - lux™ ', 15mm?
and 1.22rad.

Four typical points at two kinds of height are picked up to observe the positioning

error under different noise, receiver structures and algorithms. In the simulation, we

assume that the ambient noise is dominating the noise from the PD and accelerom-

2

= in lumens

eter which are negligible in the simulation. And the noise variance o
is estimated as —180-—120dB Im? when the luminous power of transmitted optical
signal is 1000 lm. Note that the error is averaged by 2000 times and the typical test-
ing points P1, P2, P3, P4 and P5, P6, P7, P8 represent (2.5,0,1.5)m, (2.5,2.5,1.5)m,
(1.25,1.25,1.5)m, (0,0,1.5)m and (2.5,0,0)m, (2.5,2.5,0)m, (1.25,1.25,0)m, (0,0, 0)m,

respectively.
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4.2 Results and Comparison

Under our three dimensional receiver structure, we pick up some typical points to
demonstrate the effect of weight le in the optimization problem . As shown in
Fig. , reasonable weight I/le can greatly reduce the error as a result of attenuating
the disturbance of noise when we calculate the directions from the receiver towards
LEDs. Therefore, we have verified the importance of weight le in our redefined
optimization problem (3.11). When the receiver position is at some typical points
with height of 1.5m in the room, our revised algorithm referring as I/le performs
better than that without W' and W2. When W' exists but W? does not exist, the
error magnitudes of corner points, P1 and P4, indicate that the neglected problem in
previous work, as we mentioned in Fig. |3.4] can be solved with appropriate weights
W' Here W' and W? denote the vectors composed of W} and W7 for simplicity.

We want to know the influence of weight W2, which works well especially when the
receiver is near to one of the LEDs while far away from the others. Therefore, position
P1 is selected to show that W? can help make our improved algorithm more robust.
W2 can help rectify the mistake coming from the deflected directions calculated from
the receiver to the LEDs due to noise, which is verified in Fig.[£.2] As for position like
P2, P3 and P4, it will not make much difference between triangulation and weighted
triangulation.

Fig. [£.3] shows that our receiver structure is almost always better than PR when
the height is 1.5m. The superiority is more obvious especially when the SN R is high.
To demonstrate this more clearly, Fig. [4.4] contains only two point P5 and P7 to
illustrate that the errors coming from our receiver structure are also smaller than
that from PR using the same improved algorithm at Om high level, which shows that
our receiver is better than PR. Note that the number of PDs in PR should also be
nine when we compare these two different structures.

In Fig. [4.5] we can see that the positioning error when the number of localization
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Figure 4.5: Comparison the positioning error of TDR LCT under different LCT when
z = 1.5m.

correction rounds is 3 is less than that without localization correction, which proves
the effectiveness of localization correction. During the simulation, we also find that
when there is no additive noise, once the correction is applied for just one time, the
localization error will be fixed no matter how we increase the value of LCT, which is

reasonable.
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Chapter 5

Concluding Remarks

5.1 Summary

We design a novel three dimensional structure receiver including nine PDs expanded
into three dimensions. Using the accelerometer and the received optical signals de-
tected by the PDs through coordinate transformation and the Lambertian equation,
the receiver position is calculated by traversing the unknown misalignment angle v
from 0 to 2w. We propose the improved algorithm based on [I] with reasonable
weights to reduce the positioning error, which can also solve the practical problem
when the noise is comparable to some received signals within the FOV of PDs. The
weighted triangulation can decrease the localization error when the receiver is placed
at some edge positions. Simulation results reveal that our three dimensional receiver
performs better than PR angle diversity receiver. In addition, the comparison shows
that our revised algorithm under three dimensional structure receiver is more robust

to the noise.

5.2 Future Application

The applications for Indoor localization technology are immense. Take the shopping
for instance, an app using ILS can offer an ideal route through the premises based on
the customers own shopping list. Also, ILS can help track live sports results in real
time, which can then be used in live broadcast and for live betting and gambling. In

addition to commercial applications, let us assume the athlete is wearing a vest that
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can read bio-medical data, then the system is able to report like acceleration rate,
heart and sweat rate, physical impact and numerous medical data in real time as
well as exact location. Isn’t it great?

Besides, ILS can help bolster workplace safety and security in warehouses by
preventing accidents. With the help of ILS, Google will likely integrate this technology
within their product suite which means some form of indoor advertising. Its too early
to know exactly how this will all be connected but ILS is definitely a logical extension
of the Google Maps product. The company may currently be using some newly
acquired patents in the field of indoor wireless location technology to track assets in
airports and other heavily trafficked locations.

It will be so exciting to see how these ILS technologies will go and help build

enormous promising products to make the world a better place.
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