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Abstract—Accurate indoor localization is crucial for enabling
6G applications, such as smart homes, augmented reality, and
advanced healthcare systems. Optical wireless systems utilizing
Light-Emitting Diodes (LEDs) offer centimeter-level accuracy
due to their dominant line-of-sight (LoS) characteristics. How-
ever, most existing methods assume fixed and known user
orientations, limiting their practical applicability in real-world
scenarios with random orientations. In this paper, we propose an
LED-based visible light positioning (VLP) scheme that accurately,
through closed form equations, localizes users with arbitrary
orientations using optical received signal strength (RSS) measure-
ments. The proposed method achieves high localization accuracy,
without requiring hardware for orientation measurements. Fi-
nally, an analytical expression for the error is derived, while
Monte Carlo simulations validate the scheme’s performance,
highlighting the critical role of the parameters of the system
in achieving accurate localization.

Index Terms—Localization, Optical Wireless Communications,
Visible Light Positioning, Light-Emitting Diodes

I. INTRODUCTION

As wireless networks evolve toward sixth-generation (6G)
applications, such as immersive metaverse, smart homes, and
healthcare systems, accurate indoor localization has emerged
as a critical performance metric [1]. While global navigation
satellite systems (GNSSs) perform poorly indoors, radio-
frequency (RF) alternatives (e.g., WiFi, cellular) are heavily
impacted by multipath effects. To this end, optical wire-
less systems using Light-Emitting Diodes (LEDs) present a
compelling solution for high-precision localization, offering
centimeter-level accuracy due to their dominant line-of-sight
(LoS) nature, thus minimal scattering effects, and their multi-
ple inherent degrees of freedom, such as signal intensity and
angular characteristics [2]. Additionally, LED-based systems
can be seamlessly integrated into existing illumination infras-
tructure in modern environments, enhancing energy efficiency.

Numerous visible light positioning (VLP) schemes have
been proposed in the past decade. The authors of [3], intro-
duced a trilateration technique based on optical RSS measure-
ments, achieving a positioning accuracy of 2.4 cm at a fixed
height, however, its two-dimensional positioning lacked the
precision required for 6G. More recently, the authors of [4]
proposed a VLP system with tilted transmitters and accounting
for non-LoS components leading to centimeter-level accuracy.
Similarly, the authors of [5] developed a federated learning

model that uses location data to optimize network perfor-
mance, demonstrating how accurate localization can support
communication efficiency. However, both systems [4], [5]
assume a fixed receiver orientation, which does not truly depict
a practical scenario. To address this, the authors of [6] utilized
accelerometer-equipped users with tilted photodetectors (PDs)
to estimate the user orientation, and also proposed an error-
mitigation method in the orientation measurement to further
improve localization robustness. However, these approaches
rely on specialized accelerometer hardware, limiting their
general applicability.

Existing work has shown that optical-based positioning
achieves promising localization accuracy and robustness. How-
ever, most solutions assume static and known receiver orien-
tations, limiting their effectiveness in scenarios with varying
user orientations, as often required in 6G environments. To
address this, machine learning-based methods [7], [8] have
introduced joint position and orientation estimation via finger-
printing. While effective, these approaches are computationally
complex, operate as black-box models, and are often tailored
to specific environments, reducing their generalizability.

To address these challenges, we propose an LED-based op-
tical RSS localization scheme that accurately, through closed
form equations, localizes user equipments (UEs) with arbitrary
orientations. Unlike existing methods, the proposed scheme
eliminates the need for specialized orientation hardware while
ensuring reliable position estimation through strategic LED
deployment. An expression for the error is also derived, while
Monte Carlo simulations validate the effectiveness of the
proposed system, offering insights into the impact of system
parameters, such as PDs Field-of-View (FoV) and Lambertian
emission order, on localization performance.

II. SYSTEM MODEL

Due to their reduced susceptibility to uncontrolled scatter-
ing, optical wireless systems provide several inherent degrees
of freedom that can be leveraged for localization. Among the
available techniques, the RSS method is an effective solution
due to its simplicity and minimal hardware requirements [9].
Specifically, RSS-based localization exploits the predictable
attenuation of optical signal strength over distance, correlating
these values with known spatial points to estimate the distance
between an LED and the UE. Optical RSS measurements



are particularly robust in indoor environments because signal
attenuation follows a reliable pattern due to the strong LoS
paths. In a typical setup, the UE receives signals only from
a subset of LEDs, denoted as Z = {1,...,I}, which share a
LoS link with the UE. Thus, the channel gain from the i-th
LED to the UE, where ¢ € Z, is modeled as

hi = hi1, + hiN, (D

where h; 1, represents the LoS component of the channel, while
h; N accounts for non-LoS effects due to scattering. The LoS
component is expressed as [10]:
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where m; is the Lambertian emission grder, indicating beam
directionality, and ¥, /o = cos™! (eiﬁ> is the half-power
beamwidth of the LED. d; ; is the Euclidean distance between
the i-th LED and the UE, while ¢4 ; and v, ; are the departure
and arrival angles, respectively. Parameters T, App, and g.
represent the optical filter gain, PD area, and PD concentrator
gain, respectively, with g.(1, ;) given by [10]
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where n. is the refractive index of the PD and V., is half
the FoV of the PD. In addition to the LoS component, h; v is
affected by reflections from objects and walls, which cannot be
modeled uniformly due to their different shapes and material
properties. Therefore, to accurately capture optical scattering
effects, reflective surfaces are divided into smaller sections
that follow the Lambertian reflectance model, which assumes
that light is diffusely reflected with intensity dependent on
the angle of incidence [11]. Thus, by focusing on first-order
reflections, since subsequent reflections experience significant
signal degradation and become negligible [11], h)¥ can be
calculated as h; N = E‘Ll h%-P , where J is the number of
non-LoS paths, while hf}- is the j-th first-order reflection path
from the ¢-th LED given by
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where d,; and d,» are the distances between the LED to
the reflecting surface and from the reflecting surface to the
UE, respectively. The reflectance of the object is denoted
by p,, while 17 and 1o are the angles of incidence and
reflection, respectively. Finally, S is the total reflective surface
to account for all the infinitesimal contributions of the first-
order reflection path.

gc(wa,i) = { (3)

III. OpTICAL RSS-BASED LOCALIZATION

To determine the position U = (4, Yu, 2 ) of the UE within
the room, the RSSs from multiple LEDs, which transmit in
different frequencies for their signals to be distinguished in the
UE, can be used because the signal strength attenuation can

provide valuable information about the distance. Specifically,
the power P, ; measured at the PD of the UE from the optical
signal transmitted by the i-th LED in the optical domain is
given by

P.i=hi1Po;+hinPoi+Pn, (5)
N
Pros,i PNLos %

where P, ; is the transmitted optical power of the i-th LED,
Pros,s and Pnt,0s,; are the received powers from the LoS and
non-LoS components, respectively, and P, ; denotes the power
of the noise, which arises from thermal noise, dark current, and
background radiation [2].

In an ideal scenario, where the channel gain is only affected
by the LoS component, based on (5) the distance between
the ¢-th LED and the UE can be calculated using (2) and
the ratio % In practice, however, the received power P, ;
is also affected by the non-LoS component and noise, which
introduces errors for distance estimation. Nevertheless, in opti-
cal wireless systems, the LoS component generally dominates
over the non-LoS and noise components [2], which allows us
to neglect the Pnros and P, terms in (5), thus providing a
good estimate of the channel gain as

hiL = 5= 6)

By assuming, without loss of generality, that the transmission
direction of optical signals is considered to be the positive y-
axis, it means that the LEDs are placed on a plane parallel to
xz, i.e., ¥y = y;. Thus, the 14 ; from the i-th LED located at
(24, Ys, 2;) to the UE can be expressed as

Y = cos™ ! (Ludl_%) (7

It should be highlighted that this formulation holds also
for LEDs on other planes, with the appropriate coordinates
substituted in the numerator of (7) to reflect their respective
direction of transmission. Thus, by substituting (6) and (7)
in (2) and after algebraic manipulations, we can express the
estimated distance ch,i between the i-th LED and the UE as
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It should be noted that in (8), if Pr.g; was used in place
of P,.;, the calculated distance would represent the actual
value rather than an estimate, however, it is not possible to
distinguish precisely which portion of the power originates
from the LoS path and which from the NLoS paths. Finally, by
substituting ch,i with its Cartesian coordinate form and some



algebraic manipulations, (8) can be rewritten as
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Examining (9), it becomes clear that a system of equations
is needed to determine the position of the UE. Although
three variables corresponding to the coordinates of the UE are
required to define its position, three equations alone are insuf-
ficient due to the non-linear nature of the system. Therefore,
it has been proven in [12] that for a fixed UE orientation, a
fourth equation is required to resolve these non-linearities and
ensure a unique and accurate solution to the system. These four
equations can be derived from the RSS measurements of four
LEDs, with each LED providing an equation corresponding to
its distance from the UE, as expressed in (9). However, the
random orientation of the UE introduces additional complexity
regarding the unknown angles 1, ; from each LED. Specifi-
cally, with I LEDs, the total number of unknowns becomes
I+ 3, as each LED introduces a unique angle of incidence v;
in addition to the unknown UE coordinates, thereby increasing
the minimum number of equations needed to ensure a unique
solution. Thus, it is necessary to derive additional equations to
provide more information about the system variables without
increasing the number of unknowns. Furthermore, the random
orientation of the UE can lead to different 9, ; values, which
can lead to linear dependencies between the equations and
make the system unsolvable. Consequently, the LEDs must be
carefully placed to ensure that the equations remain linearly
independent even with random 1, ; values. In this context,
the following lemma establishes the constraints on the LED
coordinates, which depend on the UE orientation, ensuring
effective localization with the minimum possible number of
LEDs.

Lemma 1: The UE position can be determined using the
optical RSS-based method if it has LoS links with four LEDs
placed on a plane, provided that no two LEDs are equidistant
from the UE when this plane is parallel to the UE plane.

Proof: According to the optical RSS-based method, the
UE position can be derived by solving a system of equations
based on the RSS measurements for each LED that has a LoS
link with the UE. Thus, considering 4 LEDs belonging to the
set Z, and without loss of generality are placed upon y = y;
plane, we obtain four equations from (9), each relating the RSS
value to the UE’s spatial coordinates and the corresponding
angle of incidence v, ;. However, since this system involves
seven unknown variables, i.e., the spatial coordinates of the UE
and the four incidence angles 1, ;, we need three additional
equations to determine all these unknowns. These additional
equations can be derived from geometric equations between
the LED positions and the UE coordinates, involving the
incidence angles v, ; and the spatial arrangement of the LEDs.
However, certain constraints naturally emerge through the RSS
equations, restricting the possible geometric arrangements of

the LEDs. Therefore, it is essential to identify these deploy-
ment constraints to ensure the system remains solvable.
To simplify our analysis and without loss of generality, we
assume y; = 0, which simplifies (9) to
(‘%u - xi)Q + gg + (éu - Zi)2
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Additionally, we assume that the PD can receive the signal
from 4 LEDs and that the angle of incidence %, ; from
each LED is within the maximum allowable FoV, ensuring
gc(djaﬂ‘) 7é 0,VieZ.

To express the UE coordinates as a function of the system
parameters, we start by dividing (10) for ¢ = 1 and ¢ = 2,
yielding

(#u —x1)* + 95 + (2 — 21)? _ (PT.Q cos(q,1) )2/(mz+2)
(Ty — 22)? + 92 + (20 — 22)? P,.1cos(tg2) .

(11)
It should be noted that, to perform the division of these
equations, the UE must not lie on the same plane as the LEDs,
i.e., ¥y # 0, as evident from (10). Moreover, to simplify the
notation, we set

ap = <Pr,2 COSWa,l) )2/(ml+2)
Pr,l COS(wa,z)

and after some algebraic manipulations, we can express ¢,, as
(14) which is shown at the top of the page. It should be noted,
that since the direction of the LED transmission coincides with
the positive y-axis, ¢, must be a positive value, and thus, the
negative root of (11) is disregarded.

Next, to express &, as a function of the system parameters,
similarly as with ¢,, we can divide by (10) for ¢ = 1 and
1 = 3, and by substituting (14) and setting

ay = (Buscoslv) )2/ e
Pnl COS(l/Ja,:),)

we obtain (15) which is given at the top of this page. Thus,
by manipulating (15), Z,, can be obtained as

N gléu + 53
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where &7, &2, and &3 are shown at the top of this page in (17),
(18), and (19), respectively.
Finally, to express Z,, as a function of the system parameters,
we divide (10) for ¢ = 1 and i = 4, substitute (14) and (16),
and then set a3 as

(PTA COS(’(/)(Ll) >2/(’mz+2)
o3 = | ————=
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which leads to (21) which is given at the top of the next page,

and by manipulating (21), we obtain (22) given at the top of
the next page.

; (12)

; 13)
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; (20)
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Since we have now expressed the UE coordinates as func-
tions of the system parameters, some constraints naturally arise
regarding the LED positions. In more detail, based on (14) it,
must hold that a; # 1, which translates to

cos (ta,1) _, €08 (Ya,2)
Pr,l P’r’,2 '

Furthermore, from (16), we can observe that £&; must not be
0, which only holds when at least 3 out of 4 LEDs do not
have the same x coordinate, since a; > 0, j € {1,2,3}. To
address these constraints regarding the identical x coordinate,
(15) should be solved for Zz, rather than z,, thereby shifting
the constraint to the z coordinate of the LEDs instead.

Finally, to ensure that the system can be solved, the denom-
inator of (22) can also not be equal to 0. More specifically, by
taking into account that a; # 1, &2 # 0, then to assure that
the denominator in (22) is not zero, it must hold that a; # as
and ag # 1. Therefore, after some algebraic manipulations,
the constraints mentioned above can be rewritten as

(23)

cos (1a,2) , €08 (ta,4)
Pr72 Pr,4 ’ (24)
and
CcOos (%,1) Ccos (%,3) (25)
Pnl Pr,3 .

From constraints (23), (24), and (25), it can be derived that
the system can be solved if and only if the distances from

the LEDs, which are located on a plane parallel to the UE
plane, to the UE are not equal. To prove that, these constraints
must be expressed as functions of the distances between the
LEDs and the UE for the case where the UE is parallel to the
LEDs. Due to the planes being parallel, the angles 4, are
equal to 1), ;, thus, we can calculate the ratio of the received
powers, appeared on (23), (24), and (25), as a function of
the distances from each LED, by substituting v, ; with (7),
and then by solving (8) for P, ;. Thus, by dividing (23), (24),
and (25) pairwise and performing algebraic manipulations, the
constraints can be rewritten as

di i # di g, ¥i # J.

Thus, from (26) we can determine that the LEDs that are
parallel to the UE must not have equal distances from the
UE, which concludes the proof. |
Remark 1: According to the proof of Lemma 1, certain
LEDs may be unsuitable for UE localization at specific UE
positions and orientations. To address this, it is essential
to strategically place multiple LEDs in different locations,
ensuring that the UE can always perform accurate localization
regardless of its position or orientation.
By appropriately placing the LEDs according to Lemma 1, we
can obtain geometric equations that relate the LED positions to
the ratio between the cosines of the angles of incidence from
each LED, and thus are able to solve the system of equations.

(26)



In this direction, a way to deploy them that satisfies these
constraints is to place them all at the same height, i.e., z = 21..
More specifically, this arrangement satisfies the constraint of
not having LEDs with the same z coordinate, while it also
gives the freedom to choose different distances between the
LEDs on the z axis, making the system more tolerant of
potential equalities in the distances between the LEDs and the
UE. Therefore, in the following proposition, we derive the UE
coordinates for the case where the LED positions coincide with
the points A = (74,0, 21,), B = (x8,0, 21.), C = (z¢, 0, 21),
and D = (zp, 0, 21,).

Proposition 1: If the optical RSS-based method is used and
the LED positions coincide with the points A, B, C, and D,
the estimated UE coordinates (&, 9., 2,) can be calculated
by (16), (14), and (22), with a1, a9, and a3 given by
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Proof: By expressing the incidence angles from the
triangles formed between the LEDs, the UE, and the normal
to the UE vector, the following expressions can be derived:

dy1€08(tha1) = d12c08(¢a o), (30)
dy1c08(ta1) = di 3¢08(1ha 3), 31)
Jl7lcos(wa71) = 62174008(1&,1,4). (32)

Thus, utilizing (8), (12), (13) and (20), equations (30), (31),
and (32) for the 4 different distances can be rewritten as (27),
(28), and (29). Thus, the UE coordinates can be obtained,
which concludes the proof. ]

Remark 2: For the case where all 4 LEDs utilized for
localization, are placed upon a plane that is parallel to the UE
plane, i.e., the angles of incidence are equal to the angles of
departure, i.e., ¥q; = Ya,i, Vi € {1,2,3,4}, it can be proved
that (12), (13), and (20) do not remain functions of these
angles. Therefore, the solution of the problem can be derived
directly from (22), (16), and (14) without using equations (30),
(31), and (32).

Considering the existence of non-LoS components and
noise, it becomes clear that the UE location cannot be acquired
perfectly, because the estimated UE coordinates have been
calculated based on the assumption that the optical channel
is only affected by the LoS component. In this direction, in
the following proposition, we provide the localization error of
the optical RSS-based localization method.

Proposition 2: The localization error of the optical RSS-

based method can be expressed as
1/(mi+2)
> > » (33)
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TABLE I: RoOM CHARACTERISTICS

Parameter Value
Ceiling LED 1 (3.5,5,3
Ceiling LED 2 4.5,5,3

)

( )
Ceiling LED 3 (5.5,5,3)
Ceiling LED 4 (6.5, 5,3)

TABLE II: SIMULATION RESULT PARAMETERS

Parameter Value

Transmit power P, =50 mW

Noise power P, =5x10"14 A2
Optical Filter Gain Ty =1

PD Area App =1 cm?

PD refractive index n. = 1.5

where Koy = lfms

2% is the ratio of the power of the LoS and
non-LoS components of the optical channel.
Proof: The localization error between the actual and

estimated distance, utilizing (8), can be expressed as

Ad =d; — d,

n 1/(mi+2)
_ (Po(ml +1)AppY;, Ty ge(ta) cos(ll)a)>

2w
1 1 1/(m+2)
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(34)

Finally, after some algebraic manipulations in (34), then (33)
can be derived, which completes the proof. [ ]

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the scheme
through simulations in a room 10m x 10m x 3m. Specifically,
the positions of the LEDs are given in Table I, while the
selected values for the parameters are given in Table II. To
ensure an accurate evaluation, we perform a Monte Carlo
simulation with 10° realizations of the UE location and orien-
tation, where in each realization the coordinates of the UE are
randomly chosen within z,, € [0,10m], y,, € [0.5,5m], and
zy € [0.5,2.5m], while the UE’s elevation and azimuth angles
vary within fug € [—%, %] and ¢ug € [0, 27), respectively.
In addition, the average value of K,y ;, which captures the
ratio of LoS to non-LoS components based on reflections from
surrounding walls and objects, is set to the same value K.

In Fig. 1, the localization error Ad is plotted as a function of
K, for three Lambertian emission orders, m; = 1, m; = 2, and
my = 5 and for ¥, = 75°. As K, increases, Ad decreases,
highlighting the improvement in accuracy with greater LoS
dominance. Furthermore, higher Lambertian orders, such as
my = 5, tend to produce higher localization errors at lower K
due to their narrower emission patterns, which limit coverage
for certain orientations. On the contrary, m; = 2 provides
a balanced performance, achieving lower localization errors
without the limitations of an omnidirectional pattern, i.e.,



Ad (cm)

e A

0 | | | |
10 30 50 70 90

K,

| |
110 130 150

Fig. 1: Localization error Ad versus K, for various m; values.

my = 1, or a highly directive pattern, i.e., m; = 5. However,
as K, continues to increase, this performance gap narrows,
indicating that LoS clarity becomes the dominant factor in
determining localization accuracy at high K, values. To this
end, Fig. 1 highlights the role of Lambertian emission order
in improving localization performance.

In Fig. 2, the localization error Ad is plotted as a function
of the half field-of-view (FoV) of the PD, ¥ ,,..., for the same
three Lambertian emission orders. As W, increases, Ad
decreases considerably because the UE can receive signals
from the LEDs over a broader angular range, leading to
more accurate localization. This trend is particularly noticeable
for smaller values of W, where the differences between
the three curves are the most pronounced, highlighting the
necessity for higher FoVs, especially for narrower beams. The
curve corresponding to m; = 2 demonstrates the best overall
performance again, offering an optimal trade-off between the
omnidirectional radiation pattern of m; = 1 and the more
directive beam of m; = 5. Overall, the results emphasize
the importance of carefully tuning both the PD’s FoV and
the Lambertian emission order to ensure accurate localization.
Hence, choosing m; = 2 and ensuring sufficiently wide FoV
on the UE, achieves the most reliable localization.

V. CONCLUSION

This work proposed an LED-based optical RSS localization
scheme capable of accurately localizing UEs with arbitrary
orientations. By leveraging the information of LoS signal
components and proposing an LED deployment to extract the
position for any orientation, the proposed system provides a
practical and efficient solution for indoor localization. Further-
more, a closed formula for the localization error is derived,
while through Monte Carlo simulations, we demonstrated
the critical role of the FoV and Lambertian emission order
in achieving high localization accuracy. Finally, the results
underscore the importance of strategic LED placement and
system parameter tuning, offering valuable insights for the
design of future 6G-compatible optical localization systems.
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Fig. 2: Localization error Ad versus W, for various my
values and for K, = 100.
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