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We propose a visible light positioning (VLP) system with a single light emitting diode (LED) transmitter and
an intelligent reflecting surface (IRS) for estimating the position of a receiver equipped with a single photo-
detector. By performing a number of transmissions from the LED transmitter and optimizing the orientation
vectors of the IRS elements for each transmission, position information is extracted by the receiver based on

power measurements of the signals reflecting from the IRS. The theoretical limit and the maximum likelihood
(ML) estimator are presented for the proposed setting. In addition, an algorithm, named IRS focusing, is proposed
for determining the orientations of the IRS elements during the localization process. The effectiveness of the
proposed localization approach is demonstrated through simulations. Furthermore, extensions are provided to
apply the proposed approach in the presence of partial prior information about the receiver position and when
the IRS is located at the LED transmitter.

1. Introduction

With origins in semiconductor research, the advancement of light
emitting diodes (LEDs) has made a notable contribution to optical com-
munication and lighting technology. These devices have transitioned
from simple signal indicators to sophisticated means for transmitting
information efficiently across distances, accompanied by reduced en-
ergy consumption. In the context of visible light communication (VLC)
systems, LEDs serve to modulate light for data transmission at rates
not perceivable to the human eye, offering a viable alternative in en-
vironments where traditional radio frequency (RF) communication is
impeded by interference or regulatory limitations. The attributes of
LEDs, namely, energy efficiency, durability, and cost-effectiveness, have
broadened their applications from basic lighting to high-speed internet
access through Li-Fi and intricate signaling systems [1-5]. Furthermore,
LED transmitters are instrumental in visible light positioning (VLP) sys-
tems [6-9]. These systems leverage the intensity or delay of light from
LEDs to determine precise indoor locations, providing a robust solu-
tion for navigation and location-based services where GPS is ineffective.
The adoption of the LED technology in VLP systems underscores its po-
tential for innovation in sectors such as retail, healthcare and smart
building management, highlighting the extensive impact of LED tech-
nology across various domains. This has led to innovative uses of LEDs
in indoor VLP systems, and numerous studies have proposed position
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estimation algorithms and explored theoretical limits for localization
accuracy [6,10-13].

In the domain of VLP systems, received signal strength (RSS) has
emerged as a fundamental metric, facilitating cost-effective and accu-
rate localization methods [12]. Leveraging the intensity modulation of
light emitted by LED transmitters, RSS-based techniques estimate the
position of a VLC receiver, offering simplicity and minimal computa-
tional cost. This approach is especially valuable for applications such as
indoor navigation and asset tracking in GPS-inadequate environments
[14]. A key factor in specifying the accuracy of RSS-based positioning is
the application of the Cramér-Rao lower bound (CRLB), which provides
a theoretical benchmark for the minimum variance that can be achieved
by unbiased estimators. In VLP systems, CRLB calculations allow for the
quantification of the utmost accuracy limits for position estimations de-
rived from RSS measurements. A notable contribution in this field is the
development of a generic closed-form expression for the CRLB, which
quantifies the accuracy of localization algorithms based on RSS mea-
surements [15]. In [9], the effects of luminous flux degradation of LEDs
on localization accuracy are investigated by deriving the misspecified
Cramér-Rao bound (MCRB) and the mismatched maximum likelihood
(MML) estimator.

Intelligent reflecting surfaces (IRSs), also called reconfigurable in-
telligent surfaces (RISs), have emerged as a transformative technology
for RF communications and localization systems. An IRS is composed
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of small, low-cost passive elements that are capable of altering the
phase, direction, amplitude, and/or frequency of RF signals. The devel-
opment and capabilities of IRSs are thoroughly reviewed in the litera-
ture [16]. One notable application of IRS is beamforming, which allows
for the redirection of electromagnetic waves in specific directions. The
enhancement of wireless communications through the use of IRSs, in-
cluding proposed algorithms for joint active and passive beamforming
to optimize signal power at the user, is discussed in [17]. These algo-
rithms have shown significant performance gains in simulated scenarios.
In addition, [18] introduces two iterative algorithms aimed at improv-
ing energy efficiency in single-user and multi-user scenarios, presenting
notable advancements over traditional IRS approaches.

Research on IRS-based VLC systems has also been prolific [19-22].
Abdelhady et al. discuss the light reflection models from IRS elements in
metasurface and mirror array-based structures, establishing a baseline
for further investigation, particularly in point source cases as outlined
in [19]. Furthermore, Hanaa Abumarshood et al. have developed a joint
optimization scheme for non-orthogonal multiple access (NOMA) decod-
ing order, power allocation, and IRS reflection coefficients to enhance
the bit error rate (BER) performance in VLC systems [20]. This scheme
is particularly effective in scenarios involving blockages and random
device orientations, as explored in [20]. The application of IRSs in wire-
less positioning systems has also been a focal point of recent studies,
with research addressing the use of multiple IRSs in scenarios lack-
ing sufficient transmitters, as well as several proposed device-to-device
localization schemes for RF communication using IRSs, which are dis-
cussed in [23-27].

Optimization techniques are crucial for improving the performance
and accuracy of VLP and VLC systems, particularly with the advent of
IRS. Chen et al. provide a thorough analysis of various optimization
models for three-dimensional VLP systems, focusing on critical parame-
ters that influence accuracy and efficiency, serving as a benchmark for
understanding and improving VLP system performance [28]. Also, Meng
et al. extend these principles by implementing an improved whale op-
timization algorithm specifically tailored for indoor high-precision 3D
positioning systems utilizing visible light, demonstrating notable ad-
vancements in positioning accuracy and system robustness [29]. The
role of IRS in enhancing VLP and VLC systems is comprehensively sur-
veyed in [30] by exploring a variety of optimization techniques that
harness the potential of IRS to enhance the performance and efficiency
of 6G wireless networks. Wu et al. further investigate the capacity maxi-
mization in IRS-aided multiple-input single-output (MISO) VLC systems,
employing advanced optimization strategies that significantly improve
data throughput, thereby demonstrating the substantial impact of IRS
on communication capabilities within VLC systems [31]. Additionally,
Yang et al. focus on maximizing the average signal-to-noise ratio (SNR)
in IRS-aided indoor VLC systems using genetic algorithms and neural
networks, highlighting the effectiveness of sophisticated computational
techniques in optimizing communication system performance [32].

Although IRSs have been considered for VLC systems in various stud-
ies such as [19-22], IRS aided VLP systems have not been investigated
thoroughly in the literature. In [33], multiple LED transmitters and
IRSs are utilized to perform position estimation based on RSS measure-
ments for determining the position of a VLC receiver in the absence
of line-of-sight (LOS) signals, and orientations of IRS elements are ad-
justed towards the VLC receiver for improving localization accuracy. In
addition, [34] extends the scenario in [33] by taking into account pos-
sible mismatches between the assumed and true orientations of the IRS
elements (mirrors), and investigates the degradation of localization ac-
curacy due to orientation mismatches based on an MCRB analysis. In
this manuscript, we employ a novel approach for estimating the posi-
tion of a fixed VLC receiver with a single photo-detector by utilizing a
single LED transmitter and a mirror-array based IRS. In particular, we
optimize the orientations of the IRS elements (mirrors) over a number
of time intervals so that position related information can be extracted
from received power measurements at the VLC receiver based on signals
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sent from the LED and coming from the IRS. We also present the CRLB
and the maximum likelihood (ML) estimator for the proposed setting.
We show that by designing IRS orientations (called IRS profiles) in an
efficient manner, accurate position estimation can be performed with a
single LED transmitter and an IRS. We also extend the results to prac-
tical scenarios with partial prior information about the position of the
VLC receiver, and propose a position estimation approach for VLP sys-
tems with a single LED transmitter which is equipped with an IRS (i.e.,
when the IRS is at the transmitter). It is important to emphasize that the
approach in [33] (or, [34]), which proposes to focus IRSs towards the
VLC receiver, cannot be employed for the single LED transmitter and the
single IRS scenario considered in this manuscript. Also, the idea of VLP
with a single LED transmitter equipped with an IRS has not been avail-
able in the literature. The main technical contributions and novelty of
this manuscript can be stated as follows:

We propose an approach for estimating the position of a fixed VLC
receiver with a single photo-detector in the presence of a single LED
transmitter and an IRS for the first time in the literature.

We present the CRLB and the ML estimator for the proposed setting.
We propose an “IRS focusing” algorithm for determining the orien-
tation vectors of the IRS elements in order to reduce the CRLB for
position estimation.

We also propose a localization approach in the presence of a single
LED transmitter when the IRS is at the transmitter by optimizing
the orientation vector of the LED transmitter in a number of time
intervals.

We also compare the localization performance of the proposed IRS fo-
cusing approach with random and aligned IRS profiles via simulations.

The structure of this paper is as follows: Section 2 details the chan-
nel model for the VLP system in an indoor environment with a single
LED transmitter and an IRS, including essential formulas that describe
the relationship between transmitted and received powers. In addition,
the CRLB and the ML estimator are derived. In Section 3, we present the
proposed approach for determining the orientation vectors of the IRS el-
ements, as well as two benchmark techniques for comparison purposes.
Alternative problems that can be investigated are placed in Section 4,
including possible extensions to the proposed approaches. Section 5 de-
scribes the simulation setup and results, illustrating the effectiveness of
the proposed localization approach. Final remarks and conclusions are
made in Section 6.

2. IRS aided VLP with single LED

We investigate a VLP system with a single LED transmitter at a
known location denoted by I and a VLC receiver with a single photo-
detector at an unknown location represented by x, where I € R and
x € R3. As in [33] and [35], we assume that the orientation vectors of
the LED transmitter and the VLC receiver are known, and we denote
them by n € R3 and f € R3, respectively. In addition to the VLC re-
ceiver and the LED transmitter, there exists an IRS in the environment,
which consists of Ny flat surface elements (mirrors) represented by
Sy, ..., S, atknown locations I,...1 Ny - The orientation vectors of the
IRS elements can be adjusted for localization purposes and each given a
set of orientation vectors is called an IRS profile. We assume that there
exist Np IRS profiles and the orientation vectors of the IRS elements are
denoted by il(li), ,ﬂ('l\})R for the ith IRS profile, where i € {1,..., Np}.
Each IRS element is modeled to cause glossy reflections (i.e., Phong’s
model) [19,36] and the reflectance coefficient is assumed to remain
constant over each given surface; that is, p, is used to represent the
reflectance coefficient for the kth IRS element with k € {1,..., Ny }. As
the IRS is considered as a part of the system design, ﬁg), P> and Sy
(i.e., the surface equation) are assumed to be known by the VLC re-
ceiver for all k € {1,..., Ny} and i € {1,..., Np} [33]. The considered
system model is shown in Fig. 1.



E. Tarhan, F. Kokdogan and S. Gezici

IRS

VLC Receiver

Fig. 1. A visible light system with a single LED transmitter, an IRS with Ny
elements, and a VLC receiver with a single photo-detector.

The aim is to estimate the unknown location x of the VLC receiver
based on power measurements at the VLC receiver due to the signals
emitted by the LED transmitter by using Np different IRS profiles.
Namely, Np power measurements are taken by the VLC receiver in Np
consecutive time slots, where a distinct and known IRS profile is used in
each slot.! In this scenario, the received power measurement at the VLC
receiver corresponding to the ith IRS profile can be modeled as follows
[331]:

PRXt_PTXHLOS(x)+PTXZ/ dH! (x, 7 ) +n, €h)

for i =1,..., Np, where Prx is the transmit power of the LED trans-
mitter, H-O5(x) is the channel gain of the LOS path between the LED
transmitter and the VLC receiver, d Hl,"‘;cf (x ﬁ;:)) is the channel gain of
the path between the LED transmitter and the VLC receiver which makes
a single reflection from an infinitesimal area around I, at the kth IRS
element (please see Fig. 1), and #; is a zero-mean Gaussian noise com-
ponent with a variance of o-iz, which is independent of 5 I for all j #i
[371.

We adopt the same room setup as in [33]; namely, we assume that
the field-of-view (FOV) of the photo-detector at the VLC receiver is 90°
[19] (i.e., a hemispherical lens is used at the VLC receiver [38]) and that
the VLC receiver is at a lower height than the IRS and the LED. Then,
by following similar steps to those in [33, Sec. II], the channel gains in
(1) can be expressed as

(m+DA((x=D"n)" (1 -x)"
27)|x — 1||m+3
(m+1) (@ =DTn)" ((l - ik)Tﬁjj))

4z2 |1 =T "3 |x = T, |

H"O5(x) = ()

aH (x.a) =

L It is assumed that the mobility of the VLC receiver is negligible during these
time slots, which is a reasonable assumption for indoor localization scenarios.
Since speed of movement is limited for indoor environments, channel coherence
time is longer and there exists a longer time to perform position estimation in
indoor systems compared to that in outdoor systems such as vehicular networks.
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where X represents the cross product. In (2) and (3), A denotes the sur-
face area of the photo detector at the VLC receiver, m is the Lambertian
order of the LED transmitter (determines the spatial concentration of
the emitted light), p, stands for the reflectivity constant of the mirror
elements at the IRS (the fraction of the transmitted light power in the
comparison to the incoming power), the parameter r;, € [0, 1] denotes
the fraction of the diffuse component of the light reflected from the mir-
rors, and y; determines the directivity of the specular component of the
reflected light, which corresponds to the (1 — r;) portion of the total
reflected light in (3) [36].

Let Prx denote the set of received powers in (1), that is, Prx =
[Prx,1 - Prx N, |- Based on Py, the log-likelihood function for the un-
known location x of the VLC receiver can be expressed as

+

4

Np

1
Z Ty <PRXi - Prx H"S(x)
20’.

i=1
2
_PTX Z/dHI’Ef ~(1) ) (5)

where k is a constant independent of x. Then, the ML estimator for the
location of the VLC receiver can be expressed as follows:

log p(Pgx | )=k —

Np
Xy = arg min Z L (PRXi - Prx H"%(x)
X

i=1 ‘7

2
_PTX Z/ HrEf ~(1) > (6)

where H-OS and d H ”f are evaluated based on (2)-(4).

The CRLB derlvatlons in [33] can also be modified to obtain the CRLB
for the considered VLP problem with a single LED transmitter. Namely,
the elements of the Fisher information matrix (FIM) [39], denoted by
I(x), can be calculated from (5), as follows:

1 0h,(x) Oh,(x)

Np
I =Prx)? Y — 7
[(-)C)]fl,f2 ( TX) ; 6,-2 axfl axfz (7)
for 7,4, € {1,2,3}, where
hy(x) 2 H"9S(x) + Z / dH' (x,7)). (8)

Then, the partial derivatives of /;(x) in (8) can be expressed as

oh;(x) _ ()HLOS(x) N Z/adHref< ~(1)) ©
ox,  0x, & 0x,
=1,
forie{l,...,Np}and 7 € {1,2,3}.

Remark 1. In the absence of the IRS (i.e., in the absence of the second
term in (9)), the FIM specified by (7) becomes a rank-one matrix, leading
to an infinite CRLB. Hence, accurate position estimation is not possible
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in that case. This is intuitive since only distance related information
can be obtained from LOS power measurements between a single LED
transmitter and a fixed VLC receiver with a single photo-detector. []

Remark 2. As the positioning accuracy depends on the sensitivity of the
power measurements from the IRS to the unknown position parameter
x, it is reasonable to direct the LED transmitter towards the IRS so that
the IRS elements get and reflect more powerful signals, as shown in
Fig. 1. It should be emphasized that although the LOS component is
degraded when the LED points towards the IRS, we still take into account
the signals due to the LOS path.? []

From the expressions in (2)-(4), the partial derivatives in (9) can be
evaluated as in [33] by considering the fact that there is a single LED
transmitter but Np orientation vectors for each IRS element:

HLOS _ DA
J @) _ _—tm+D i, ((x=DTn)"
0x, 2x||x = I||m+3

—mny (x=DTn)" " A-x)h

+3)xp = 1p) ((x=D"n)" (1 - x)T 7
(m )xp =1p) ((x=D"n)" (1 - x) n]’ 10
llx = 1112
odHY (x.7)  (m+ DA (@ =D"n)" =T )
0x, - 42| 1 =T ||m+3

pkdsk{ [(ﬁjj;(ik —x) = 7ip((x - ik>Tﬁ(;>) llx =TI
—4llx =T 1™, =T x =TTl (@ — x)Th] 2r,

+ (I =r )y +1) [(Cos(ﬂik — ) (= dgllx =T |17

=30, =0 allx =L (xp = 1))

1, —x)Th dcos —q;
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Il =Tl ™" = llx =Tl e = T =T "2)”) a2

for ¢ € {1,2,3}, where 7., n,, x,, lf, and I, , correspond to the

k f’
¢th components of vectors 7, n, x, 1, al s ), and 1 > respectively, and f(¢)
is given by f(£)=7¢ if £ <3 and f(£) = ¢ — 3 otherwise. In addition,
the cos @, and sina;;, terms in (12) can be calculated from the relation
(=TT = |l1 =1, ]| cos ay, [33].

Via the expressions in (4), (7), and (9)-(12), the CRLB, which is the
trace of the inverse of the FIM can be obtained. The CRLB provides
a limit on the mean-squared error (MSE) of any unbiased position es-
timator X as E{||X — x||2} > trace{I(x)"'}. Therefore, the estimation

2 Pointing the LED towards the IRS may also prevent reflections from the other
objects in the environment to reach the VLC receiver with significant power
levels.
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accuracy limit can be specified without implementing a specific estima-
tor, which is a useful tool while determining system parameters. Also,
when the first term in (9) is set to zero, the CRLB in the absence of the
LOS component can be obtained.

3. Selection of IRS profiles

In this section, we propose an IRS profile selection strategy for deter-
mining the Np IRS profiles to be employed during localization in order
to achieve accurate position estimation for the setup described in Sec-
tion 2.

As the MSE of the ML estimator converges to the CRLB at high SNRs,
one approach is to determine the Np IRS profiles that minimize the
CRLB for estimating the position x of the VLC receiver. In that case, the
following optimization problem can be considered:

minimize trace{I(x)"'} 13)
{-(1) NR.Np
M S k=1i=1

subject to Hnjj” =1,ke{l,....Ng}.i€{l,...,Np}

where the FIM, I(x), is calculated as defined in the previous section.
The problem in (13) requires optimization over 2Ny Np variables (af-
ter incorporating the constraints). As the number of elements in an IRS
is usually very high, (13) has prohibitive complexity in general. There-
fore, we propose an approach based on IRS focusing; namely, we aim to
determine Np locations in the positioning environment (in an optimal
manner) and to focus the IRS elements towards those locations for dif-
ferent IRS profiles. The idea behind this approach is that by focusing the
IRS to a set of suitably selected locations in an environment, accurate
position information can be extracted from the power measurements
corresponding to different IRS profiles (i.e., different focus locations).

To describe the proposed approach, let I; denote the focus location
for the ith IRS profile, where i € {1,..., Np}. In other words, the IRS
elements focus their signals towards location I; for the ith IRS profile
in the sense that the total received power is maximized at I; by adjust-
ing the orientations of the IRS elements, which can be performed in a
low complexity manner as described in [33, Sec. III]. Let those known
mappings between the focus location I; and the orientation vectors of
the IRS elements be denoted by functions g, (-) such that ~( ) = g (1;) for
ke{l,...,Ng}andie{l,..., Np}. The aim is to determine the optimal
focus locations 1,....1 Np tO minimize the CRLB; that is,

mimmize trace{I(x)™"} a4
{13

subjectton —gk( ) ke{l,...,Nr},ie{l,...,Np}

Since #"’s are replaced by gk( ;) during the evaluations of the FIM,
I(x) (see (7)-(12)), the CRLB is minimized over 3Np variables in this
case, which is significantly simpler than the problem in (13) for practical
IRS sizes. The problem in (14) can be solved via a global optimization
tool such as particle swarm optimization (PSO) [40]. The IRS profiles
obtained from the solution of (14) are called focused IRS profiles in
the remainder of the manuscript.

In order to evaluate the performance of the proposed IRS profile
selection strategy specified by (14) (i.e., focused IRS profiles), we can
also introduce random and aligned IRS profiles as defined below:

Random IRS Profiles: For the random IRS profiles, we first set the
limits for the azimuth and elevation angles of the IRS elements, i.e., mir-
rors, which are commonly mounted on a wall. These limits are chosen
to ensure that the mirrors can be rotated robustly, precisely, and can ac-
commodate the necessary mechanical systems for the selected angles.
Let (Cmin> Cmax) aANd (Ymin» Ymax) denote the upper and lower limits for
the azimuth and elevation angles, respectively. Then, the azimuth an-
gles f,»’k and the elevation angles 7, for IRS element k and each IRS
profile i are selected from independent uniform random variables as
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f,-,k ~ U'€min> Smax] and ik ~ U'l¥min> YmaxJs respectively. Accordingly,
the orientation vector of each IRS element in the random IRS profile can
be defined as

cos?i,k cos {ix  —sin ,.]kfosﬂyk sin?l-yk
cos g,y 0 |mg (15)
siny; sing;

n = sing;

—sinY; ; cos¢; COS Y,k

forie{1,...,Np} and k € {1,..., Ng }, where n, represents the orien-
tation vector, which is perpendicular to the surface of the wall on which
the IRS elements are mounted.

Aligned (Coordinated) IRS Profiles: The IRS elements can also
have an aligned profile (also called coordinated in [41]). This IRS pro-
file consists of IRS elements, the orientation vectors of which are the
same as each other for all the IRS elements. The azimuth and elevation
angles of the IRS elements (mirrors) are determined by the number of
different IRS profiles that will be used for the position estimation pro-
cess. The angles change linearly between different orientation profiles.
For each orientation profile i, the azimuth and elevation angles for the
IRS elements can be named as () and y®, respectively. Assuming that
\/VP is an integer, these profiles can be formulated as follows for Np
different orientations:

Cmax - gmin

(W =g (k- )220 e (1., 1/ Np) (16)
\V/Np—1
i . Ymax ~ Ymin .
P = Yoin + (G = D=, € (1, V/Np) an
V/Np—1
_ cosyWcos¢®  —sin¢® cosy¥)  sinyV)
ﬁg(’) = sin¢® cos ¢ 0 n, (18)
—siny@Wcos¢®  sinyPsin¢®  cosyW)

where i = (j — 1)\/N_P+ k, k,je{l,..., \/N_P}, and n, represents the
orientation vector, which is perpendicular to the surface of the wall on
which the IRS elements are mounted.®

Remark 3: In visible light systems, IRSs are commonly implemented
in forms of intelligent mirror arrays or intelligent metasurface reflectors
[42]. Although we consider a system model with an intelligent mirror ar-
ray in this study, the results would also hold for intelligent metasurface
reflectors when they are used to control directions of reflected signals
(i.e., to perform anomalous reflection) [42]. []

For all three profile types considered in our manuscript, an equal
component of the computational complexity comes from the compu-
tation required for the ML estimator in (6). In the formulation of the
ML estimator, the surface integral originally required for evaluating the
function d H i‘j(f(x, ﬁg)) can be obtained by scaling with the constant area
of the mirror under the assumption that the size of the mirror is rela-
tively small with respect to the distance of the LED transmitter from the
IRS. The computational complexity of this ML estimator is primarily de-
termined by the double summation over Np, the number of received
signal power measurements, and N, the number of reflectors or ref-
erence points considered (please see (6)). For a given position x, the
complexity of evaluating the summation is O(Np X Ng). If the ML es-
timator is solved using an iterative optimization method, the overall
computational complexity becomes O(Ty;;, X Np X Ng), where Ty, is
the number of iterations required for convergence.

Additionally, for the focused profile, the algorithm requires the re-
ceiver to solve the problem of minimizing the CRLB expression over a
3 X Np dimensional space as in (14). This involves finding the optimal
set of focus points {I;},_; N, that minimize the trace of the inverse of
the FIM I(x). The FIM itself is dependent on the partial derivatives of the
received signal power with respect to the position x, which are provided
in (10)-(12), and its calculation has a complexity order of O(Np X Ng),
as can be noted from (7)-(9). Hence, the complexity of solving (14) can

3 If 4/Nj is not an integer, then different numbers of angles can be chosen for
azimuth and elevation angles.
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be stated as O(T;,. X Np X Ng), where Ty, is the number of evalua-
tions of the objective function in (14). (For example, if PSO is used with
a swarm size of 50 and a maximum number of iterations of 500, then
Ttoe = 25000 (cf. Section 5).) Overall, considering the calculation of the
ML estimator and the optimization for the focused IRS profile, the to-
tal complexity order can be specified as O((Tyy. + Tgoc) X Np X Ng),
which highlights the added computational burden of solving the CRLB
minimization before applying the ML estimation. Since the optimization
problem for focused IRS profiles in (14) is solved over an 3Np dimen-
sional space, it usually requires significantly more evaluations than that
in the solution of the ML estimator in (6), which requires optimization
over a three-dimensional space; i.e., T}, > Ty . Since the random and
aligned IRS profiles do not require solving optimization problems, their
complexity just comes from the ML estimator, i.e., O(Tyy, X Np X Ng).*

4. Extensions
4.1. IRS profile selection without knowing position of VLC receiver

It is noted that setting the IRS profiles based on the proposed ap-
proach in (14) requires the knowledge of the position of the VLC re-
ceiver, which is not available in practice. In a tracking scenario, the
position estimate in the previous time step can be used to select the IRS
profiles via the proposed approach. If the position estimation is to be
performed for the first time, aligned IRS profiles can be selected first,
and an initial position estimation can be performed accordingly. Then,
by considering the initial position estimate as the position of the VLC re-
ceiver, the optimization problem in (14) is solved to determine the new
IRS profiles and the position estimation is performed again. This pro-
cedure can be repeated a number of times to improve the localization
accuracy, depending on the availability of resources and the mobility of
the VLC receiver.

Alternatively, IRS profiles can be selected for generic positions of the
VLC receiver instead of its specific position at a given time. Assume that
there exist prior information about the position of the VLC receiver such
that Pr(x = x,) =, for j=1,..., N with z; €[0,1] and 3", 7, = 1.
That is, the VLC receiver can be at position x; with probability z;. In
that case, the optimal focus locations can be chosen according to the
average CRLB, which leads to the following problem (cf. (14)):

Np
minimize x; trace{I(x ;)" 19)
i ;, {Ix)™)
=1

subject to i\’ = g, (I;). k€ {1,....Ng}.i € {1.....Np}

where g;(-)’s denote the known mappings between the focus locations
and the orientation vectors of the IRS elements [33, Sec. III]. The advan-
tage of this approach is that the IRS profiles do not need to be updated
for different positions of the VLC receiver, and the same design is used
for a given environment. However, the resulting positioning accuracy
can be inferior to the approach proposed in Section 3 (and that stated
in the previous paragraph) for a given position of the VLC receiver.

4.2. Position estimation with a single LED when IRS is at the transmitter

In this study, the IRS is assumed to be between the transmitter and
the receiver. However, it is also possible to employ an IRS at the trans-

4 Although the approach in [33] is for the scenario with multiple LEDs, we can
present its computational complexity for comparison purposes as follows: The
complexity order of the ML estimator in [33] is proportional to the number of
LEDs and the total number of IRS elements in the IRSs. To improve the accuracy,
the IRS elements were directed towards the VLC receiver in [33] with a low
complexity approach. In our manuscript, the aligned and random profiles also
have low (negligible) complexity whereas the focused IRS profile has a higher
complexity, as specified above.
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mitter, which can be used to perform beam-steering towards specific
directions [42]. In that case, a similar problem can be formulated to per-
form VLP with a single LED transmitter equipped with an IRS and a VLC
receiver with a single photo-diode. In that scenario, we can effectively
consider that the orientation vector of the LED can be adjusted. Suppose
we set the orientation vector of the LED transmitter to Np different val-
ues during the localization process, which are denoted by nV, ..., n(¥p),
Then, the VLC receiver can estimate its position based on the signals
coming from the LED transmitter when the LED transmitter sets its ori-
entation vector to these Np predefined values. In this case, the received
power for the ith orientation of the LED transmitter can be expressed as

Pex, = Prx H S (x) + 1, (20)

fori=1,..., Np, where Pry and #; are as defined for (1), and HiLOS(x)
is given by (cf. (2))

_ (m+DA((x - D'n®)" (1 - x)"h

2xllx — 1||m+3

HM5(x) 21

where n') denotes the ith orientation vector for the LED transmitter. For
the received powers in (20), the ML estimator can be derived as (cf. (6))

Np
~ . 1 2
Ry =argmin ) _2<PRX,1' —PTXHiLOS(x)) (22)
x i=1 6’,
and the FIM can be expressed as in (7) by updating % as (cf. (9))
14

ohy(x) OH[OS(x)
ax,  0Ox,

(23)

which can be calculated similarly to (10) by replacing n’s with n®’s in
that expression. Based on the CRLB expression that can be obtained from
(7) and (23), the problem of determining optimal orientation vectors can
be stated as follows:

minimize trace{I(x)™'} (24)
n,.., n(NP)

subject to [|n?|| =1, i e {1,...,Np}

This problem requires optimization over a 2 Np-dimensional space (by
incorporating the constraints) and can be solved via global optimization
tools such as PSO.

5. Simulation results

In this section, simulations are conducted to evaluate the perfor-
mance of the proposed positioning approach for VLP in the presence of
an IRS. A room with dimensions of 4 X 4 X 3 meters (width, depth, and
height, respectively) is considered as the simulation environment [33].
A single LED transmitter is positioned at the center of the room’s ceiling,
located at coordinates I = [0,0,3]” meters. The LED is directed towards
the center of the IRS (i.e., intelligent mirror array), characterized by the
orientation vector n = [0,0.8,—0.6]". The transmit power Pryx of the
LED is set to 5 W and the Lambertian order is set as m = 20. The ori-
entation vector of the VLG receiver is given by i = [0,0, 117, which is
perpendicular to the room floor and faces upwards. The noise variances,

o-iz, are assumed to be the same across different measurements obtained

for various IRS profiles; that is, Giz =c¢2foralie({l,..., Np}.

A three-dimensional depiction of the indoor simulation setup is pre-
sented in Fig. 2. The IRS is placed on one of the walls and arranged
in a square grid format with dimensions \/N_R X \/N_ , indicating the
number of elements in rows and columns, respectively. Specifically, the
number of IRS elements Ny, is set to 441, each with 21 controllable mir-
rors in both columns and rows. The dimensions of the individual IRS
elements (mirrors) within the IRS are set to a width w; of 4 cm and a
length I, of 2 cm, resulting in a uniform surface area of .S, = 8 cm? for
each IRS element. The horizontal distance /,; between the IRS elements
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Fig. 2. The three-dimensional setup of the room used in the simulations. Gray
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arrows indicating the orientation vectors of each IRS element. Additionally, the
VLC receiver and the LED transmitter are shown, along with their respective
orientation vectors.
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Fig. 3. A detailed view of the configuration of the IRS elements on the wall at
y =2 meters.

and the vertical distance v, are set to 2 cm and 1 cm, respectively, to
prevent inter-element blockage. The spatial arrangement of the mirrors
within the IRS is depicted in Fig. 3.

The reflectance coefficient of all the IRS elements is uniformly set to
pr = 0.95 (see (3)). Additionally, there are several parameters associated
with the mirror elements of the IRS that influence the positioning accu-
racy. The fraction of the diffuse component (r;) determines the ratio of
diffuse reflections’ power to the total reflected power, with values in the
range of [0, 1] (see (3)). For the simulations, r; is set to 0.5, implying
an equal distribution between specular and diffuse reflections. Another
significant parameter, the directivity of reflection (y,), is determined
by the surface properties of the reflectors and affects the amount of re-
flected power (see (3)). We set y;, to 5 for all k during the simulations.

Simulations are conducted utilizing the three IRS profile selection
strategies delineated in Section 3. A consistent random seed of 42 is
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employed in MATLAB for the random IRS profiles, considering Np =
9,16,25 for the number of profiles.” The boundary angles of the uniform
distribution, described in Section 3 as i, Ymin> Smax> Ymax»> are specified
by —30°,-40°,30°,20°, respectively, which are employed for generat-
ing the random and aligned IRS profiles. The selected angles are chosen
to prevent signal transmission to unintended locations in both random
and aligned IRS profile scenarios. This approach focuses on concentrat-
ing power within the potential search grid inside the room, thereby
preserving the integrity of the information.

For deriving the focused IRS profiles, the problem in (14) is solved
via the PSO algorithm, which is configured with a swarm size of 50 and
a maximum number of iterations being 500. For a given value of Np,
each particle becomes a vector with a size of 3 Np in the PSO algorithm,
yielding the focusing locations at the end of optimization. The perfor-
mance evaluation for employing different IRS profile selection strategies
is conducted by considering various numbers of power measurements
(i.e., IRS profiles), namely, Np € {9,16,25} in three sets of simulations.

For comparison of different IRS selection strategies, we both eval-
uate the performance of the ML estimator and the CRLB. The root
mean-squared error (RMSE) of the ML estimator is calculated for dif-
ferent noise variances by performing 500 estimations for the position
of the VLC receiver, which is located at x = [0.5,0.5,0.85]7 m. We first
consider Np =9 IRS profiles (i.e., measurements) and present the re-
sults in Fig. 4, which illustrates the RMSEs of the ML estimators and
the CRLBs for the three IRS profile selection strategies with respect to
101og,((1/0?). Compared to the aligned and random IRS profiles, it can
be seen that the focused IRS profiles, which are constructed by opti-
mizing the focus locations, yield significantly lower RMSEs and CRLBs
when the noise level is sufficiently low (equivalently, when the SNR is
sufficiently high). It is also noted that the random IRS profiles lead to
inferior performance and do not facilitate accurate localization for prac-
tical noise levels.® We repeat the same experiment also for Np = 16 and
Np =25, and present the results in Figs. 5 and 6, respectively. Again,
the same behavior is observed and the focused IRS profiles achieve the
highest accuracy. Also, as expected, the RMSE values decrease as Np
increases.

In order to investigate the reasons behind the favorable performance
of the focused IRS profiles, we also illustrate the optimal focus locations
yielded by the PSO algorithm as the solution of (14). In Figs. 7, 8, and
9, the focus locations for the focused IRS profiles are marked with the
x signs for Np =9, Np = 16, and Np = 25, respectively. It should be
emphasized that since the noise variance ¢ is just a scaling factor in
the CRLB expression, the same focus locations are obtained via (14) for
all values of o2. The investigation of Figs. 7-9 reveals that the focus
locations tend to be clustered at several points inside the room adjacent
to the walls. The locations of the centers of these clusters are also similar
to each other for different values of Np. This behavior of the optimal
focus locations can be associated with spreading the focus centers of the
clusters to some distant locations to improve the localization accuracy.

The effects of the physical parameters of the LED, photo-detector,
and IRS elements should be discussed for further analysis of the results.
The area of the photo-detector, A, and the area of the mirror elements
are constant multipliers that scale the level of received signal power.
Similar to the area parameters, the reflection coefficient p; is a physical
parameter of the mirror that can be considered a constant multiplier.
These physical variables contribute to the total received power similarly
as scale factors. Increasing these variables improves (reduces) the CRLB,
as this leads to higher signal-to-noise ratios.

5 Changing the random seed does not affect the performance of the random
IRS profile selection strategy significantly.

6 The RMSEs of the ML estimators are lower than the CRLBs for high noise
levels since during the calculation of the ML estimator in (6), the unknown
position of the VLC receiver x is searched only over the possible locations in the
room whereas no prior information about the position parameter is assumed in
deriving the CRLB.
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Fig. 5. RMSE and CRLB versus 10log,,(1/c?) for random, aligned, and focused
IRS profiles for Np = 16.

There are also three variables that depend on the spatial character-
istics of the VLP setting. The Lambertian order m of the LED transmit-
ter determines the directivity of the light rays emitted, which in turn
affects the spatial concentration of the light power. We perform simu-
lations using a similar setup with Np =9 aligned IRS profiles, where
(- ) = (0.5,5), and obtain the RMSE and CRLB values for various
values of m against the noise level. As shown in Fig. 10, the localiza-
tion accuracy and the lower bound improve as the value of m increases.
This can be explained by the fact that the majority of the location in-
formation is provided by the mirrors with glossy reflection. To avoid
excessive scattering of the light, it must be kept more focused. Similar to
the Lambertian order of the LED transmitter, the mirrors have the phys-
ical parameter y,;, which is assumed to be identical for each element
of the IRS. This parameter determines the directivity of the light re-
flected from the mirrors. Similar to m, increasing the parameter 4, also
improves localization performance. The parameter r, is the portion of
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Fig. 6. RMSE and CRLB versus 10log,,(1/0?) for random, aligned, and focused
IRS profiles for Np =25.
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Fig. 7. Locations of the focus points (red) obtained from (14) for the focused
IRS profiles strategy, where Np =9. The position of the VLC receiver (blue) is
also illustrated while the LED and the IRS are not shown.

light that is reflected diffusively compared to the portion reflected spec-
ularly. As can be seen in Fig. 11, increasing y, or reducing r, enhances
the localization performance.

While increasing the physical parameters related to the directivity
of the mirrors and the LED transmitter enhances localization perfor-
mance, it is important to note that this improvement is only applicable
when the receiver location is known. In practice, the position of the
VLC receiver can be determined as described in Section 4.1 based on an
initial localization of the VLC receiver, which benefits from less direc-
tive light. Therefore, choosing directivity parameters that are moderate,
rather than extreme, may be more practical, as it balances the need for
accurate localization with the initial requirements of the algorithm.

Another important physical parameter of the system is the size of the
IRS elements (mirrors). In order to investigate the effects of this param-
eter, we perform simulations for the case of Np =9 with the aligned IRS
profile. We vary both the vertical and horizontal distances between the
mirrors, as well as their vertical and horizontal dimensions by taking
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IRS profiles strategy, where Np, = 16. The position of the VLC receiver (blue) is
also illustrated while the LED and the IRS are not shown.

B ] % Focus Locations | R
G ® VLC Receiver e

25.
2.
E1s5
N X
1 x .
X — ~
05 ¢ _— ~
X ~
¥ X X \\\
0. — ™~
B S S
1 o 2
6, 1
- 0
A \\x\\ N
v (m) 2 2 X (m)

Fig. 9. Locations of the focus points (red) obtained from (14) for the focused
IRS profiles strategy, where N = 25. The position of the VLC receiver (blue) is
also illustrated while the LED and the IRS are not shown.

the half and quarter of the original sizes illustrated in Fig. 3. The results
are shown in Fig. 12, which shows that reducing the sizes of and the dis-
tances between the IRS elements negatively impacts the performance.
This is because the size of each mirror element is related to several fac-
tors that influence the channel gain. Namely, increasing the area of the
mirror array generally enhances the channel gain and the spatial cover-
age of the signals reflecting from the IRS.

6. Concluding remarks

We have proposed a VLP system consisting of a single LED trans-
mitter, a VLC receiver with a single photo-diode, and an IRS. We have
shown that by setting the orientation vectors of the IRS elements to a
number of different values, called IRS profiles, and collecting power
measurements for all profiles, position estimation can be performed.
In addition, we have proposed a focusing approach for selecting IRS
profiles in order to improve the localization accuracy. The proposed fo-
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Fig. 11. RMSE and CRLB versus 101log,(1/5?) for the aligned profile with N =
9 and m =20 comparing different values of (r, 4, ) pairs.

cused IRS profiles, which are obtained via CRLB minimization, have
been shown to provide significant improvements in localization accu-
racy compared to the random and aligned IRS profiles. Furthermore,
various discussions are provided for applying the proposed approach in
practice, and extending the results to scenarios where the IRS is an in-
tegrated part of the transmitter.
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