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1 Introduction

In recent years, wireless communication technologies have already been
develged andnaturelyapplied to daily usingdowever, due to the increasing demand
for transmission bandwidth, the limitation of Radio Frequency (RF) spectrum is still a
critical problem in wireless communicatiobots of researchhasbeen published to
solve he spectrum limitation issue such as dynamic spectrum access (DSA) approach.
However, many of these approaches demand complex RF hardware architecture or
relevant algorithms that result in a high power consumption. On the othershadids
on Free Spac®ptical (FSO) communication introduce a complementary approach to
enhance wireless transmission bandwidth with minimal modification on the existing
WiFi system.In FSO research, the solsdate lighting technology is utilized by using
Light-Emitting Diodes(LEDs) and VerticalCavity SurfaceEmitting Lases (VCSEL)
to transmit date dtigh speed. Additionally, there is no interference between FSO and
RF transmissionddowever, thes&SOapplications [1] [2] [3]arelimited to spotlight,
point to pointcommurication inshortdistancesAnd these applicationsave not been
well integrated with the existing/iFi architecture. ThusWiFO i a hybrid femtocell
architecture based on WiFi and Free Sgaptécal (FSO) technologiégs introducedo

significantly increaethe wirelessthroughput of existing WiFi networKd].
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Fig. 1. 1 WiFO use scenarios

1.1WIiFO

WIFQO is a hybrid indoor wireless communication system that combines WiFi
system and the FSO communication technology. Besidesxiseng WiFi network,
FSO transmittersre developed andeployed under the ceilinfipllowing a proper
arrangemeniThe FSO transmittersonsist of IEDsand designed circuiteatmodulate
light via Pulse AmplitudeModulation (PAM). Couple potential WiFO application
scenarios are shown iRig. 11. To boost up the wireless bandwid/iFO can be
deployedin offices, airport terminalsentertainment centeedhospitals where cable
deployment is costlyraunsafe.

To transmit data, each FSO transmitséedsa light conedirectly below in
which designed receivers can receive datathis way, theransmission range of a
transmitter can be represented by a circle and the center is the location of thattalansm
A typical example of multiple transmittéysoverage ares shown inFig. 1.2. Digital
signali 1aon do fa&br e transmitted by rapuwly.Regdrdngg t he

the current systenthe switching rateanreach100 MHz for LED-based transmits



and greater thah GHz for VCSELbasedransmittersAccording to thegeneral PAM
schemesignals ofmultiple levels can be transmitted by varying the LED intensities.
Fig. 1.3 indicatesthe light intensity as thiinction of the position measured from the

center of the cone.
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Fig. 1.2 Configuration of the optical trangter array
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Fig. 1.3 Coverage of optical transmit



At the receivingside designed WIFO receiveequippedwith a photodiode
which convers light intensity into current that can be qtiied to stand for digital
signalf0o andfilo. Based on the positionsers with receiving devices can receive data
from either FSO channel or WiFAccessPoint (AP) is the brain of the WIFO system
that controlghe data transmissiormhe AP decidesvhether to sendatathrough FSO
channebr WiFi. If the data is sent via FS&hannel, whilgeceiving the receivesendé
anacknowledgmentfACK) messag®ack to AP via the WiFi chann&uch thatWiFO
system can effectively maldecisiors according tahe current network conditions.
the AP decides to send the data WiFi channel thenthe transmissioperformslike
what the usual WiFnetworkdoes Fig. 1.4showsthedetail on how data is transmitted
in WiFO system

While a user with receiving dece moves from one light cone to another, the
AP aubmatically detects its locaticand selects the appropridtansmitterto transmit
the data. ThdransitionbetweenWiFi and FSO channes quickly enough to avoid
interruption ofpackets transmissiofurthermore, even wharsers are staying outside

the light coneall the data will be automatically sent via #asting WiFi channel.
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Fig 1.4 Data flow in WiFO

1.2 Contributions: Coverage Algorithms

Coverage problem is a fundamental issue in wireless communidaignften
studied in Wireless Sensor Matrk (WSN) researchA WSN consistdots of sensor
nodeswhich areused to perform monitoring, computation and transmis3ibare are
two aspects to be concerned [5], from Wi@wvpoint of sensor device, a particular area
should be coverely the sesor. Generally, the sensing ranges of various semasers
considered as unit circles or ranit circles, and how muatovered area or how many
covered points are concerned [6]n the other hand, from the perspective of sensor
nodesjn the adhoc networkamong sensor nodes and relay ndatlas prolong network
lifetime while maintaining connectivitgoverage is concerned by determining whether
the nodes arwithin the transmission range [7].

The coverage problem we discussed is related to transaggeryment under

WIFO system model. In most buildingssers are highly distributed according to



particular indoorfacilities rather than uniformly distributed. Which means some
locations require much more transmission power or transmittarsthe ones where
there are few people. Consequentlysdtsfy the user requirement, a proper transmdters
arrangemens essential.

In this thesiswe will focus on coverage algorithmer deployment of WiFO
that take advantages of small cglte, line of sight transmssions, and the Gaussian
attenuatiormodel of light intensity. Specifically, two types of coveragenarios the
nontoverlapped and the overlapped coverage presented. For the romerlapped
coverage (packing), wehow the bounds of coverage efficigrfor a finite rectangle
area based on a simple model. For the overlapped coverage,r 6 s SNR pr of i
assumed to be given. Using these, thatgorithms for determining the optimized
deployment basedoms er 6 s SNR profi |l es ioamadelsGaaeu s si ar

proposed and evaluated.



2 Related Work

The geometric circle packing problems are often relatéatitities deployment
problems in wireless networking. Cirgéacking is to determine how densely a number
of disjointunit circles can bearked together. In [8], Thue, et al. fisstowed that the

regular hexagonal structure is the denseste packing arrangement with the density

of “Wp ¢ Thefirst rigorous proof was provided thyszI6Fejes Tdh in 1940. In [9],
the discrete unit disk cover (DUDC) probleism demonstrated from set covering
perspective. A feasibilitgheck whether each point in the 8ebf ¢ points couldbe
covered ly at least one disk in the Setof & unit disks, an associated -f&ctor
approximation algorithm withthe running timed &1 1¢6C a1 14C a ¢ are
proposedThe facility arrangement problems have also been addriessederal papers
[10]. Smilarly, two different algorithms foe f f i ci en't sensorséo
illustrated [11] undethe constraints of sufficient grid points coverage. Moreower,
[12], authors made a contribution to Und#ater AcousticSensor Networks (UW
ASN). Depbyment analysis under twdimensional and threedimensional
architectures are firstlgiscussed. However, unlike ours, a majority of these wamnks

focused on the coverage without considering the covéndgesity.



3 WIFO System Coverage Problem

We sudy two types of coverage: Naverlap coverage opacking and
overlapped coverage for WiFO. Specifically, eansider the area to be covered to be a
rectangle since this the most common shape for any room in a building. Theigoal

to determine the obal locations of the FSO transmitters.

3.1 Nonoverlap Coverage

We analyze the coverage rate for the target rectangulathatis covered by
disjoint circles that model the transmissimones of WiFO. In this case, we assume a
simple model wherd a receiver is in any transmission circle, then it is covelted.
not covered otherwise. The goal is to determine the ohtcmvered areas to the total
rectangular area. We note that infinity coverage area, the problem has been solved
and the ratio aproaches“ Wp ¢. Leti andQbe the radius andiameter of the
transmission circles where the FSO transmittdocated at the circle center. Lt
o (be the targetectangular area with lengttandwidth 0 . The coverage rats — be
the area of all th disjoint circles oved. We have théollowing Proposition.

Proposition 1.

ae”
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Proof. The proof is based on the densest hexagonal pattlahdias already been
previously established [8]. First, wegove the upper bound. Note tliat and¢ are

the number of the uncovered sectionghat arecompletely inside the rectangle in the
vertical and horizontallirections, respective\Similarly, & and¢ are the number of
circles that are completely inside the recfie in the vertical and haontal directions,
respectivelyIn the rectangular area, the uncovesedtion® always exist and shown

in Fig.3.1 As is the area dhe equilateral triangle ABC subtracts the area of half circle,

and thus Equation J2ollows.

Fig 3.1 Hexagonal Packing and Uncovered Area
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Now, to calculate the number of uncovered sectibnswe introduce a
subdivision, by which we divide the target area isiaall rectangles with lengifj ¢
and width Voj 1 Q. Each small rectangle can completely contain one uncovered
section.The subdivision procedure is shown in F&g2 If there are& guaranteed

uncovered sections in horizontal direction, therhaee

¢ 2 o £ 2
— o — (0}
G pc G c
a p a p
Q g P& 9 G !
; a p
€ 0 C U

Similarly, if there areéd guaranteed uncovered sectionsvertical direction

anda ¢, then we obtain
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Consequently, the guaranteed completely uncovered afie&iso . Thus the

upper boud for the coverage rate is

a €0
P 0a
0 . a0 p . Vo “,
— p t 0 C t T U Q
Vo, q Ul
- P 0 & @

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

As

N

Fig 3.2 Subdivisin
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The proof of lower bound is similar except that we conditgeonly circles that

arecompletely inside the rectangléthere aree circles that are completely contained

in the horizontal directiorthen we have

EQ a ¢ pAQ p Tl
o a
o P & 1o PP
s a
o) pPC

Similarly, if there araéx completely contained circles in the vertical directaom

a ¢, then we obtain

%
a p— pQ 0 a p p— pQ po
C C
5 P 5 P
Q . 0
= a —— T
Vo w " P
C C
A
, 0
o — U
= P p
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Thus, the lower bound for the coverage ratef the targetarea is,

C
0o P e

Therefore, based on equations (B), (9) and (16) the coverage ratéor a given

rectangular area with unlimited number of transmitters is,

0

o P 0L, Q

o ptgt ¢

_ Q
0 a P X

L o p Vo
Vel pt,Q ctT qJQ
- Q

3.20verlap Coverage

Fromthelast sectionwe know itis impossible to cover a rectangular avath
disjoint circles. However, 100% covering ratio carabhieved by overlappin@¢ light
cones. Consequentlyses may receive signals from two or more transmitters if they

arestanding in the overlapping area. In this section, we consgfggafic scenarithat
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the given rectangular area is completebvered by light cones with the minimum
overlapping arealhe following figures show three different complete covercages.

Arbitrary transmiter deployment is shown in Fig. 3.Bexagonal arrangement with
transmitter distance 'Q Voi is shown in Fig. 3.4hexagonal arrangement with

transmitterdistanceQ  WMai is shown in Fig. 3.5

\~ X X JAN \

L]
N

Fig 3.3 Arbitrary Configuration
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Fig 3.5 Hexagonal Arrangement with g r
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Fig 3.6 Delaunay Triangulation for New Configuration

When two or more circles are overlapped, intersegbioints are generated.
Combining the original centers of tecles anl the generated intersection points, a
new configurations introduced, which is shown in Fig. 3.Bhe dots onhe figure are
the union of original transmitter centers agdnerated intersection points from
overlapping. The dastiot triangles stand for thones in a Delaunay triangulation [8]
for the transmitter points, while the solid line triangles repretbendnes in a Delaunay
triangulation for the new configuration.

Then applying the Delaunay triangulation mechanisntfi&]new configuration
is alothedensest only if it is hexagonéh other words, all the triangles in the Delaunay
triangulationare regularriangles. Therefore, in Fig. 3.The pointsO, O and Owiill

converge on the poirit, which is the Fermaioint of triangled 6 6Consequently, we
have the relation’— O E4j o , whichisQ Viai. Finally, we obtain theondition

thatQ Woi for completely covering the gin areavith minimum overlapping area.
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Fig. 3.7 Optimal Structure with

33Userso6 Signal Mat ching Pursuit
In contrast to previous sections, we consider the coveniaglem regarding
user 6 s s i ghmlthe boanteshr seiat.y Aw cor ding to the
"Qw, settingonyone transmitter above the mrea wi
be adequate. On the contrary, there is no need to plateaamitters close to the place
where few peple would liketo stay. To meet the requirement that the areas with higher
user 6s density shoul d h aVight cgnesi tloerdifferepce b e i n g
bet ween us er'@ousandlight intensity distribudioriDw , should be as
small aspossible, that is,

i EEQo  Ows (19)

To accomplish (2), we can find out the location of eatthnsmitter in turns by

maximizing the convolution 62w and™Qw, whichisthéQ trans mi t t er 6 s i n1
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distribution, i.e. | A®® 2z Q . After current transmitteris found, the usés

distribution signal will be updated tspbtracting the found transmittegsal. Fig. 3.8

and Fig.3.9show the basiconcept of obtaining the locations of ed@w .

Transmitter Position

Fig. 3.8 Location Detection for 1st Transmitter



19

—New g(x)=g(x)-f, (x)
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Transmitter Position

Fig. 3.9 Location Detection for 2nd Transmitter

Now, we can extend the case to-didensional planghen the light cone signal
intensity follows the Zlimensionahormal distribution with uncorrelated independent
variablestio andd . Moreover, two factorsi§and,, ) adjust thentensity and affected
area. Our goal is to look for the numlzerd the positions of transmitters with proper
parameters teet the user requirement corresponding to the crowded area.

Weintroduce and compare three algorithms for transnptesrement according
to a given SNR profileTo help usormulate the problem and illustrate the algorithm,
we havethe following notations defined:

 "Qohch # : Intensity distribution of a transtter.

"Q06h ¢f 1 Qo H o

SR
1 "Qw : SNR profile in a given plan.

1 "Q0 : Intensity function of th& transmitter.
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006 -Q—OH H2 0 Hy
S8

1 "O0 : Deployment function of all the transmitters.

00 Qo

1 0: Location coordinates of adimensional plane.
0 who
1 & : The light intensity of th& transmitter.
1 * :Location coodinates of théQ transmitter.
Ho ' #
f #: A ¢ ¢ covariance matrix representing the coverage of’@he

transmitter.

1 0 : The number of transmitters.
The range of parametef is baunded within the target areehe other two factors and

ware positive real number afithited by the character of transmitter.

3.3.1Algorithm One

To accomplish the coverage task, pl@ce transmitters into the area one by one.
Due to the fourfactors for a transmitting signal, which are center coordirthte
including two directions, signal intensityand signaldivergenti, we exam all the

factor combinations and chooseh e best one. Then updat e
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subtracting thecurrent transitting signal. The next transmitter selectionaisvays

based on the updated uomtrdnsmittsriingitha area,aBef or
non-zero check is added bdock some factor combinations. This procedure is checking
whether any points of thedding transmitter is greatertherh o s e of t he curr
signal. This is to avoid the uncertainty the negative data introduced during the
subtraction.Generally, we want to minimize the vali@d "Qohch & subject to

"Q6  "Q0 . The whole procedure is summarizisi

Algorithm 1 Matching Algorithm with Zero-Check

- for each transmitter 2 =1 : N do

[—

2:
Max — g(x') * f(x', a, %)
s.t. min(g(x) — f(x —x".a. X)) >0
3: set u; = xX"™*, a; = a* and X; = X*
4 g(x) = g(x) — fi(x)
5: end for
6: F(x) = ZF fi(x) ;

Algorithm 1 Matching Algorithm with ZereCheck
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3.3.2Algorithm Two

In contrast to Algorithm 1, we ignore the npero check, i.e.during each
transmiter searchingstep, wes el e ct the best transmitter
current wusero6s signal from all the possib
signal by subtracting the selected best transmitting signal. Next, we keep searching best
parameters for the newtansmitter based on the update. This algorithm minimizes the

valuel A@Do "Qohch# h subject to the specific rangéthe parameterd{ &

and, ).

Algorithm 2. Matching Algorithm without Zer&Check




































