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Abstract—Visible light communication (VLC) is an emerging
paradigm that enables multiple functionalities to be accomlished
concurrently, including illumination, high-speed data canmuni-
cations, and localization. Based on the VLC technology, \isle
light positioning (VLP) systems aim to estimate locations oVLC
receivers by utilizing light emitting diode (LED) transmitters
at known locations. VLP presents a viable alternative to radb
frequency (RF) based positioning systems by providing ingpensive
and accurate localization services. In this paper, we conder the
problem of localization in visible light systems and provice an
extensive survey of various location estimation techniquee accom-
panied by discussions of their relative merits and demeritswithin
the context of accuracy and computational complexity. In adition,
we investigate a cooperative VLP system architecture in wich
VLC receiver units are able to communicate with each other fo
the purpose of cooperation, and present a low-complexityjérative
localization algorithm to demonstrate the benefits of coopation in
VLP systems. Finally, we investigate optimal strategies fopower
allocation among LED transmitters to maximize the localizdion
accuracy subject to power and illumination constraints.

Index Terms—Localization, visible light communication, visible
light positioning, direct positioning, two-step positioring, parameter
estimation, cooperation, power allocation.

I. INTRODUCTION

Visible light positioning (VLP) systems have recently attted
great attention due to their significant capabilities inalaation
related applications, especially in indoor scenarios [2], In

systems which employ the cluttered, scarce, and expereiie r
frequency (RF) spectrum, VLP systems utilize the visibggnti
portion of the electromagnetic spectrum, which is unlieghs
and unregulated [4]. The visible light spectrum with its Bug
license free bandwidth facilitates high speed data trasson
and reduces the costs for operators. Besides VLP systems,
visible light communication (VLC) systems complement tHe R
based communication systems and meet the high-capadiiy tra
demand for wireless networks by operating in the visibldtlig
spectrum [3], [6], [8].

In addition to its untapped spectrum, the LED based visible
light technology provides some advantages for both VLP and
VLC systems in terms of reliability, robustness, and seguri
[5], [9]. Compared to the transmitters in conventional Riséd
systems, the power consumption of LEDs can be significantly
lower. Since LEDs are already used for illumination purose
in indoor environments, they can be incorporated into VLP
and VLC solutions without causing a substantial increase in
the power consumption. In addition, the inherent lineigfs
(LOS) property of LEDs provides a secure data transmission
for systems in which the transmitter and the receiver diyect
communicates via high-frequency visible light channel in a
confined space by ensuring LOS clearance between them. The
fundamental reason behind that feature is the inabilityisible
light to penetrate through opaque objects such as walls. [10]

indoor environments, VLP systems, combined with the pow®hat characteristic of the visible light prevents intelt-geter-

of the light emitting diode (LED) technology, facilitate qmise
and accurate localization and provide low-cost solutiarsap-

plications that require compact and effective positiorspgtems.

ference issues mostly encountered in RF-based systemsaatl |
to efficient cell-based communication and localizationteys
separated by partitions such as walls [10]. Furthermomable

Due to the emerging developments in the LED technology, LEMght signals do not interfere with the RF signals in sewusiti
can also be used for communication and localization pusposgectronic devices and consequently they can freely bearag!

besides their primary function of providing illuminatio3]f

in applications where RF interference may cause issues for

[5]. The attractive features of LEDs such as long lifespad aproper functioning of devices.
low-power consumption make the LED technology the main Although Global Positioning System (GPS) is commonly

ingredient in a reliable, robust, and efficient illuminatigystem.

employed in many applications, it suffers from signal blag&

In addition to these properties, LEDs have the capability @hd multipath propagation, which results in poor perforogan

switching to different intensity levels at very fast ratésat is,
they can be modulated at frequencies as higboasviHz (much

in indoor environments [11]. For that reason, other RF based
positioning systems are proposed in the literature for amdo

higher than the conventional lighting systems) and can leel usapplications [12]-[15]. However, those systems can edsdy

to transmit data without causing visible flicker [6], [7]. b=,

exposed to multipath interference and consequently toeal{

LEDs can effectively serve multiple purposes of commumicat ization performance can degrade as the radio signals regachi

and localization as well as illumination.

A. Features of Visible Light Systems

a receiver via different multiple paths (e.g., due to reftett
from objects such as walls) complicate the process of etigna
location related parameters from the received signal. Gn th

In the context of communication and localization, visibl@ther hand, due to the nature of visible light channels, ipai
light systems benefit from the desirable properties of thee vieffects are not as significant in VLP systems as those in RF-
ible light and its spectrum. Compared to traditional wissle based positioning [8], [16]-{21]. Moreover, the widesputese

of LEDs for illumination constitutes an opportunity to dgsia
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efficiently in indoor environments [22]. In particular, LBiased

VLP systems can easily be integrated into the existing ilight



infrastructure (i.e., facilitates the reuse of existinfjastructure) two different types of receivers can be employed in gendiH
for the purpose of localization in addition to its esserftiaiction [42]; namely, photo detector (PD) and imaging sensor. Ihbot
of illumination without usually requiring rewiring. It islgo cases, the received signals (i.e., lights) coming from tE®4&
important to note that VLP systems can be deployed not ordye used to estimate the localization parameters such as the
for indoor applications but also for outdoor applicationstsas relative distance and/or direction of the LED transmittdisen,
street lights, stop lights, and airport taxi-way lightir8], [24]. the information gathered from the received signals is aaly
In general, VLP systems can appropriately be employed in abgsed on the positioning techniques to figure out the logatio
application where LEDs are utilized. of the receivers. Regarding the types of receivers, the PD is
a low-cost solution for the receiver part of the VLP system
and provides energy efficient and high-rate data commuoitat
On the contrary, imaging sensors are often more costly and
VLP systems are used in a broad range of applicatiossitable for applications with low data rate requiremeHn3][
including automated vehicles, location-aware serviced,asset Recently, with improved cost-performance trade-offs wetliby
tracking [1], [23], [25]-[27]. The VLP system employed inoba new CMOS technologies, those sensors can already be found in
application needs to satisfy different requirements imgef smart devices such as smartphones and can readily be employe
various criteria such as cost, reliability, and robustnéssan in desired applications [43].
example, a VLP system can be installed in a museum and within a VLP system, various approaches can be employed for
the help of such a system, the visitors of that museum can ¢mtation estimation, which can mainly be classified into two
information about an exhibit (e.g., a historical artifagthen groups:direct positioningandtwo-step positioningln the direct
they are in front of it. A hand-held device (e.g., a smart@jonpositioning approach, all the available information gagierom
of a visitor can receive the signals transmitted by the LEDke received signals is directly exploited to estimate tbsitfpn
placed near the exhibit and estimate the current positiothef of the receiver without examining position related pararein
visitor. Then, it decides which exhibit the visitor is intsted advance. In other words, this approach does not include any
in and informs the visitor about the corresponding exhitch intermediate steps for parameter estimation and can provid
an application may not have a very strict accuracy requirgmehe optimal solution of the localization problem. On theeasth
for localization. However, there also exist applicationsvhich  hand, the two-step method performs position estimatiorwm t
highly accurate and precise positioning is required; e@ppt separate stages. In the first stage, position related pteesne
navigation [28]. In order to estimate the position accuyaéed are extracted, which is followed by estimation of the reeeiv
precisely, those applications require more advanced i#hgas position in the second stage via various algorithms and oaksth
than those utilized in the museum application, and empléased on those parameters. The two-step positioning agiproa
various techniques to enhance localization performandéL&f has a lower complexity than the direct positioning approach
systems. (which requires high data storage and communication cgpaci
The design of VLP systems depends also on some crudiawever, it leads to a suboptimal solution as it does not kige t
factors and constraints arising from the primal illumipati received signals directly.
purpose of LEDs. The primary function of the LEDs is to pravid Within the context of two-step positioning, the studieslie t
energy-efficient and high-quality illumination. For thaason, literature consider different position related paransetrch as
any VLP system designed based on LEDs should be suitable feceived signal strength (RSS) [40], [44]-[46], time ofial
that purpose and allow the LEDs to operate flawlessly witho(EOA) [47]-[49], time difference of arrival (TDOA) [50]-[3],
any restraints. Also, the signals transmitted by the LEDs inand angle of arrival (AOA) [53]-[56]. In VLP systems, RSS is
VLP system should not cause any visible flicker, and the colarcommon parameter which is employed to gather information
changes in the LEDs should not be detectable by the human eglated to the distance and orientation of the VLC receivigh w
during signal transmission. In addition, a practical VLBtsyn respect to the LED transmitter. Compared to the time based
should satisfy lighting level requirements of an illumioat parameters such as TOA and TDOA, the RSS parameter can
system in which dimming control is a required feature. bastl be estimated in a low complexity manner since synchrorapati
is worth noting that the relationship between the appliedesit is not needed. On the contrary, the VLC receiver must be
and the light output of an LED is linear only in a limitedsynchronized with each of the LED transmitters in order to
dynamic range. Therefore, VLP systems should be designecdestimate the distances between itself and the LED traremsitt
consideration of non-linear characteristics of LEDs, al [28]- based on TOA measurements. Regarding the TDOA parameter,
[32]. there is no need for synchronization between the VLC receive
and the LED transmitters but the LED transmitters must be
synchronized among themselves so that the VLC receiver can
estimate the distance difference between itself and eaictopa
Similar to RF based positioning systems [33]-[39], VLRED transmitters based on the corresponding TDOA measure-
systems consist mainly of two components; namely, transrait ment. Lastly, AOA is a promising parameter for VLP systems
and receivers. LEDs correspond to the transmitter part ef tand can efficiently be employed in the localization process.
VLP system and send the necessary information (e.g., aqositBased on the direction of the received signal, the AOA based
signal or a code) in order for the receiver to determine it® ovgsystems can adequately perform localization with the hélp o
position in the system. On the receiving side of the VLP syste LOS connections between the LED transmitters and the VLC

B. VLP Applications and Design Constraints

C. Localization Techniques in VLP Systems



receiver. taking power and illumination constraints into accountiigir
Although the same types of position related parameters dne design of the system.

employed in both VLP and RF based localization systems, the

information carried by these parameters can be quite differ p. Summary and Organization

In particular, the RSS parameter employed in VLP systems ha

significantly higher accuracy than that in RF based systdis [of the position estimation methods for VLP systems. The main

The main reason for this is related to the severity of mu“hp?ﬁpints presented in the manuscript can be summarized as/oll
effects in RF based systems. Namely, RF-based systems suite

from multipath interference and typically do not have an LOS ° We _pre;ent_ the st.ate—of—the—art me-thods for posm_on esti-
path between the transmitter and the receiver. On the agntra mation in V'S't?'e light systems, which can essentially be
multipath effects are not as crucial in VLP systems as those i clas_5|f|ed as d|re_ct and two-step app _roaches.

RF-based ones since VLP systems commonly have LOS path$ We mvestlgate different types of position related pararset
between LED transmitters and VLC receivers and the diffuse €mPloyed in VLP systems, .SUCh as RSS’ TOA, TPOA’ and
components arising from multipath scattering are much eeak AOA, and focus on positioning techniques that utilize those
than the LOS component. Similar to the RSS parameter, the AOA parameters. :

parameter, which is measured based on received power kvels ° We discuss the effects of cooperation on the_perform_ange of
PDs, can also provide high accuracy in VLP systems compared VLP systems a’?d prese_nt an |terat|v_e grad|en_t projections
to RF based solutions for the above-mentioned reasonsrl]. | based cooperative localization algorithm, motivated by a

addition, it is important to note that RSS and AOA parameters quasmc:jnver)]( feaS|bb||I|ty a?progchi I )
provide a low-cost solution for VLP systems to estimate the ° We study the problem of optimal power allocation among

position of a VLC receiver accurately since they do not resjui LED transmitters to maximize the localization performance

synchronization among VLC units. On the other hand, estomat under pra_ctical constra@nts (e.g., illumination) andsitrate
of TOA and TDOA parameters requires precise synchroniaatio the resgltmg accuracy |mprovemgnts. )
and highly accurate time measurements, thus rendering thesThe remainder of the paper is organized as follows: Section |
metrics relatively costly in practical applications. presents position estimation methods for VLP systems. n Se
After the position related parameters are obtained in tisé fifion Ill, positioning techniques are discussed in the preseof
step of the two-step positioning approach, a VLP system Cﬁﬁopgratlon among _the entities in a V_LP system. Section IV
apply numerous algorithms and techniques in the secondwstefvestigates the optimal power allocation problem for LEDs
finalize the localization process. The algorithms and tegres N @ VLP system in cons_lderanon of illumination co_nstramt
employed to that aim in the literature can be grouped asvistio @nd then provides numerical examples for the solutions ef th
First of all, the proximity based methods perform localiaat OPtimization problems. Finally, Section V concludes thegra
based on the data obtained from the nearest LED and suits #f addresses some possible directions for future work.
applications in which very accurate position informatienniot
required [57], [58]. Secondly, the geometric methods deitee Il. POSITION ESTIMATION METHODS
the position of the VLC receiver by analyzing the positiolated In this section, we discuss various positioning schemes for
parameters such as TOA and AOA in a geometric fashion [S8]LP systems to present a comprehensive insight on the state-
[60]. In other words, the extracted information in the firgtps of-the-art techniques for parameter extraction and posiés-
is evaluated in the second step with the help of some geametimation (see Fig. 1). In both RF and VLC based systems,
processes such as trilateration and triangulation. Thestital position estimation is performed by exchanging signalsvben
methods, which constitute the third group, benefit from theodes with known locations (called aschor/reference nodes
statistical distributions of the parameters obtained ia tinst and nodes whose locations are to be estimatadydt/agent
step and derive the position estimators in view of thoséssizdl node$ [37], [61]. (Also, signal exchanges among target nodes
properties [55], [61]-[64]. Lastly, in the fingerprintingetihods, can provide additional location information, which is izgd
the estimated parameters based on the online measuremintooperative positioningystems; see Section IIl). For VLP
performed by the VLC receiver are compared with the data insgstems, LED transmitters, which have known locations ard a
previously obtained database and a matching algorithmddscitypically attached to the ceiling of a room in indoor sceasyi
the position of the VLC receiver in the system [65], [66]. function as anchor nodes, and VLC receivers, equipped with
Apart from the algorithms and techniques that can be applie®Ds, seek to determine their own locations based on signals
in the second step of the two-step positioning schemepaltee  transmitted by LEDs and detected through PBsHence, VLC
approaches can also be employed to improve the localizatieteivers commonly performelf-localization[81] by utilizing
performance of VLP systems [67]-[69]. As in RF based posicoming VLC signals and known locations of LEDs that emit
tioning systems [34], [70]-[72], cooperation among thetist those signals. In the following, we focus on the two well-
in a VLP system can enhance the accuracy of localization [6Khown positioning paradigms, namely, direct positionimd a
[68]. Moreover, the optimal power allocation approaches cawo-step positioning. Direct positioning consists of agéinstep
be designed for LED transmitters to enhance the localimatio =~ ' _
accuracy of the VLP system [69). In these approaches, e 11l P, P2 MeSed YLC oo e o for Ve
powers of the LEDs in the system can be set to the opUmaIdeveF

f - ) 2 The reader is referred to [25], [26], [46], [77]-[80] for senpractical
instead of operating all the LEDs at the same power levelevhimplementations of VLP systems.

In general, the aim of this paper is to provide an overview
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Fig. 1. Classification of localization techniques for VLPs&gms.

for location estimation while two-step positioning is coted [91], can be employed. Hence, the signals corresponding to
in two separate phases [61], [63], [82]-[84], as detailedhim different LED transmitters do not interfere with each otlag¢r

following subsections. the VLC receiver, and the noise processesyt),. .., nny (1),
become independent.
A. Direct Positioning Let I, = [L1 lols)” andli = [ii,1i,1i5] denote,

respectively, the locations of the VLC receiver and itieLED

single-step estimation procedure that utilizes the eméiceived transmitter, gncﬂlr — | represent the distance between itfe
waveforms to infer the location of a target node [61], [811_EDtransm|tter and the VLC receiver. Then, the TOA paramete
[82], [85]. As opposed to the conventional two-step apphoac (1) can be modeled as

the direct positioning technique exploits the whole reediv le_liH

signals to estimate the location without intermediate stiEp =LA (2)
extracting location dependent parameters [61], [82]. Tinect ¢

positioning method has successfully been applied to both R#erec is the speed of light, and\; denotes the time offset
[82]-[88] and VLC [63], [89] based localization systems. Tdetween the clocks of théh LED transmitter and the VLC
investigate the direct positioning approach in VLP systemkeceiver. In synchronousVLP systems, where all the LED
we describe the signal model at a VLC receiver, present th@nsmitters and the VLC receiver are synchronized to a comm

In the direct positioning approach, localization relies &n

direct positioning based maximum likelihood (ML) estimato clock, A; = 0 for 7 = 1,..., Np. In asynchronoussystems,
and provide performance limits for localization in the éoling synchronization exists neither among the LED transmitiens
sections. between the LED transmitters and the VLC receiver, in which

1) Received Signal ModelConsider a VLP system with caseA;’s can be modeled as deterministic unknown parameters.
N1, LED transmitters and a VLC receiver. Assuming an LOS&inally, for quasi-synchronous/LP systems [92], where the
scenario between each LED transmitter and the VLC receiddeD transmitters are synchronized to a common time referenc
[1], [47], the received signal at the PD of the VLC receiveedubut are not synchronized with the VLC receivex; = A for
to theith LED transmitter can be expressed as [47] t=1,...,NL.

rilt) = aiRy it — 72) + mi(t) ) Based on the Lambertian model [93], the optical channel

attenuatiorny; in (1) can be expressed as

fori € {1,...,Np} andt € [Ty ,,1>,], whereT;,; and Ty ; . _
determir;{e the obiervation ir[1terval fir the signal emittgd b = (mi +1) A cos _(%)COS(QZ)
the ¢th LED transmitter,«; is the optical channel attenuation 27Tle - li”
between theth LED transmitter and the VLC receivet{ > 0),
R, denotes the responsivity of the PB(¢) is the transmitted
signal of theith LED transmitter, which is nonzero over a
interval of [0,T; ], 7; is the TOA of the signal emitted b
the ith LED transmitter at the VLC receiver, ang(t) is zero-
mean additive white Gaussian noise with spectral densitgl le

®3)

wherem; is the Lambertian order for th&h LED transmitter,
Ag is the area of the PD at the VLC receiver, atfy/dandé; are
"the irradiation and the incidence angles, respectivelywéen
Y the ith LED transmitter and the VLC receiver [46], [47]. From
the definitions ofp; andg; (see Fig. 2), (3) can be rewritten as

o2. To facilitate independent processing of signals comiognfr (ms + 1) Ag [l — li)anmi (I —1)Tn,
different LED transmitters, a type of multiple access schem o = — Lt k (4)

i||mit3
such as frequency-division or time-division multiple ag£¢90], 27Tle - ltH



Fig. 2. lllustration of configuration parameters in the Lariian model, where

the cylinder represents thi¢h LED, and the rectangular prism denotes the PD.

T . . . . T
wheren, = [n,1 ne2 me3] andnf = [nf ni, nis]" stand
for the orientation vectors of the VLC receiver and ilie LED
transmitter, respectively [47], [55].

It is assumed that the parametetg, R,, n., m;, li, andn!,
and the transmitted signals(t) for i = 1,..., N, are known
by the VLC receiver [55], [63].

Remark:lIt is important to emphasize that the signal model
in VLP systems differs from the one in RF-based localization
systems since the intensity of the electromagnetic waves is
modulated in VLP systems instead of the field of the wave, Wwhic
is employed in RF-based localization systems [47]. Theesfo
unlike in RF-based systems, the transmitted signal in VLP
systems cannot be negative. Hence, the design of modulation

where £ is the electrical energy of;(t), defined as

Ts,i
EL 2 /O (si(t))dt . (6)

The direct estimator in (5) performs a search over all
possible values of the unknown locatidnvia its relation
to ; in (2) (with A; = 0) and toc; in (4).

« Direct Positioning in Quasi-Synchronous SystemAs the
LED transmitters are synchronized to a common time base
in quasi-synchronous systems, the time offsets in (2) are
the same among the LED transmitters, iA,;, = A for
i=1,..., Ny, whereA is an unknown time offset. Under
this setting, the direct positioning based ML estimator is
given by [94]

~DP,qsy » M. Toy
i A= arg max Z%‘/T ri(t)si(t — 7i)dt
b i=1 1,i

Ny,
Ry 2 i
T~ ;ai Es (7)

where E} is as defined in (6). Since the time offsét
between the receiver and the transmitters is unknown, a
joint search overl, and A must be performed in (7) to
find the optimall,. Note thata; in (7) depends o, via

(4), while 7; is a function of bothl, and A via (2) (with

A; = A fori= 1,...,NL).

« Direct Positioning in Asynchronous Systemg:or asyn-
chronous systems, the time offs&t in (2) is an unknown
parameter. In this case, the ML estimator is obtained as [63]

techniques to be employed in VLP systems necessitates the Ny,

consideration of optical signal properties together withnii-
nation constraints. In addition to modulation techniquésP

ADP,asyi . 2 Z)
L, = argmax Z (alCTS 0.5R,a; F5 (8)

=1

and RF-based systems differ in the channel model, as well. In where E is given by (6) and
VLP systems, the optical channel model is considered, which

significantly depends on the orientations of the LED trarigmi

Ta;
, Ci 2
and the VLC receiver, and the area of the PD at the VLC e mr?X/TM

Ti(t)Si(t—Ti)dt. (9)

receiver besides the locations of the VLC receiver and thB LE

transmitter.
2) Direct Positioning Based ML EstimatorsThe rationale

behind the use of direct positioning is to estimate the VLC
receiver location],, by exploiting all the available information

aboutl,, i.e., the received signal§r;(t)}" in (1). In this
way, the information loss stemming from intermediate stgps

Section II-B) can be avoided and the location can be estiinate

in an optimal manner. In the following, the direct positiogi

based ML estimators are investigated for synchronous,iquas

synchronous, and asynchronous VLP systems.

« Direct Positioning in Synchronous SystemSinceA; =0
in (2) for synchronous systems, the ML estimatorfocan
be obtained from (1) as [63]

Ts,i

Ny,
~DP,s;
l R arg max Zai/ ri(t)si(t — 7;)dt
o= YT

Ny
R, 2 i
Y ; a; By 5)

As observed from (8), the direct estimator in asynchronous
systems attempts to determine the location of the VLC
receiver based on its relation with the channel attenuation
factor in (4). This is due to the fact that no information
aboutl, can be extracted fronr;’s in (2) due to the
unknown time offsets in the asynchronous case. For this
reason, the resulting estimator in (8) employs the cowelat
peak in (9) (cf. the integral expression in (5)) and utilizes
the relation ofl, to «,’s only.
The direct positioning estimators in (5), (7) and (8) cans
the optimal estimators (in the ML sense) for the locationhaf t
VLC receiver. However, the direct positioning paradigm may
have several drawbacks, including high computational éxird
[63] and excessive data storage and communication concerns
Remark: In addition to their utilization in VLP systems,
direct localization algorithms have also been widely used f
RF based localization systems in the literature [82]-[88].
common observation in RF and VLP systems regarding the
performance of direct position estimation is that the inweraent
in localization accuracy provided by direct positioningeovts



two-step counterpattis particularly significant in the low SNR where

regime [63], [82], [83], [85], [86], [88], [94]. The major fler- Jasy = Jogn — 1 _t T (15)

ence between these two systems lies in the fact that differen ZNL Eia?

types of signal metrics are employed for position estinmtia

particular, both signal strength based (i®;) and time based with Jg,, being given by (11)y = [v1 v Vg]T, and

(i.e., 7, and A) information are utilized for direct positioning .

in synchronous and quasi-synchronous VLP systems, as seen ~ Rp ; oa;

from (5) and (7). On the other hand, received powers of RF - 7Z< 1% 3lrk ~ Eja Zal ) (16)

signals can severely be affected by multipath and shadowing
effects [95]; hence, cannot be used reliably in RF basedttdire  for k € {1,2,3}.
positioning algorithms. Hence, in general, direct locatian o CRLB in Asynchronous Systemdg=or asynchronous VLP

approaches in RF systems consider either synchronouq§&2]- systems, the CRLB is stated as [55], [63]
or quasi-synchronous [83], [87] scenarios. However, forPVL . ) .
systems, direct position estimation can be performed aiso f E{|ll: — LI’} > trace{J ., } (17)

asynchronous scenarios since the Lambertian model in ¢8) ca
accurately characterize the optical channel attenua8pn [

3) Performance Limits:Theoretical performance limits pro- R2 Ny, (Ei) oo D
vide essential guidelines for the design and evaluatiorractp [Jasy k1 ko = = Z (E2 ) > By ! 3l !
cal VLP systems. In this part, we present the Cramér-Raerow L
bound (CRLB) on variances of unbiased estimates, af syn- for kr, ks € {1,2,3}
chronous, quasi-synchronous, and asynchronous VLP sgstem 12 T
The localization accuracy limits characterized by the gnésd It is noted that the transmitted signals(t), affect the FIM
CRLBs are attainable by the corresponding ML estimators @xpressions in (11), (15) and (18) vig, E3, and £, and the
(5), (7) and (8) at high SNRs and/or bandwidths [96], [97]. contribution of the system geometry to the FIM is through the

« CRLB in Synchronous Systemsfhe CRLB for localiza- 0ai/Ol: . anddr; /0L, terms. In addition, thér; /Ol . terms

tion of the VLC receiver in synchronous VLP systems Igo not appear in (18) since the TOA parameter does not provide
expressed as [63] ocation related information in asynchronous systems.

Based on the CRLB expressions, some practical scenarios can
(10) be investigated to gain insights into the localization perfance
of VLP systems with varying levels of synchronism. In par-
wherel, represents an unbiased estimate for the locdtiontjcylar, the following practical assumptions are considex(i)
and the Fisher information matrix (FIM)sy, is calculated Ei=0fori=1,..., Ny, which is the case for most practical
from pulseé and (i) the transmitted signals;(¢) are identical, i.e.,
2 No } . - si(t) = s(t). (In this case, the parameters related to the pulse
(Tsynlkr ks —R2 Z ( 281% 8(?% + E{afa?i a‘?ﬂ shape are the same for all the LED transmitters, .= E,
; rk Cor ko nhe@inke gl — By and BY = B3 for i = 1,..., Ny.) Then, it follows
B Egai( da; Oy N ot Oay >) from (15) that
alr,kl alr,kg alr,kl alr,kg

where the FIM is calculated from

. (18)

E{Hl — L[} > trace{J,

syn

RQE
(11) Tign — Ty = 20907 (19)
O'
for k1, ke € {1,2,3}. In (11), dc; /O, @nd 07, /Ol i, are,
respectively, the partial derivatives of the channel attenwhered = [i; 0, 95)” with 9, 2 SV 283171 VSN a2
. . . 7, a; k 4

ation in (4) and theiTOA_ parameter in (22 (fax; " 0) fork e {1,2,3}. From (19), it is clear thal,y, = Jqsy iS always
with respect td,., Ej is given by (6), and®; andE; are  satisfied sincefz; is positive by definition, wherdy, = Jqe

defined as T, means thatl,,, — J4s, iS positive semidefinite. Therefore, it
E} é/ ’ (sg(t))th (12) is deduced from (10) and (14) that synchronism between the
0 LED transmitters and the VLC receiver helps achieve a redluce
. Ty CRLB (that is, improved localization performance), as eted.
Ei & / si(t)sh(t)dt (13) In addition, based on Parseval's relation [48]
0
with s/(¢) denoting the derivative of; (). Ey = 4A7° BB, (20)

e CRLB in Quasi-Synchronous Systems:In quasi-

synchronous VLP systems, the CRLB for locatiopvhere 8 denotes the effective bandwidth aft),® it can be
estimation of the VLC receiver is expressed as [94] inferred from (19) that the information gain via synchranis

E{Hl — 1 } > trace{.]qsy} (14) “E% is calculated from (13) a#sj = (s:(T%s,:)* — s:(0)?)/2, which is
zero for practical pulse shapes (e.g., [47, Eq. 3]).
3please see Section II-B for detailed treatment on two-stegitipning 53 is defined ag3 = \/(1/E2) J F2IS(f)|2df with S(f) representing the

techniques. Fourier transform ofs(t) [62].



becomes more significant @asgets larger. Similar to (19), a re-not significant as compared to RF propagation, which makes
lation between the FIMs of quasi-synchronous and asynclumnthe Lambertian formula a reliable model for quantification o

systems can be derived as channel attenuation [16]-[18], [8, Sec. 3.41Therefore, RSS
) N has been a popular discriminative feature for positioning i
P 2 S a2l ) - L AT visible light systems [40], [44]-[46], [64], [100]-[103].
eI g2 — SV a2 For an asynchronous VLP system, the ML estimatef the

(21) RSS parametet; corresponding to théth LED transmitter can
where p; = [wi1 pio izl B 2 SN o2, and i 2 be obtained from the received signal in (1) as
07;/0l, .. It follows from the Cauchy-Schwarz inequality that

Jasy = Jasy. Based on (21), similar conclusions to those & = —C”l_ (22)
related to (19) can be made. Namely, as the effective bardwid Ry E5

increases, the accuracy of (quasi-)synchronous positioim- ;¢ Ci, >0 (& = 0 otherwise), where’, and E are given by
proves. This suggests that using LEDs with optical cloc&saip (g) and (6), respectively [63]. From (22), it is observedt tne

to 120 MHZ [98], very precise position estimates can be obtainggss parameter corresponds to a scaled version of the mdasure
in (quasi-)synchronous VLP systems. However, for VLP Si§ndenergy at the VLC receiver a&i, represents the peak value of
W|t_h relatively low eﬁe_zctl\{e bandwidths and/or in the pgese ihe correlator output in (9) (obtained by correlating thesieed

of imperfect synchronization, asynchronous VLP systemslto gignal with delayed replicas of the transmitted signal)teAf

be more preferable due to their low complexity. obtaining the RSS estimatdsy;} "% in the first step, a two-
step algorithm can use them as an input to the second step to
B. Two-Step Positioning estimate the VLC receiver location.

As the most prevalent approach for positioning in VLP Since the orientations of the LED transmitters and the VLC

systems, the two-step method first extracts position rlats co e (denoted by; and n,, respectively) affect the RSS

parameters from the received VLC signals and then performseasurement in (4), the estimated RSS value cannot direetly

position estimation based on those parameters. Comparec}r?gs!ated toa (j_|stan9e estmate n ggneral. Howevgr,riame
direct positioning, the two-step approach leads to low Iopractlcal scenarios, distance information can unambiglycoe

tational complexity as it utilizes only a subset of the aaklé obtamgd _from _the RSS es'umates._ For exampl_e,_conS|der aVvLp
. o o L scenario in which the LED transmitters are pointing dowrdsar
information (i.e., position dependent parameters) foiitfursng

. i _ T . . ..
instead of the entire received signals [63]. Hence, a celtaiel (!.e., " o [OOOO 1 %J ) tr;etL/L% rgchetlvefr t'ﬁ ps/'['gng up_ward_s
of accuracy is sacrificed for the sake of a reduced comthio("e" = | ]'), an € nheignt of the receiver is

burden in two-step positioning. In the following, we firstsdebe known (that is, the receiver moves on a horizontal plane and

" : forms two-dimensional localization) [45], [47]-[4964],
the commonly employed position dependent parameters in fi. .
first step and how to estimate them in an optimal manner. Th %ro]’ [101]. Then, the RSS parameter in (4) can be expressed

we present position estimation techniques that employetho%s (m; + 1) AR
parameters in the second step to obtain an estimate of the VLC = — 5 dmi; (23)
receiver location. T

1) Parameter EstimationEstimation of position dependentwhereh; is the height of thetth LED transmitter with respect
parameters in a VLP system is carried out as the first step ofoathe VLC receiver and; = ||, — I{|| is the distance between
two-step positioning method. This part will focus on the moghe ith LED transmitter and the VLC receiver. Based on the
common parameters used in the first step of VLP algorithntslation (23), the distance estimade can be calculated from
including RSS, TOA, TDOA, and AOA, and also present hybrithe RSS estimaté; [40], [48], which can then be utilized in
algorithms that utilize a combination of those parameters. ~ a trilateration algorithm to get the final position estim§ié],

a) Received Signal StrengthThe RSS estimate (measure{44], [45], [104].

ment) obtained from the received VLC signal contains posél The accuracy of RSS information can be quantified by theoret-
information as the channel attenuation fator (4) depends on ical performance limits to explore the best achievablemestion
the locationl, of the VLC receiver. According to the Lambertianperformance. The CRLB on the variance of an unbiased egtimat
model in (4), which characterizes the level of attenuatiowisi- ¢&; of the RSS parameter; can be expressed as [63]
ble light channels, the received signal gets weaker as #tardie Ei o2
between the LED transmitter and the VLC receiver increases o E{(q; — a;)?} > ElEZilE”ﬁ
as the displacement vecthr— I} deviates from the orientation 115 = (BY)*
of the LED transmitter and/or the VLC receiver. In practicavhere £, E} and E% are given by (12), (6) and (13), respec-
VLP systems, RSS based positioning is a common technigively. As noted from (24), the performance of RSS estinratio
due to its low-cost hardware implementation that requires mleteriorates with an increase in the noise level in the vedei
synchronization, as opposed to TOA based schemes [44]-[4%¢nal in (1). In addition, as the electrical energy of the
In addition, multipath effects in indoor visible light chagls are transmitted signal increases, the RSS information beconoes

(24)

8In this paper, the RSS parameter refers to the channel atienufactor "Multipath effects can significantly be mitigated by emphayicalibration
a; sincea; is nonnegative and the received signal energy is deternbged;  techniques, such as selecting a subset of LEDs and using se deBD
[63]. configuration [99].



time of flight of the signal between the two devices, which

10 — E is determined by the TOA parameter as defined in (2). The
o deam ‘___,.—-—" primary requirement for the utilization of TOA information

100 d=6m e 1 in VLP systems is that the clocks of the LED transmitters
_____ dosm =T and the VLC receiver must be synchronized [47]. In the case

10_17_______' ____________ of synchronization, the VLC receiver can estimate the TOAs

of the incoming signals from multiple LEDs and accomplish
position estimation based on these TOA (equivalentlyadist)
estimates. Due to the increased cost of implementation- asso
ciated with clock synchronization, the research on TOAebas
103k | positioning is fairly limited [47]-[49], [63].

The TOA parameter can be estimated from the received VLC

o \ signal in (1) as [48], [63]
7; = arg max /TN ri(t)s;(t — 7;)dt (26)

10_5 1 1 1 1 1 Ti Tl,i
0 0.5 1 15 2 25 3 3.5 4 4.5 5

Lambertian Order where 7; is the ML estimate of the TOA parametet. As
observed from (26), the optimal ML TOA estimation is achive
Fig. 3. The square-root of the CRLB expression in (25) vethesLambertian by the correlation (matched filter) receiver [105]. That tise
order,m, for various values of distanc;. TOA between the transmitter and the receiver is estimated by
performing correlation of the received VLC signal with dedd
accurate due to more favorable signal-to-noise ratio (Stt)  Copies of the transmit signal and identifying the locatiowhich

ditions. Moreover, the accuracy of RSS estimates improwes 1€ peak occurs. o _ _
larger values of the responsivify, of the PD since responsivity, The CRLB for distance estimation based on TOA information

defined in terms of amperes per watt, measures the converdfbgynchronous VLP systems is stated as [47], [48]

CRLB (m)
=
o
N

efficiency of incident optical power to electrical curre@g]. . Ei oo \2
For scenarios in which the RSS-distance transformation can E{(d; — d;)*} > T _Q(Ei)Q <R > (27)
explicitly be performed (as in (23)), the CRLB for RSS based 12 3 p i
distance estimation can be obtained as [48], [101] whered;, represents an unbiased estimate of distahdzetween
A g orordd\ 2 the ith LED transmitter and the VLC receiver, andis the
E{(di — di)Q} > —— 1 — < Z) speed of light. It is noted from (27) that the accuracy of TOA
E1E; — (E3)? \ RpAr estimation increases with the SNR (cf. the signal model ) (1
1 d;\ 2"t In addition, for E = 0, the lower bound in (27) reduces for
X (m; +1)2(m; + 3)2 (h_z) (25) larger effective bandwidths via (20). As opposed to the TOA

. ) ) __ based method, the effective bandwidifis have no effects on
whered; denotes an unbiased estimatedof From (25), it IS {he CRLB of RSS based distance estimation in (25)Hér= 0.
observed that wher; ~ h;, that is, when the VLC receiver therefore, synchronous VLP systems exploiting high-badtiw
is almost directly under the LED, the CRLB decreases Wiffepg offer the potential of high accuracy distance estiorati
an increasing Lambertian order; since the sensitivity of RSS c) Time Difference of Arrivat TDOA based positioning
to distance becomes more pronounced for larger values.of gypoits the differences between the distances from meliED
in such cases. More specifically, considering the fact that tyansmitters to the VLC receiver. The TDOA parameter can be

directivity of an LED is determined by the Lambertian ordegpiained by taking the difference of two TOA measurements
(more directive for larger orders), the Lambertian patiar(23) corresponding to two different LEDs as
is more sensitive to distance (or, arfjlaround the peak point

of the pattern for higher levels of directivity. On the ottemnd, Aty =7 — 7 (28)

whend; > h;, the accuracy of distance estimation improvegnarenz - denotes the TDOA estimate between ttreand;jth
as the Lambertian order decreases since more signal PoVERH ané%- is the TOA estimate for théth LED as in (26)

can be received at longer distances if the LED is not vepy,giqgering the TOA model in (2), the TDOA parameter in the
directive. These remarks are illustrated for an examplea@®® | isajess case can be modeled as follows:

in Fig. 3, whereh; = 2m, Ei = 2.25 x 107*W, E{ = 0,

2 _ —22 _ —10-4 m2 I, — I [, — I
0? = 1.3381 x 10-22W/Hz, R, = 0.4 AW, and Ag = 10~ m? O el e NN
in (25) (the same parameters as in [48] with a source optical c c
power of 1 W). In the presence of synchronization among the LED transrsitte

b) Time of Arrival: The distance between an LED transfi.e., A, = A for i € {1,..., Np}), the TDOA information in
mitter and a VLC receiver can be calculated based on t(29) characterizes the difference in the TOA values belupgi

8 . . o to the two LEDs since the constant time offsets are removed
For two-dimensional scenarios, irradiation angle can be converted to

distance byd; = h;/ cos ¢;, whereh; is the known height of the LED with via subtraction. Hen(?e' Utilizmg TDOA measurements r&mj?
respect to the receiver. that the LED transmitters are synchronized to a common time



reference [106]. However, as opposed to TOA based posiiipni  Similar to array configurations, the VLC receiver structuire
no synchronization is required between the LED transnsittevolving multiple PDs with different orientations can be doyed
and the VLC receiver, thereby making TDOA a relatively les® obtain AOA information from the received signals [109],
expensive method for VLP systems [106]. [112]-[115]. Using a corner-cube structure that involvlesee
Besides the TDOA estimation method in (28), the cros&Ds with orthogonal detector planes, AOA estimation can be
correlation of the two received signals can be performed performed by measuring the difference in signal powersivede
estimate the TDOA parameter as follows [50], [51]: at the PDs [109], [115]. Similarly, multiple tilted PDs on 4. &
Ty receiver can reveal information about the direction ofvairof
AfT;; = arg Inax/ ri(t)r; (t + Ary)dt (30) incoming signals via the differences of RSS measuremerieat
Tii STy PDs [112]—[114]
whereT; ;; andT» ;; specify the complete observation interval  e) Hybrid Approaches In addition to parameter estimation
corresponding to the signals emitted by thie and jth LEDs. methods that utilize only a single property of received VLC
Another method for measuring the range differences betwesggnals (e.g., TOA, RSS, or AOA), there exist hybrid schemes
LEDs is to utilize different carrier frequencies for thertsmit that aim to estimate position dependent parameters thrjmirgth
signalss;(t) belonging to different LEDs [26], [52], [107]. In utilization of several signal attributes [48]. Such hybiag-
this way, phase differences between the received signaldea proaches are likely to produce more accurate first-steppeie
converted to distance differences [52]. Moreover, TDOA &m0 estimates compared to conventional techniques by blerttimg
be calculated by using the same carrier frequency withiffe benefits of each signal characteristic into a unified estanat
phase shifts fog;(t)’s [108]. framework.

d) Angle of Arrival: The information regarding the AOA  As discussed previously, both TOA and RSS measurements
of VLC signals incident upon the PD of the VLC receiver can bean provide information for distance estimation in VLP syss.
exploited to determine the position of the VLC receiver. Sfpe Hence, an ML based distance estimator that incorporates- inf
cally, with the knowledge of the positions and the oriemtasiof mation from both time delay (i.e., TOA) and optical channel
LED transmitters, the AOA (i.e., the incidence angle) ofgnsil attenuation (i.e., RSS) parameters can be designed to wapro
arriving at a PD yields a unique angle of departure (AOD).,(i.ehe accuracy of ranging in a synchronous scenario [48]. &cin s
the irradiation angle) from the LED that emits that signalthe an estimator, the information obtained from the TOA paramnet
ideal case of noiseless AOA/AOD estimation, the intersecti gets more significant as the effective bandwidth of the digna
point of the lines extending from multiple LEDs in the diriects increases. For small effective bandwidths (aroundifiyiHz or
of the corresponding AOD estimates would coincide with tHewer), the additional information from the TOA parameter b
location of the VLC receiver [55], [60], [109]. Hence, VLPcomes negligible compared to the information obtained ftoen
systems can take advantage of the AOA parameter for locati®8S parameter; hence, synchronism does not provide seymtific

estimation. performance benefits in such scenarios (since RSS can also be
One way to estimate the AOA parameter is via the LED comstimated in asynchronous systems) [48].
nectivity information, which can be acquired by deployingltia 2) Position Estimation: As the second step of a two-step

LED visible light access points (VAPS) in an indoor scenaripositioning algorithm, the position estimation procedtakes
[55], [60]. Each VAP can be designed to contain multiple LE@s input the position related parameters from the first step a
transmitters with very narrow field of views, whose orieiias outputs the estimated position of the VLC receiver. In thastp
are adjusted such that every point in the room gathers alsigne discuss four different classes of position estimatiothods;
only from a single LED [60, Fig. 1]. For such a configurationpamely, proximity based methods, geometric methods sttati
the receiver is connected to a single LED of each VAP, whighethods, and fingerprinting/mapping methods.
characterizes the AOA information gathered from that VAR vi a) Proximity Based Methods Proximity based position
the orientation of the designated LED. estimation depends simply on connectivity information émas
Another method for AOA estimation is to use an array dfias the advantage of being computationally efficient. Inaxpr
PDs in the VLC receiver [53], [54], [110], [111]. For instanc imity based positioning scheme, the VLC receiver extracimf
the differences in RSS measurements at the PDs arranged theareceived signals the identification data of the near&f°L
circular layout on the VLC receiver can be utilized to estimaand relays it to a central database, which transmits the LED
the AOA of the signal at the receiver [53]. It is also possiblposition information corresponding to that identificatimack to
to use a uniform linear array (ULA) of PDs to determine théhe receiver [1], [57], [58], [116]. As an alternative apach,
direction of arrival of the VLC signal via a beamforming vecct LED transmitters may broadcast their positions insteacheirt
[54], [110]. To increase the sensitivity of received powaets identities, which circumvents the need for communicatinith
PDs to the direction of signal arrival, a reasonable apgrasc the database [1], [58]. As the result of this process, the VLC
to employ aperture-based receivers where an opaque apertagceiver acquires the location of the closest LED, whiclvioes
containing a hole is placed on top of each PD in a circularyarra rough location information (i.e., the receiver lies in trea
[56], [111]. In such configurations, the holes on the apesgurspanned by the field of view of the specified LED transmitter).
are shifted from the location of PDs towards the center of the

circular array [111 Fig. 1] to enlarge the relative diffeces in °If the receiver can determine the identity of multiple LERrtsmitters,
' aning that the receiver is connected to multiple LEDs at the receiver is

. . . m
the mea_sured 5|gnal powers at PDs, resultlng In more a@:urﬁﬁe to decode the signals coming from multiple LEDs, theselects the one
AOA estimates. with the largest RSS value as the nearest LED [106].



Therefore, the accuracy of proximity based positioning fis p

marily affected by how dense the LEDs are deployed over the

ceiling of the indoor environment in which the receiver @ies
[64].

Proximity based localization is particularly useful for-ap
plications where accuracy requirements are not stricth as
asset tracking in hospitals and location-aware servicearin
galleries [1]. However, certain applications, such as reafaibot
navigation, may require more precise location informatizan
that provided by the proximity based method [1]. In order
to alleviate this problem, angular information obtainednfr

auxiliary sensors can be combined with the proximity based

information to refine the coarse position estimates [11d]. |

addition, a biconvex lens can be inserted under each LED

luminary containing multiple LED transmitters to improveet
accuracy of proximity based positioning by providing arzgul
diversity [118].

b) Geometric Methods Geometric techniques exploit the
geometric interpretations of the first-step parametemesés to
obtain the position of the VLC receiver. In the following, we
elaborate on how geometric properties of measurementzdela
to distance (TOA/RSS), angle (AOA), and distance diffeeenc
(TDOA) can be utilized for localization.

« Distance Based Geometric Localizatiolm geometric po-

sition estimation, a distance estimate between an LED
transmitter and the VLC receiver, which can be derived

from TOA and/or RSS measuremeffsielineates a sphere

around the LED transmitter corresponding to possible loca-
tions of the VLC receiver. Based on distance measurements

from four (three) LEDs in three (two) dimensional posi-
tioning, the VLC receiver is able to estimate its location
as the intersection point of four (three) spheres (cir¢les)

a process which is called trilateration. As an example, for

two dimensional VLP systems where the height of the VLC

receiver is known, consider the following noiseless model

for distance measurements betwe®¥p LED transmitters
and the VLC receiver:

(e — U )2+ (L2 — 1) = (dP°")%, i=1,2,..., Ny
(31)
wherel, j, andl;,C denote, respectively, thieth component
of the position vector of the VLC receiver and tita LED
transmitter, and" is the horizontal distance measurement
between the VLC receiver and thith LED transmittet.

After some algebraic manipulations, (31) can be expressed

as

Ax=Db (32)

wherex = [I, 1 I, 2] is the unknown horizontal location of
the VLC receiver, and the entries df ¢ R(M.~1)x2 gnd

10As mentioned in Section II-B1, an RSS measurement can bslated to
a distance estimate only under certain conditions.

Hghor s obtained bydP*r = /(d;)2 — h? where d; is the distance
measurement between thith LED transmitter and the VLC receiver aridg
is the known height of the transmitter with respect to theeirer.
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b € RWL=1x1 gre given, respectively, by [44], [45], [59]

Ay = z;’j,;l — 1y (33)
b — (dhor)? — (dPgy)? + (2 + (1Eh?
v 2
_ ()24 (1 y)? (34)

2

fori € {1,2,...,N, —1} andk € {1,2}. In the prac-
tical case of noisy distance measurements, the linear least
squares (LLS) estimate of x can be obtained as [44], [45],
[59]

x=(ATA)'ATDb . (35)
Angle Based Geometric Localizatioim addition to dis-
tance based geometric positioning, there also exist eali
tion techniques that leverage the geometric implicatidns o
angle measurements to estimate the position of the VLC
receiver [55], [60]. The set of possible locations of the
VLC receiver based on an AOA measurement from an
LED transmitter lies on a straight line passing through
the LED. Then, two AOA measurements can be used to
specify the location of the VLC receiver as the intersection
point of the two lines defined by these measurements in the
ideal case. To express the geometric relations in a formal
manner, consider a two dimensional localization scenario
in which the noiseless AOA estimatg related to theth
LED transmitter is expressed as [60]

lr,2 - 1%72

tan¢i:m,i:1,27...

(36)

Then, based on (36), the following linear relation can be
obtained [60]:

Ax=b (37)

wherex = [l I, 2] denotes the VLC receiver location,
andA € RMx2 andb € RVe*! consist of the following
elements:

Ai71 = sin (,271 (38)
Ao = —cosy; (39)
by =i sing; — I} 5 cos ¢; (40)

fori e {1,2,..., Ny}. Similar to (35), in the case of noisy
measurements, the LLS estimat®f the unknown location
x can be calculated as
x=(ATA)'ATD . (41)
Distance Difference Based Geometric Localizatiém:the
absence of measurement noise, a TDOA measurement spec-
ifies the difference of distances from the VLC receiver to
two LED transmitters, and implies that the receiver must be
located on a hyperbola the focus of which is the closest LED
transmitter (considering a two dimensional VLP scenario
with a known receiver height) [106]. Hence, it is possible
to determine the position of the VLC receiver using two
TDOA measurements, which yield a unique intersection



point of the two respective hyperbolas under certain condi-
tions [81]. To formulate the TDOA based localization, the
following TDOA measurement model is adopted via (29):

[0 — L — |l — &
&

where the first LED is selected as the reference. In the

presence of noisy TDOA measuremeris;; obtained by

(28), the unknown locatiord, can be estimated by the
following nonlinear least squares (NLS) estimator [119]:

ATilZ 1=2

L NL o (42)

3

Ny,

7 . A \2

l, = arg n%in; (AT;1 — A7) (43)
where the dependence dfr;; onl,, expressed in (42), is
used for finding the optimal location in (43). Apart from
the NLS estimator, the TDOA based geometric techniques.
involving linear and quadratic equations can also be em-
ployed for localization [33].

c) Statistical Methods Statistical positioning methods
make use of the statistical properties of the parameter uneas
ments obtained in the first step to design position estirsator
Contrary to geometric techniques, which lack mathematigak
and depend solely on insights derived from the localization
geometry, statistical techniques constitute a methodiegl of
position estimation and thus can provide asymptotic ogdtima
ity/performance guarantees [81]. For instance, the ML tfosi
estimators in [55], [63], [64], [L02] can asymptoticallyhéeve
the CRLB as the SNR increases. In the following, we first
present a generic formulation for position estimation bdase
a statistical measurement model and then introduce #tatist
estimators employed in synchronous, quasi-synchronaus, a
asynchronous VLP systems.

« Generic FormulationConsider the following measurements
obtained by the VLC receiver in the parameter estimation
step (i.e., the first step) of a two-step positioning appioac
[61]:

X = w(lr) +¢ (44)
with x = [x1..-xn,) s wlle) = [willy) ... wn, ()]
and ¢ = [¢i...C¢n.] ., Where x; denotes the first-step

parameter measurement corresponding tatthe€ED trans-
mitter,w; (1, is the true value of the parameter related to the
ith LED transmitter, which depends on the locatlpof the
VLC receiver, and;; is the noise for théth measurement.
For examplew;(l,) may represent the TOA parameter in
(2), the RSS parameter in (4), the TDOA paranméteém
(29), or the AOA parameter in (36). Assuming that the
probability density function (PDF) of the noise vector

is given by f¢(-), the conditional PDF of the measurement
vectory givenl, can be expressed as [61]

x(x|b) = fe(x = w(lo). (45)

Based on the availability of prior information dp, several
statistical estimators can be investigated. In the absence

12In the case of TDOA measurements, the number of measurethantsarry
information reduces tdVy, — 1 since the first LED is selected as the reference
for TDOA calculations (see (42)).
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of prior information, the ML estimator, which maximizes
the likelihood of observations in (45), can be employed to
estimatel, [62]:

[ = argmax fi(x |1) (46)

If the prior information onl, is available, Bayesian esti-

mators can be used for position estimation. Denoting the

prior PDF of I, by =(l,), the two well-known Bayesian

estimators, namely, the maximuanposteriori probability

(MAP) estimator and the minimum mean square error

(MMSE) estimator, can be obtained, respectively, as [62]
~MAP

l = argmax Ix(x | te)m (L) (47)
~MMSE
I, =E{lL|x}. (48)

ML Position Estimation in Synchronous VLP Systefs:
synchronous VLP systems, both TOA and RSS parameters
can be calculated in the first step and employed for position
estimation in the second step. First, the asymptotic charac
teristics of the TOA and RSS estimates are discussed, which
provides a basis for designing ML position estimators.
Let T 2 [r ...7n,)" and# 2 [7, ... 7n,]", wherer,

is the true value of theth TOA parameter in (2) (with

A; = 0) and7; is theith TOA estimate in (26). Similarly,
leta £ [0y ... an,]" and& £ [a; ... én, )", wherea;

and &; denote, respectively, the true value of tlile RSS
parameter in (4) and thi¢gh RSS estimate in (22). Assuming
thatEl = 0fori =1,..., NL (see (13)), the TOA estimates

7 and the RSS estimateés can be modeled as independent
Gaussian random vectors in the high SNR regime (i.e., for
o} RZE; > o?; cf. (1) and (6)) as follows [63]:

7T~ N(T,25) (49)
&~ N(a,Sq) (50)
where
. o2 M
2-,— = dlag <{W}l_l> (51)

0'2 N
i=1

with diag(-) denoting the diagonal matrix\'(u,X) rep-
resents the Gaussian distribution with mean vegtoand
covariance matrixx, and E¢ and E} are given by (12)
and (6), respectively. It is noted that (49) and (50) result
from the asymptotic unbiasedness and efficiency properties
of ML estimation [62]. Next, from (49) and (50), the ML
estimator forl, based on the first-step TOA and RSS
estimates{7;, &; } Y is obtained as [63]

i _ argmin % (Eioz2 (7 — 1) + B} (64 oz-)Q)

r = arg L A 195 \Ti i 2 (@ i

202 il
~ > logay (53)

P =1
where the optimal, is searched via the relations of and
a; with I, as defined, respectively, in (2) (with; = 0) and
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(4). In the high SNR regime, the last term in (53) becomes is obtained by (22), and the weighting coefficients are

negligible as compared to the others andn the first term defined as [63]
is approximately equal té; via (50). Hence, the estimator (B2
in (53) can be simplified to [63] w; = B} — E—3 (60)
1
~TS,syn . i o 9 The proposed weighting coefficient in (60) is determined
r = argmin Z; (Elo‘i (7 = 7)° + B} (6 — o) ) according to the reliability of each RSS estimate. Theesfor

(54) w; is inversely proportional to the CRLB for estimating
from the received signat;(¢), as observed from (24). As
which is an NLS estimator. It is shown in [63, Prop. 2] that  demonstrated in [63, Prop. 4], the two-step estimator in
the NLS estimator in (54) is asymptotically optimal, i.e., (59) is equivalent to the direct estimator in (8) fBf = 0.
attains the CRLB in (10) at high SNRs. Thus, the two-step estimator is the optimal ML estimator
ML Position Estimation in Quasi-Synchronous VLP Sys- in asynchronous VLP systems for practical pulse shapes.
tems: Since the LED transmitters and the VLC receiver d) Fingerprinting/Mapping Methods A fingerprinting

are not synchronized in quasi-synchronous VLP systemsethod for position estimation generally consists of twag#s,
TOA measurements cannot directly be utilized in thgamely, the offline phase and the online phase. In the offline
second step of a two-step estimator. However, by Virtyhase, a database is constructed by gathering measuresaents
of synchronization among the LED transmitters, TDOA grid of reference points in an indoor environment [65],][66
measurements can be employed along with RSS measuyfgch entry of the database stores the location of the spbcifie
ments to design an ML estimator fér. Choosing the first reference point and the parameter estimates (e.g., RSS, TOA
LED as the reference, leAr 2 [Ami ... A7y1]" and  TDOA, AOA, or a combination of them) associated with the
AT £ [A%y ... Afn,a]", whereAr; and A7 denote, LED transmitters obtained at that location [65], [66]. Ineth
respectively, the true value of thih TDOA parameter online phase, the vector of parameter estimates measured by
in (42) and theith TDOA estimate in (28). Then, for the VLC receiver is compared with the database to decide on
E{=0,i=1,..., Ny, the TDOA and RSS measurementhe [ocation of the receiver according to a proximity measur
vectors are mdependent and distributed asymptoticatly (fetween the online measurement vector and the offline preest
high SNRs) as [94] database [17], [65], [66]. In addition, a decision rule thaps
A~ N(AT Ear) (55) can be devised using machine learming techmiaues, sugh as

é&~N(a,Za) (56) nearest neighbork¢NN), neural networks, and random forest
[120]. Hence, based on the training database containinigeffl
parameter measurements, a fingerprinting/mapping methond c
o2 ) o2 Ne learn a classifier through which online measurements argethp
RT%Evlll + diag {m} 57 1o corresponding locations in the room.

P P One of the most common parameters employed in fingerprint-
with 1 denoting the all-ones matrix. Then, the ML estimatang methods for VLP systems is the RSS parameter [28], [65],
of I, based on the TDOA estimateA+ and the RSS [66], [120]-[126] since it does not require synchronizatas in

whereX,, is as in (52) and

EAT =
1=2

estimates can be written as [94] the case of TOA and TDOA measurements, and it can simply

TS qsy be measured via a single PD at the receiver as opposed to
5 . ~ Te—1/~

L = argmin (0 —v) X7 (0—v)+log[Zar| (58) AOA measurements. Another parameter that can be preferred

for fingerprinting is the extinction ratio, which refers tbet
whered 2 [A#T 7 T’ v 2 [ArT aT T’ and> 2 differe_nce betwe_en_ the received powers correspondingttd bi
and bitd transmissions [127].
Given a comprehensive offline database with densely placed
f&ference points, fingerprinting/mapping techniques agable
of producing more accurate location estimates as compared t
eometric positioning methods [65]. The primary disadaget

chronous VLP systems, only the RSS measurements & flngerprmtmg techniques over geometric, statistiaald prox-
mity based position estimation methods is that they inedive
be utilized for the second step of the two-step posmon

estimation. Then, the ML estimator fér based on the RSS process of building and maintaining an offline training tatse,
measurem.ents c'an be written as [63] which aggravates the computational complexity in dynamic

scenes [81].

Diag (¥ a+, Xo) With Diag(-) denoting the block diagonal
matrix. The cost function in (58) depends on the unknown
locationl, via v, X a,, andX.

ML Position Estimation in Asynchronous VLP Systems
Since time-based information cannot be obtained in asyy

Ny,
~TS,asy 2
l, = argmln E w;i (& — o) (59) Il1. COOPERATIVEVISIBLE LIGHT POSITIONING

= As shown by numerous studies in the literature, cooperation
whereq; is the true value of the RSS parameter associatathong target nodes (i.e., nodes with unknown positionsecan
with the ith LED transmitter and depends dp via (4), hance performance of RF based localization systems [3@}-[7
&; is the RSS estimate for thi#gh LED transmitter, which [72], [128]-[133]. Similarly, cooperation among VLC units a
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following connectivity sets are defined to specify the cartioais
= =9 = between the PDs and the LEDs [67]:

S\ = {ee{1,...,L;} | fth LED of ith VLC unit is
0 = o) connected tdith PD of jth VLC unit},
ke{l,....K;},ie€{0,1,...,Ny},je{l,...,Ny}. (61)

Namely, S,(j”) represents the set of LEDs at tith VLC unit
that are connected to thigh PD at thejth VLC unit. It is noted
that the LEDs on the ceiling are considered as the zeroth VLC
@ unit in order to develop a unified formulation. In other wards

w “VLC unit 0" is a hypothetical VLC unit withL, LEDs (at
) known locations) and zero PDs. Hence, indestarts from zero

(85 () in (61).
We consider a scenario in which RSS measurements per-

formed by the PDs are employed for estimating the unknown
locations of the VLC units, i.exi,...,xxy, . Let Pg(l,j) repre-
Fig. 4. lllustration of a cooperative VLP system with thre&G/ units (e.g., sentthe RSS.m(.aasurement at kitle PD of thejth VLC l_"mt due
robots). The white cylinders on the ceiling and at the VLCtuimepresent the to the transmission from thé&h LED at theith VLC unit. From
LEDs, and the red rectangular prisms denote the PDs. the Lambertian formula [93]P.";’) can be stated as follows:

Gi) _ L o) ) i)y A
VLP system can be useful for achieving improved localizatio 1tk = g 1.0 08" (9y)7) cos(Op ) i)\ 2
performance compared to the case in which VLC units gather (d&k )
signals only from the LED transmitters at known positions. | (4,4)

- . . . . + Nk (62)
this section, we investigate a new VLP system architectuaé t '
facilitates communications among VLC units for the purpote for j € {1,....Nv}, k€ {1,...,K;}, i € {0,1,...,Nv}\j
cooperative localization and discuss an iterative algoribased and? € SU7), where the diStanCég}g) is given by
on gradient projections to estimate locations of VLC units.

di) = [|ag | (63)
A. System Model with
In a cooperative VLP system, there exisf LED transmitters I
. . . . . i it+ajr—x; — b, If 0
with known locations and orientations (i.e., anchor/refiee dz;j) = {XJ Ak X ot i 2750 (64)
nodes), andNy VLC units that are to be located (i.e., Xj T ajk = Ye, o=

agent/target nodes). The location of tfte LED transmitter is |, (62)’m§i) is the Lambertian order for th&h LED at theith

denoted byy, and its orientaFion vector is given bygFO)f for VLC unit, Ag) is the area of th&th PD at thejth VLC unit,
¢e{l,...,Lo}. Each VLC unit not only receives signals from_ is the transmit power of théth LED at theith VLC unit
the LED transmitters at known locations but also commua's:arp(iy_) . R P ! ;
with other VLC units in the system for cooperation purposes.;.” is the irradiation angle at théh LED at theith VLC unit
[67]. Therefore, VLC units consist of both LEDs and PDswyith respect to théth PD at thejth VLC unit, andeéf;j) is the
namely, there exist; LEDs andK; PDs at theith VLC unit incidence angle for théth PD at thejth VLC unit related to

fori € {1,..., Nv}. The unknown location of théth VLC unit  the /th LED at theith VLC unit. The noise component;’;’’,

IS reprgsented by;, wherei € {1,..., Nv}. For thekth PD s modeled by a random variable with a generic PHEY ().

at theith VLC unit, the location (',S denoted by; +air and  gypposing the use of a certain multiplexing scheme (ere ti
the orientation vector is given mé?k' wherek € {1,..., Ki}.  division multiplexing among the LEDs at the same VLC unit
Similarly, for the /th LED at theith VLC unit, the location is and on the Cei”ng, and frequency division mu'tip|exing amo
represented by; +b; . and the orientation vector is denoted byhe | EDs at different VLC units or on the ceiling)f,’j)’s are
ngf?z, wherel € {1,...,L;}. The displacement vectors, ;'s assumed to be independent for all differéntk) pairs and for
andb; ,'s, are known design parameters of the VLC units [67hIl ¢ and i [67], [104], [106]. From (63) and (64), the RSS

In addition, the orientation vectors for the LEDs and PDs @feasurements in (62) can also be expressed as follows [67]:
the VLC units are assumed to be known since they can be

determined by the VLC unit design and/or via auxiliary seaso Pz(,lzéj) = O‘X}CJ) + 7721}]) (65)

such as gyroscopes [55], [67], [134]. To distinguish the LERQnere

transmitters at known locations from the LEDs at the VLC ginit ‘

the former are called as the LEDs the ceilingin the remainder Qi) & _m§“ + 1P(1-) 4D

of this section (see Fig. 4). Lk T o Tk
In the cooperative VLP system, each PD communicates with

a subset of all the LEDs in the network. For this reason, the

.. . m(i) i .
() i)™ (@) i

g

(66)
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Remark: The proposed system model for cooperative VLRIgorithm that can be implemented in a decentralized manner
applications relies on one-shot position estimation thdizes to solve the feasibility problem [68]. In the following, wedf
the parameter values of a given configuration to estimate theesent the problem formulation and then introduce the gseg
locations of VLC units at a given time instant. In VLP scepari cooperative localization algorithm [68].
with mobile VLC units, certain parameters, such as location a) Formulation of Feasibility Problem In feasibility prob-
and orientations of VLC units, are highly time-varying arebd lems, the aim is to find a point that satisfies certain congsai
to be updated at each decision/estimation step. For instdine without having to optimize an objective function, as oppbse
displacement vectors; ; and b, , depend on the orientationto optimization problems [135]. Hence, the computatiorahe
vectorsn'?, andn!?,, respectively. Hence, the values af, plexity of feasibility-seeking techniques can be signifitta
andb, , can be updated at each time step using the new vallewer than that of optimization methods, which makes felisib
of n{’, andn!!, (e.g., via rotation matrices). For the proposefiodeling an attractive approach for dealing with nonconvex
localization framework, it is assumed that the current @alof Problems. In this part, we present the formulation of the- fea
all localization related parameters are known and thus @an $bility problem that is intended to approximate the problef

employed for position estimation at the current time step. ~ cooperative localization as defined by the ML estimator if)(6
Based on the measurement model in (65), an RSS observation

B. Localization Algorithms ata PD can be modeled as

Let the vector of unknown parameters be represented-as P.=P +n (69)
T . . . .
[xi ... xR, ], which has a size 08Ny x 1. The aim is t0 \yhere P, denotes the true value of the RSS parameter (as in

estimate the elements of based on the RSS measurements {gg)) andy, is the measurement noise. To facilitate the feasibility

(62) (equivalently, in (65)). To this aim, various appro@sitan pased formulation, it is assumed that the noise PP satisfies

be considered, as discussed in the following. fo(i1) = 0¥ > 0, i.e., the RSS measurement errors are negative
1) Centralized Approach: In this approach, all the p P,).13.14 Then, using the Lambertian model in (66), a

. T =
RSS measurements are processed at a central unit gfqric) ambertian functiony : R? — R with respect to the
estimate the locations of the VLC units jointly. LeP unknown PD locationk € R? satisfie®

denote a vector consisting of all the measurements in
(65). Namely, the elements dP are expressed as follows: g(x;y,np,ng,m,vy) <0 (70)

(4,5)
{{{{Pe,k }zes,(j'”}ie{o,l,...,Nv}\{j}}ke{l,...,Kj}}je 1Ny} where
Then, the ML estimate ok based orP is given by {[62]

. é _
xMmrp, = argmax f(P|x) (67) g(x;y,np,ng,m,y) =~y

" (y —x)"ng

m—+3 )

where f(P | x) denotes the conditional PDF &f givenx, i.e., (71)

the likelihood function. For example, if the noise p@}/ﬁl’“)(.) y denotes the location of the LER andnp, are the orientation

follows a Gaussian distribution with zero-mean and a vaganvectors of the LED and PD, respectively, is the Lambertian

of 02, then the ML estimate in (67) can be obtained from (68)rder of the LED, andy is defined asy = %(mi—”lm with P,

as follows [67]: and A denoting, respectively, the transmit power of the LED

Ny K LM ang the_z ar??O())f tr:]e IPD. _Invokfinrg]; tP:DeDnsglative error: a?sllljmp_tio

L . (4,9) (.52  and usin , the location of the elongs to the follgvin
XML = 818 minz ) o2, > X (B i) feasible get (referred to as thembertian set ’ v

J=1k=1 1k i=0,i#j 0esiD
(68) £={xeR” | gy, nr,mp,my) <0}, (72)

whereaﬁf}j) is calculated from (66) via (64). Regarding communications between the LEDs on the ceiliglg an
The problem in (67) has high computational complexity sinad@e VLC units, the Lambertian set fdth PD of thejth VLC
it requires a search over &aVy dimensional space. Therefore,

. . . . 13 i

it may not be employed in pract|cal appllcatlons. Hencegdec We can alyvays subtract a constant vglue from the_obtalned RES
lized h ith | lexi b . surement to satisfy the assumption of negative measurenoése [136], [137].

tralized approaches with lower complexity can be consilie#i® ror pprs having finite support, this value can be choserj as sup{7] €

discussed next. R| f,(7) > 0}. For PDFs having infinite support, such as Gaussian, we can
2) Decentralized ApproachSince the objective function in seti = inf{f € R| [”__ f;(e)de > 1 — =} for some small probability to

(67) is in general nonconcave with respect to the vector @Proximately satisfy the assumption. . L
In terms of convergence properties, Algorithm 1, which iepgmsed later

un!(nown |0cat?0n5_( via (64) and (66) (e._g., nonconvexity of thep this section, has a theoretical convergence guaranteertthe assumption
objective function in (68)), the problem in (67) cannot bésed of negative errors (see [68, Section V] for convergenceyaigl Although no

to global optimality using standart convex optimizationtht[[ds. convergence guarantee can be provided for Algorithm 1 incdme of both
positive and negative errors (e.g., Gaussian noise), ricaheimulations reveal

In addition, obtaining globally optimal solutions of (67)av that the iterations generated by Algorithm 1 are able to emyeto true locations

global optimization tools may lead to an excessive comutat asymptotically as the SNR increases.

burden, especially as the number of VLC units increases. [681 15D is the dimensipn of localization in_the 'cooperative _VLP soen For
. .. example, when the height of the VLC receiver is known as ir, 48], [100],

Therefore, we formulate the prOblem of cooperative locdion [101], two-dimensional localization is performed, i.d), = 2. However, in

as afeasibility problemand propose a low-complexity iterativegeneral,D = 3.
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unit based on the signal emitted by tfta LED on the ceiling
for ¢ € S,(CO’J) is given by (referred to as theoncooperative 151
Lambertian sefs

=
o
T

¢l = {zer? | gl <0} (73)

(9]
T

Whereg/)( ) is defined as

Room Depth (m)

o
T

)00 2 oy om0 79

i plid .
and W(Jrj) = ;<k> (“iﬁ fori € {0,1,..., Ny} via (65)

and (66). S|m|IarIy, regardmg communications among theCVL 10t ‘ ‘ ‘ ‘ ‘
units, the Lambertian set for thith PD of thejth VLC unit -10 5 0 5 10 15
based on the signal emitted by tiith LED of the ith VLC Room Width (m)

unit for ¢ € S,i”) is given by (referred to as theooperative (@)

Lambertian sefs

cli? = {z € RP \ 05D (2,%;) < o} (75)

forie {1,2,...,Ny}, whereg(”)(z,xi) is defined as
90 (2x:) £ g(zxi + bie — aju,myyn mi” 7))
(76)

Then, the problem of cooperative localization in VLP system
is equivalent to identifying a point inside the intersentiof
Lambertian sets as defined in (73) and (75). Assuming that tt
Lambertian function in (71) is quasiconV&xthe quasiconvex
feasibility problem(QFP) can be formulated as follows [138],
[139]:

Problem 1. Letx £ (xy,...,xy, ). The feasibility problem
for cooperative localization of VLC units is expressed as

Room Depth (m)

Room Width (m)

(b)
find x € RPNv Fig. 5. (a) A noncooperative VLP system with four LED tranters on ceiling
. . and two VLC units, where VLQ- gathers signals from LED-and LED-2,
subject to Xj € Tj, j=1,...,Ny (77) and VLC=2 from LED-3 and LED4. The noncooperative Lambertian sets for
VLC-1 and VLC2 are represented by green and blue regions, respectively.
where (b) Cooperative version of the VLP system in Fig. 5(a), whiae VLC units
cooperate for improved localization performance. Greeth lne dotted lines
represent, respectively, the cooperative Lambertian getesponding to VLC-

Kj N ] . : - .
X (i,5) 1 and VLC2. Incorporating cooperative Lambertian sets into the laatibn
T, = ﬂ ﬂ ﬂ Ce,;; (78) geometry narrow the region of intersection of Lambertiais,sthereby yielding
k=1i=0 éesl(ci,j) more accurate location estimates [68].

with ¢{;” being given by(73) and (75)

QFPs constitute a class of feasibility problems in which the
functions characterizing the constraint sets (e.g., thahextian
function in (71) and the associated constraint set in (78) a  b) Decentralized Algorithm In this part, we present a
quasiconvex [139]. In the next part, an iterative deceizieel decentralized algorithm based on iterative gradient ptmjes
algorithm is introduced to solve the QFP in (77). To gain ai® solve Problem 1. The motivation behind the use of gradient
intuition on the geometry of Problem 1, a noncooperative V|_pr01ect|0ns is to reach the intersection region of the caurst
system and its cooperative version are illustrated alori thie SetSCg in (78) by moving in the opposite direction of the

corresponding Lambertian sets in Fig. 5. gradients of the funcUon@SﬂZ( ) in (74) andg(” (-,x;) in (76)
[140]. First, we present the definition of the’ gradient pcagn
18For the case of a known PD helght and perpendicular LED aiiemt, Operator.

i.e., z3 is known andngp = [00 — 1]7 in (71), the Lambertian function in

(71) is quasiconvex [68]. For the general case in which th® ld&ientation is A D
arbitrary and/or the height of the PD is unknown, we can obgaguasiconvex Definition 1. The gradlent prOJectlon operat«ﬂ 'R

approximation of the Lambertian function in (71) [68]. RP onto the zero sublevel set of a contlnuously dlfferent|able



function f : RP — R is given by [141]
fH(x)

viel?

where )\ is the relaxation parametel/ is the gradient op-
erator, and fT(x) denotes the positive part, i.ef"(x) =
max{0, f(x)}.

Based on Definition 1, we present the proposed algorith
namely, the cooperative gradient projections (CGP), inoAlg

GY(x) =x Vi) (79)
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Algorithm 1 Cooperative Gradient Projections (CGP)

Initialization: Choose an arbitrary initial poir‘éx&o), e ,xg\?‘)/) €
RDNV_
Iterative Step: Given thenth iterate(xg"ﬁ . 7x§\7f‘)/) € RPNV

for j=1,...,Ny do
Projection Onto Intersection of Halfspacds; by [68, Algo-
rithm 1]:

rithm 1. The algorithm consists of the following three plase

which are executed for each VLC unit (say, tfte VLC unit)
either in parallel or in a sequential manner:

o Projection Onto Intersection of Halfspacetn order to
keep thenth iterate x§") inside the region where the
noncooperative Lambertian functions defined in (74) al

(n)

all quasiconvexx;

the halfspaces in (82), which are derived from the non-

cooperative Lambertian séfs'®. The quasiconvexity of a
Lambertian function guarantees that the gradient praecti

operator forces the iterates to get closer to the Lambertian

set associated with that function.
Parallel Projection Onto Lambertian Setk this step, the
current pointign), which is the output of the previous

step, is projected onto each noncooperative and cooperativ
Lambertian set via the gradient projection operator in.(79)
Then, the resulting projections are weighted in (83) to

obtain the next iterate§”+1). The cooperative Lambertian
sets as defined in (75) are constructed from the most rec
position information of the other VLC units (i.exgn) or
x§n+1)
as shown in (83)).

Updating Relaxation Parameter§he relaxation parame-
tersA§") for the jth VLC unit at thenth iteration, which are
used in the gradient projection operator, are updated us
the Armijo step size selection rule in [68, Algorithm 2].

We note that Algorithm 1 can be implemented in a dece

is projected onto the intersection of

for ¢ # 7 depending on the order of position updates

m, %" = Pr (") (80)
where the intersection of halfspaces is given by
K
= N % (81)
k=14e5(09
with
re QE/,z = {x e RP ’ (ye —ajx — x)ng_’),C > 0} . (82)
Parallel Projection Onto Lambertian Sets:
K
(n+1) -(5) 5 2
XY= D kG ) (%5")
k=1L g0 ok
- () " - (n)
+ Z Z Koi G Gy, o (X57)] (83)
i1 it T 90k (-,xi )
=LA pe gt ’

wheren = n fori > j, A = n+ 1 for i < 5 and the weights satisfy

K Ny
SIS &+ S Y W =1 64
k=1

ent e (D =177 pe st
and&{’) >0, k') >0, Vi, £, k.

' end for )
Stopping Criterion: >V, [[x{ 1 — x{™||* < § for somes > 0.
Relaxation Parameters:The relaxation parametebé”) are updated
using the Armijo rule in [68, Algorithm 2].

ng

gndb;; = [0.1 0 O]Tm for ; = 1,2. The orientation vectors

tralized manner via a gossip-like procedure among the VL@ the PDs and the LEDs on the VLC units are given as

units [142]. In an asynchronous scenario, each VLC unit c&@llows: ngﬁ =03 -011", n
sequentially update its position via the iterative step ik A[0.8 0.6 (),1]T,

gorithm 1 and broadcast the resulting position information
neighboring (connected) VLC units. For the synchronougawar
of Algorithm 1, VLC units can update their locations in piehl
and share the updated locations with their neighbors.

To illustrate the performance of the proposed cooperati

S =10.2041", nf), =
n{, = [-0.7 02 0.1]", nf) = [0.9 0.4 0.1]",
and n<T2>1 = [-0.8 0.1 0.1]". In addition, the connectivity sets
are determined a8\ = ¢, S{*) = {1} fori,j € {1,2},i #
j for the cooperative measurements aﬁﬁ)’l) = {1,2,3},
Sa02) — (2,34} and S = @ for j e {1,2} for the

localization algorithm, we consider a VLP scenario in a roofioncooperative measurements. Furthermore, the arealoRéac

of size 10 x 10 x 5m? consisting of L, = 4 LED transmitters
on the ceiling andNy = 2 VLC units, whose locations are
given byy; = [115"m,y, = [195/"m, y5 = [915]"m,
ya =1[995"m x; = [251"m, andx, = [66 1.5 " m.
The LEDs on the ceiling are pointing downwards, in&?_)ﬁ =

[0 0 —1]" for ¢ € {1,2,3,4}. Each VLC unit contains two
PDs and one LED, whose offsets with respect to the centeieof
VLC unit are set toa; ; = [0 — 0.1 0)]"m, a;5 = [0 0.1 0]"m,

1"The reader is referred to Section Ill and Section IV in [68] &thorough
discussion.

!®please see [68, Algorithm 1] for the definition B (-) in (80).

is taken asl cm? and the Lambertian order of all the LEDs is
set tom = 1. The noise componenﬁéf;j) in (62) is assumed
to be a zero-mean Gaussian random variable with a variance of
UJQk which is calculated using Table | and Eq. (6) in [143].
The simulation results are averaged ow®0 different noise
realizations. In the simulations, a two-dimensional Iazdlon
cenario is considered, i.e., the VLC units have known ligigh
he initial z-y location of each VLC unit in Algorithm 1 is
selected as the same as that of the closest LED connected to
that VLC unit.
Fig. 6 shows the average localization error of the VLC units
versus the transmit power of the LEDs on the ceiling achieved
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102 : A. Optimization Variables
-3 - CGP Coop. o .
—5—CGP Noncoop. Let the transmit signak;(¢) for the ith LED transmitter be
- -~ MLE Coop. 4 expressed as
_____ MLE Noncoop. ~
. - X ~CRLB Coop. si(t) = VP si(t) (85)
—%%— CRLB Noncoop. |

fori=1,..., N, whereNy, is the number of LED transmitters,
P, is a parameter that determines the transmit powersgglis

a fixed base signal that satisfi¢’§‘*‘”‘(Ei(t))th/TSJ = 1, with
Ts,; denoting the period of;(¢). Then, theoptical power of
s;(t) can be calculated as [47]

T.
ot (T dt ~
B = Jo " i)t TS ( Jdt_ /P, B (86)

where

107 10" 10° 10t 102
Transmit Power of LEDs on Ceiling (W)

~ S5 (t)dt
E?pt A fo ; ( ) (87)

Fig. 6. Average localization error of VLC units with resp&zthe transmit power . . . . "
of LEDs on ceiling for Algorithm 1 (CGP) along with the ML estator and IS a fixed quantity representing the optical powersgf). The

the CRLB. Cooperation among VLC units provides non-neglegiperformance galectrical powerof the ith LED is proportional toP; [93], ie.,
benefits at low-to-medium LED powers.

Jo " (si(t))?dt
by Algorithm 1 and the ML estimator in (68), together with ESlec Jo AR T
the CRLB in [68, Eqg. 11], in both the noncooperative and Tsi

cooperative scenarios. It is observed that cooperationngmo—jqo goal of this section is to optimize the electrical powes

VLC units can provide significant localization performamegns . | Eps by adjustian}N_Ll to achieve improved localization
(62 cm and 39 cm improvements forl 00 mW and 316 mW op- =

tical powers, respectively, via the CGP Algorithm). In aatdh,
the proposed algorithm converges to true VLC unit locatiass
the SNR, i.e., the transmit power of the LEDs, increases.lhs @, VLP System Constraints

served from the results in the high SNR regime, the decérdrhl ) . ) o
approach (Algorithm 1) and the centralized approach (the mL The aim of power allocation in VLPNsystems IS to optimize
estimator in (68)) can attain similar localization perfamee, € POWervectop =[Py ... Py |" € R™ subject to practical

while the former has a much lower computational complexi§PnStraints so that the localization performance is mazeuhi In
than the latter. an LED power optimization scheme, the following constraint

can be considered:

1) Individual Power Constraintsin order to provide efficient
electrical-to-optical conversion, the LED output powersnbe
proportional to the input drive current, which is possitflehie
LED transmission power operates in the linear regime [29]-

In VLP systems, a typical approach is to set LED transmissién2): I" @ddition, high drive currents may have adverseattfe
powers to the same constant level (e.g., [44], [45], [5502[L on the_ ITED lifetime by inducing seIf-hegtmg [143]. Theredo
[144]), which can be adjusted according to trade-offs amofige Minimum and peak power constraints for LEDs must be
several parameters such as power consumption, localizatigcorporated, resulting in the following constraint set:
performance, illumination concerns, and LED lifetime. Huwer, A NL |
depending on positions and orientations of LED transnstter Pr={pe R pi 2P X pun} (89)
and VLC receivers, localization accuracy can be improved %ereplb € RVt andpa, € RV represent, respectively, the
optimizing transmit powers of LEDs under certain practicgyer and upper bounds on the power veqgtor

considerations [69f. In this section, we formulate the prob- 2) Total Power Constraint:As VLP systems must operate

!em of optimal power allocatiqn for LEDS in VLP SYStem§ der a specific power budget, there is a certain upper kit
in the presence of some practical constraints related tePOW, ! the total electrical power of LEDs [32], [93], [151], [25

con§umpti9n and illumination requirements. In_ additioas.éﬁ Also, the necessity for preventing damage to human eyes lead
on illustrative examples, we demonstrate the improvements, - |iitation on the total power consumption [32]. Hendee t

localization performance that can be achieved via the Cmti”}esulting constraint set can be defined as follows:
power allocation approach over uniform power allocation. '

P;. (88)

accuracy.

IV. OPTIMAL POWERALLOCATION FORLEDS UNDER
ILLUMINATION CONSTRAINTS

P2 {peRM :1Tp < Pr} . (90)

19power allocation has been investigated for RF based wirdtesilization
networks in [145]-[150]. wherel denotes the all-ones vector.
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3) Individual lllumination Constraints:In addition to power In (98), ® denotes the Kronecker produd, is a3 x 3 identity
constraints, VLP system designers must also take into atcomatrix, andI’ € R3V:>3 is a known matrix that is independent
illumination constraints to keep the brightness level a&cdied of p and depends on VLP system parameters369]
locations in the room above a certain threshold for propdoadn For LED power optimization, the CRLB is chosen as the
lighting [9], [22], [32], [153]. The illuminance I{fn/m?, 1x), optimization metric for evaluating the localization perfance
defined as the luminous fluXn{) per unit area [154], can besince it can be achieved asymptotically by the ML location
used as a measure of brightness. Then, utilizing [22, Eq. 8ktimator as the SNR and/or effective bandwidth increa®gks [
[154, Eq. 16.3] and (86), the horizontal illuminance at loma Hence, considering the system constraints in Section IV-B,

x due to thesth LED is obtained as the optimal power allocation problem for LED transmittess i
T (x.P) \/ngs ) 1) formulated as
ind\X, 173) = i PilX _
d minimize trace{J '(p)} (99a)
where P
subject to p € P (99b)

s (mi+ 1)HiEfpt [(X - li)Tnﬂmi (lti,3 —x3)

2 4 . . . . -
5 Hx—liHm#g (92) whereP? = (\;_, P;. The aim of (99) is to derive the opti

mal LED power distribution that minimizes the CRLB for the
localization of a VLC receiver under power and illumination
. ) X . constraints. As the optimization problem in (99) is convere d

efficacy {m/W) of the ith LED, defined as the optical POWETi5 the convexity of the objective function in (99a) and of the

to Iulr_r|1||nogs flux cor|1vers_|on eff|C|encyd[1bS4].”BgseLdE(I)Dn (9h)3bt constraint sets in (89), (90), (94), and (96) [69], the oplim
total illuminance at locatior generated by all the S €an bB&plution can be obtained efficiently by employing standaalst
calculated as [155] of convex optimization, e.g., interior-point methods [1.56
N N1, A related problem of interest is to minimize the total power
Tina(x,p) = > _Tha(x,P) =Y \/Pigi(x). (93) consumption subject to a prescribed level of localizatioaua
i=1 i=1 racy, which can formally be stated as

Then, the set that specifies the individual illuminationstoaints minimize 17p (100a)
can be constructed as p

¢i(x)

with E;’pt being given by (87) and:; denoting the luminous

~ subject to trace{Jfl(p)} <e (100b)
P3é{p€RNL :Iind(xéap) Zl-éa 22117[’} (94) pe’l)s (1000)

where L is the number of locations at which the illuminanceuherep, 2 P,NP;NP, ande represents the maximum tolerable
constraint is to be satisfied, add is the illuminance constraint CRLB level for the localization of the VLC receiver. Similar
defined for locationx,. (99), the problem in (100) is convex.

4) Average lllumination ConstraintAnother constraint re-  In the problem formulations (99) and (100), optimizing the
lated to illumination is the average illuminance over themo power vectorp requires the knowledge df in (98), which
which needs to be maintained at a certain level for satigfyimnvolves parameters such as the location and orientatictheof
average brightness requirements. The average illuminavee VLC receiver [69]. In most practical VLP scenarios, those pa

a horizontal regionA in the room can be calculated as rameters cannot perfectly be estimated (e.g., due to iataln
N and tracking errors, and gyroscope measurement errorgdhwh

Tavg (D) = Z \/171 fA ¢i(X)dx (95) Mmay lead to unsatisfaf:tory power allocation re;ults. Wmeee.
= | A we also need to consider robust power allocation formuiatio

) _ in the presence of uncertainties in VLP system parameters. T
Whe_reMlL is the volume ofA. Then, the related constraint se{hat aim, leti, be the estimated location of the VLC receiver,
is given by

given as X
PrA{peRM : T,y (p) > Tuve} (96) I, =1 +e, (101)
- o ) wherel, is the true location and;, is the error vector. Assuming
whereZ,,, denotes the average illuminance constraint. a spherical uncertainty set for the location errors [15759],
ie.,

A 3.
C. Optimal Power Allocation for LEDs e, €&, ={eeR”: e[ <d,}, (102)
The accuracy of localization in VLP systems can be quantifid¢1ered:. denotes the maximum error in the location of the VLC
by the CRLB on the variance of an unbiased estiniater the receiver, the robust counterpart of the power allocatiarbem
position of the VLC receivet,, which can be expressed as [69]" (99) under location uncertainties can be formulated as

B(1L ~ 117} > nace(3”'(p)} o7 minipive max wnced (1 0PI —e1)) "'} (109)

p ey, €&,

whereJ(p) is the FIM given by subject to p € P

20 L . . L
o T The CRLB expression in (97) and (98) is also valid for scaygaim which
J(p) = (13 ® p) r. (98) the VLC receiver is connected to a subset of all the LEDs in\thE system.
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with I‘(ir — ey, ) corresponding to the matrik in (98) evaluated

atl, =1, — e;,. The goal of robustness in (103) is to minimize ®  LED Transmitter

the worst-case CRLB over the uncertainty regign in (102) < VLCReceiver _
using the estimated locatioh. Similar formulations to that . il Hlumination ConsyairLLocatons
of (103) can be developed for handling the uncertainty

other parameters (e.g., orientation of the VLC receives)yall
[69]. By exploiting the characteristics of the objectivenétion,
efficient iterative algorithms can be designed to solve J188e
[69, Section V] for details).

It is worth noting that as in both of the optimization probkem
in (99) and (100), the CRLBs in VLP systems are differer
from those in RF-based systems since the system model in V
scenarios has significant differences compared to the oR&in 1 " "
based systems, as discussed in Section II-Al. In addition <
the CRLB definitions, the constraint sets in (99) and (10@) a
also different as they include individual and average ilhetion 0 1 2 3 4 5
constraints, which are not considered in the design of Réetha Room Width (m)
localization systems.

Room Depth (m)
w

N

Fig. 7. VLP scenario with four LED transmitters and a VLC rigeg shown
in two-dimensions.

D. Simulation Examples

To illustrate the benefits of optimal allocation of LED power
in VLP systems, we consider a simple localization scenari
as depicted in Fig. 7, where there exist four LED transnstter
(N, = 4) on the ceiling of a room of sizé x 5 x 2.5 m® and a :
VLC receiver trying to localize itself based on signals savitted 016 3
by the LEDs. The locations of the LED transmitters and the VL( :
receiver are given byl = [1 125" m, 12 = [1425]" = :
B=p125"m 1! =[4425" m, andl, = [2 0.5 1]" m. @ 012}
The LED transmitters have perpendicular orientations,mg = 5 i
00 —1)" fori=1,..., Ny, while the orientation of the VLC oLy
receiver is given byn, = [—0.2241 — 0.1294 0.9659]", which 0.08 -
corresponds to an elevation angleld and an azimuth angle
of 210°. Regarding the illumination requirements, we determin 0.06 -
four locations for the individual illumination constrastwhich | | ‘ ‘
are specified by, = [1.5 1.5 1.5]" m, xo = [1.5 3.5 1.5]" m, > 50 100 150 200 250
x3 = [3.5 1.5 1.5]" m, andx, = [3.5 3.5 1.5 m. Pr/Ny

For the LED transmitters, the Lambertian order is setsfo=  Fi9- 8. CRLB of (99a) versu#r /Ny, for uniform and optimal power allocation

. . . . strategies, where the average and individual illuminationstraints are taken as

3 and the luminous efficacy is; = 60 lm/W fori =1,..., Ny, Tuvs = I; = 201x for £ = 1,2, 3, 4.
[153]. Also, the area of the PD at the VLC receiver is taken
as Ar = 0.64 cm?, the responsivity of the PD is set 8,

""""" Optimal Power Allocation
Uniform Power Allocation|

Accuracy
Gain of 38%

‘e
*
“aua
LLETTT T
R T T P T

0.4 mA/mW,Q?nd the spectral density level of the noise?s_: In Fig. 8, the square-root of the CRLBs achieved by the
8.5641 x 107** W/Hz [47]. The base transmit signa}(¢) in  optimal power allocation strategy of (99) and the uniform
(85) is modeled as [47] strategy are plotted with respect for /Ny, which determines

the average electrical power limit. The illumination coasits
are set a,,, = 7, = 20 Ix for £ = 1,2,3,4. It is deduced

for i = 1,...,Ni, andt € [0,T..], where f., is the center from Fig. 8 that the optimal power allocation approach can

frequency andr’, ; denotes the observation inten?l. For the provide sigpificant improvements in localization performa
signal model in ’(104)591“ in (87) is obtained agoPt — 2/3 over the uniform strategy. For low power budgets, the proble

For the simulations, an asynchronous VLP system is cor\a'sxikjeFn (99) becomes infeasible due to the illumination conatsai
with f.; = 10i MHz andT,,; = 1 ps for i = 1 N On the other hand, for sufficiently higkr, the optimal and

In addmon the lower and upper bounds on the LED c)ptlcglmform strategies become equivalent as they both assign th
powers are set a8 W and 10 W, which, based on (86) and peak powers (i.epyp) to the LEDS. In addition, Fig. 9 shows

(87), correspond to power limits gf, ; — 2.25 andpus, ; — 225 the CRLBs of the optimal and uniform strategies correspogdi
fori—1,. .. Ny, for the constraint gepl in (89). o to (99) for a constant average power linff/ Ny, = 40 as the
B illuminance limits Z,,, and Z, vary. It is observed that the

21 The constant facta/3 is included for satisfyingf; * (5; (t))2dt/T, , = ~ACCUracy improvementvia power optimization gets highethes
1, as mentioned in Section IV-A. illumination constraints become less stringent, as exguect

Si(t) = ; (1 —cos(2mt/Ts;)) (1 + cos(2mfeit))  (104)
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Therefore, it is imperative, for both researchers in thedao@a
and practical system designers in the industry, to acquire a
meticulous understanding of the fundamental trends intiposi
R O Optimal Power Allocation 1 estimation via visible light signals and their impacts or th
Uniform Power Allocation performance of VLP systems under various operation envi-
o1r il ronments. In this paper, we have considered the problem of
B Accuracy o localization in visible light systems and provided a sunady
@ 009 Gainof 5% i the state-of-the-art techniques by taking into accounttihe
5 H main research strands. Starting with a received signal hfode
008 1 VLC signals, we have presented the direct positioning aggro
e utilized in synchronous, quasi-synchronous, and asymdu®
4 S i VLP systems, and provided the performance benchmarks that
"""""""""""" can be used as guidelines for system design engineers. Then,
0.06 | | | | we have considered the two-step approach to localizatibighw
10 15 20 25 30 35 consists of parameter estimation/extraction and posgstima-
flluminance Limit (h) tion steps. Regarding parameter estimation, we have igegst
Fig. 9. CRLB of (99a) versus the illuminance limit for uniforand opti- the nroperties of the widely used first-step parameters i VL
mal power allocation strategies, where the average powest@nt is set to .
Pr /Ny, = 40. systems, such as RSS, TOA, TDOA, and AOA, and discussed the
estimation methods (e.g., the ML estimates of these pamg)et
and hardware-related requirements imposed by specifistgpe

0.12

20 —— Uniform Power‘Auocaﬂon’ Hlumination: 20 Ix parameters (e.g., mult?ple.PDs at the VLC receiver for theeca
....... Optimal Power Allocation, llumination: 20 Ix of AOA, and synchronization for the case of TOA and TDOA).
200t Uniform Power Allocation, lllumination: 30 Ix || For the position estimation step, proximity based methgds:
"""" Optimal Power Allocation, lllumination: 30 Ix metric methods, statistical methods, and fingerprintinghogs
have been reviewed, with an emphasis on statistical paositio
. 150+ Power Saving il estimat.o.rs as they _provide.a mathgmatically rigorous freonle
= of 58% for position estimation, which provides asymptotic penfiance
100t | guarantees.
] / In addition, we have devised a cooperative VLP system
".,’ Power Saving architecture that utilizes communications among VLC rezei
50 units to improve the accuracy of localization via coopenatiA
cooperative localization algorithm that is amenable tdrithisted
. ‘ ‘ ‘ implementation has been proposed to illustrate the impnevis
0.05 01 0.15 02 0.25 in localization performance via the use of cooperation agnon

Desired CRLB Level (m) the VLC units. Finally, we have considered optimal LED power
Fig. 10. Optimal value of (100a) divided by, (Py/NL) versus the desired g|location strategies to maximize the localization accyraf
Srffj'ﬁ \Ili‘ﬁ%u\s/gi"ﬂm(iln%%?nfg;#;fgirnr?s_and optimal power allocation Sl /) ¢ receivers subject to power and illumination constraint
The problem of optimal power allocation has been shown to
be formulated as a convex program, on the basis of which the
In the second example, we investigate the optimal value ghtimal power vectors have been derived efficiently to stemec
(100a), which determines the total electrical power corsion, the performance benefits over the conventional uniform powe
against the desired CRLB levg)e in (100b) under various gjiocation approach.
illumination requirements. The results are shown in Fig, 10 Although significant improvements are being made for VLP
where the y-axis is calculated asj/N. with Py denoting systems in the literature, there are still some issues whiske
the optimal value of the objective function in (100a). It i$,ot adequately been addressed and should be investigated in
observed that substantial power saving gains can be obitsiae fytyre work. A recent study in the literature has shown that
the optimal approach as compared to the conventional unifopmitting multipath reflections in VLP systems may consitéya
approach. Also, the optimal strategy coincides with thdarm  yequce the accuracy of localization in certain indoor envir
strategy for sufficiently high values of the desired CRLBelev ments [99]. For that reason, VLP systems should be designed i
due to the illumination constraints. In summary, given areels consideration of multipath propagation. In a similar catitéhe
level of localization accuracy in a VLP system, the propose$mmon algorithms and methods in the literature do not cemsi
optimal approach can provide a much more power efficiefe situation when the LOS between the LED transmitter and
solution than the uniform approach. the VLC receiver is lost; that is, when an LOS blockage occurs
Regarding this issue, the approaches for VLP systems should
V. CONCLUSIONS ANDFUTURE RESEARCHDIRECTIONS  pe adapted for the case of LOS blockage. In addition, the VLP
As a key enabler for low-cost and high-accuracy indo@ystems should be invulnerable to various interferencecssu
wireless localization services, the VLP technology cdasts a such as sunlight and other lighting systems. Moreover, most
vital ingredient of next-generation location-aware apgiions. VLP systems cannot be treated separately from illumination



systems, and consequently the design of such systems egsquilz0]
the consideration of not only localization performance &iso
illumination constraints. Furthermore, in scenarios witbbile
entities, temporal cooperation can be utilized by takintp in [21]
account the previous state information of a VLC receiverhia t
design of VLP algorithms in order to achieve robust locdiaa
results. Overall, in view of these challenges and remaik; f
integrated superior designs can be developed for VLP system
in the future. (23]
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