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Abstract—Indoor localization is very important to enable
Internet-of-things (IoT) applications. Visible light communica-
tion (VLC)-based indoor localization approaches enjoy many
advantages, such as utilization of existing ubiquitous lighting
infrastructure, high location and orientation accuracy, and no
interruption to RF-based devices. However, existing VLC-based
localization methods lack a real-time backward channel from
the device to landmarks and necessitate computation at the
device, which make them unsuitable for real-time tracking of
small IoT devices. In this paper, we propose and prototype a
retroreflector-based visible light localization system (RETRO),
that establishes an almost zero-delay backward channel using
a retroreflector to reflect light back to its source. RETRO
localizes passive IoT devices without requiring computation and
heavy sensing (e.g., camera) at the devices. Multiple photodiodes
(i.e., landmarks) are mounted on any single unmodified light
source to sense the retroreflected optical signal (i.e., location
signature). We theoretically derive a closed-form expression for
the reflected optical power related to the location and orientation
of the retroreflector, and validate the theory by experiments. The
characterization of received optical power is applied to a received
signal strength indicator and trilateration based localization
algorithm. Extensive experiments demonstrate centimeter-level
location accuracy and single-digit angular error.

Index Terms—Indoor localization, retroreflector, visible light.

I. INTRODUCTION

Indoor localization is an important field of application for

Internet-of-Things (IoT), for example in warehouses, airports,

railway stations, shopping centers, trade fairs, hospitals, of-

fices and factories. Server-based indoor localization, which is

suitable for asset and personal tracking, requires the device to

send unique identity information to specific hardware, which

can capture the information and forward them to a server

to calculate the device’s position. Real-time locating system

(RTLS) is a typical field of application of server-based indoor

localization. RTLS is used to automatically identify and track

the location of objects or people in real time. Applications

of RTLS include but are not limited to locating assets in a

facility, such as tracking of medical instruments at a clinic,

vehicles in industrial facilities and goods in retail shops;

locating people, such as providing details about visitor flows,

employer checking the current position of employees, and

locating customers in a restaurant for food delivery.

Visible light communication (VLC) or LiFi [1] can be used

as a localization technology [2]–[7]. LED or fluorescent lamps

send out imperceptible flickering light that can be captured by

a smart phone camera or photodetector. The information of

received optical signal strength, angle-of-arrival, polarization

and light distribution patterns can be leveraged for locating

light sensing enabled devices. Relying on extensively and

homogeneously deployed lighting infrastructure, VLC-based

localization approaches only require low-cost additional light

source driver [2], [3], [7], or even do not need additional

hardware [5], [6]. Thanks to the dominant line-of-sight (LOS)

signal and incidence angle sensitive propagation path loss

property, VLC-based localization can easily achieve sub-meter

accuracy and also detect the orientation of devices [3]. Al-

though VLC-based localization embraces many advantages,

the absence of a real-time backward channel from devices to

APs leads to impractical requirement of computation or heavy

sensing (e.g., camera) on small IoT devices. Autonomously

sending location and orientation information to the server

results in inevitable latency to real-time tracking as well as

unnecessary burden on IoT devices.

To address the above problems, which make conventional

VLC-based approaches unsuitable for RTLS of passive IoT

devices, we propose and prototype a retroreflector-based vis-

ible light localization system that we name RETRO. The

retroreflector is a light-weight small device, which is capable

of reflecting light back to its source with minimal scattering.

Therefore, by mounting small-size light sensors, such as

photodiodes (PDs), on infrastructural lamps, we can establish

a backward channel from the retroreflector to VLC APs (i.e.,

lamps). In order to send unique identity information to APs,

we add a liquid crystal display (LCD) shutter, which consumes

only tens of μW with its driver circuit [8], [9], on the

retroreflector to modulate and distinguish the reflected light

for different IoT devices. The light-weight retroreflector along

with an LCD shutter and its control unit can be installed

on a passive IoT device to execute VLC-based real-time

localization. The retroreflector can be realized by corner-

cube, retroreflective sheeting [10] or even retroreflective spray

paint [11]. In this work, we mainly study the corner-cube

retroreflector. RETRO enjoys not only all the advantages (e.g.,

especially high location accuracy) provided by conventional

VLC-based localization approaches, but also four unique and

superior features: 1) RETRO can be implemented on any
single unmodified light source; 2) immediate feedback from

the retroreflector minimizes the latency of a centralized control

of IoT devices; 3) RETRO is capable of localizing passive IoT

devices with ultra-low power and no computational capability

at the devices; 4) RETRO establishes a visible light uplink

channel, which makes joint localization and communication

without an additional uplink RF channel possible. In this paper,

we utilize the received signal strength indicator (RSSI) and

trilateration based localization algorithm (Sec. IV) to locate the

retroreflector. The RSSI resulted from the retroreflected light is
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Fig. 1: Illustration of system parameters

theoretically analyzed (Sec. III) and experimentally validated

(Sec. V). Based on experimental evaluation (Sec. VI), our

proposed RETRO system can achieve centimeter-level local-

ization accuracy and single-digit angular error.

In summary, we make three key contributions:

• To the best of our knowledge, RETRO is the first system

that enables real-time tracking using the VLC-based

localization approach. Relying on any single unmodified
light source, RETRO is capable of localizing passive

IoT devices without requiring computation or specialized

hardware on the IoT device with minimum latency.

• We theoretically derive a closed-form expression for

estimating retroreflected optical power from retroreflec-

tors under Lambertian light source and experimentally

validate the theory. Experimental results match theoretical

results very well w.r.t different locations and orientations

of the retroreflector.

• Based on the characterization of received optical power

from the retroreflector, we develop an RSSI and trilat-

eration based localization algorithm. We perform exten-

sive experiments to evaluate the location and orientation

accuracy of our proposed RETRO system and observe

centimeter-level location accuracy (i.e., location error

within 4.5 cm with the height of 1.5 meters) and up to

1◦ orientation error.

II. OVERVIEW OF THE LOCALIZATION APPROACH

In this work, RSSI and trilateration based localization

approach [2] is used to estimate the position and orientation

of an IoT device equipped with a retroreflector in the global

frame of reference. Multiple PDs (i.e., landmarks) are mounted

on one light source or multiple light sources to sense the

reflected optical signal strength from a retroreflector. An LCD

shutter (Sec. VI-A) covering the front face of retroreflector

produces unique signal frequency for each retroreflector to

distinguish the reflected light from multiple IoT devices and

from environmental reflections. As the retroreflector changes

its location and orientation, the received signal strength of each

PD varies correspondingly. In order to investigate the relation-

ship between the location and orientation of the retroreflector

and the received signal strength of each PD, we need to not

only use the free space optical propagation model, but also

characterize the area of light source, from which the light

rays are retroreflected back to the corresponding PD. We call

this area the effective reflecting area. In the next section, we

theoretically study the effective reflecting area w.r.t different

locations and orientations of the retroreflector.

III. ANALYSIS FOR RECEIVED OPTICAL POWER

A. System parameters

To derive the closed-form expression of retroreflected op-

tical power, we define the following system parameters: 1.

semi-angle at half power of light source, ψ1/2. An evenly

distributed light source can be viewed as infinite small lighting

spots, where all the spots have the same value of ψ1/2. 2.

refractive index of coating material of retroreflector, n. 3.

length of retroreflector, L. 4. recessed length of retroreflector,

Ls. 5. diameter of retroreflector’s front face, r. 6. effective

sensing area of PD, As. 7. transmitted optical power multiplied

by reflector loss (reflector loss includes the transmission loss

of the coating material and the reflection loss of each reflection

surface), Pt. 8. Lambertian index, ml. 9. vertical distance be-

tween light source plane and the front face of retroreflector, h.

10. horizontal distance between the PD and the retroreflector,

v. 11. elevation angle of the front face of the retroreflector,

δe. 12. azimuth angle of the front face of the retroreflector,

δa. The parameters are illustrated in Fig. 1.

To make the derivation clearer, we divide it into two steps:

in the first step we consider a special case where the elevation

and azimuth angles are both zero, and we analyze the boundary

of the effective reflecting area based on the symmetry property

of the incident and retroreflected rays; in the second step we

study the other case where the elevation and azimuth angles are

arbitrary, and since the derivation in case 1 cannot be simply

applied to case 2, we create a virtual light source plane and

utilize oblique projection to analyze the boundary of effective

reflecting area. Note that the light source we consider here is

a flat LED panel with evenly distributed light across the face

of the panel. The derivation can be extended to the case where

unevenly distributed light sources are considered.

B. Zero elevation and azimuth angles case

The distance between the PD and the retroreflector is

d =
√
h2 + v2. (1)

Consider the scenarios when the distance between the light

source and the retroreflector is much larger than the size of

retroreflector, the radiance angles of all rays that are going

to be reflected back to the PD can be approximated to be the

same. Also, since the rays are reflected back along a vector that

is parallel to but opposite in direction from the rays’ source,

the incidence angle to the PD is the same as the radiance

angle. The value of radiance and incidence angles is

θ = tan−1 v

h
. (2)
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Fig. 2: Displacement of input and output apertures caused by

the oblique angle of incidence to the retroreflector

According to Snell’s law, the refracted angle is

φ = sin−1 sin θ

n
. (3)

As shown in Fig. 2, ray A incident on the center of the front

face is retroreflected as ray A′. The points of intersection of

A and A′ with the front face are separated by D. Note that

if θ = 0, then D = 0. The solid line (circle O), which is the

shape of the retroreflector face, is called the input aperture,

and the dotted line (circle O′), which is giving the outline

of the retroreflected beam, is the output aperture. We have

OO′ = D. The intersection of the input and output apertures

is the active reflecting area [12]. Assume a set of parallel rays

incident on the front face of the retroreflector with angle θ, due

to the symmetry of the incident and reflected rays requiring

the last reflection to occur at a point inside the corner cube (

[12] Page 9), only those within the active reflecting area are

retroreflected. Note that in [12], the active reflecting area is

given on the plane of the front face of the retroreflector to

analyze the proportion of incident laser beam (i.e., a set of

parallel light rays) that can be retroreflected. The theoretical

analysis in [12] cannot be directly applied to Lambertian light

source, from which the emitted light rays are not parallel.

Therefore, in this paper, we utilize the concept of active

reflecting area, as illustrated in Fig. 2, on the plane of light
source. Assume a set of parallel rays incident on the front face

of retroreflector with angle θ are emitted from the area within

circle O on the light source plane, then only the rays from the

intersection of circle O and O′ are retroreflected. According to

[12] (Page 10), the displacement of input and output apertures

caused by the incidence angle θ is

D = 2L tanφ. (4)

As shown in Fig. 3, the recession wall shadows the front

face of the retroreflector at an oblique incidence angle. The

recession leads to additional displacement of input and output

apertures Ds ( [12] Page 14). From the top view of the light

source, the distance between circle O and circle O′ is further

increased by Ds. Therefore, the active reflecting area on the

plane of the light source is further reduced due to recession.

The displacement of input and output apertures caused by

recession is ( [12] Page 14)

Ds = 2Ls tanφ. (5)

Given the displacements D and Ds, now we study which

light rays are reflected to the PD. As shown in Fig. 4, V is

sL

tan2/ ss LD

n
sin
sin

Refractive 
front face

Retroreflective 
front face O 'O

X-Y view of light source/retroreflectorX-Z view of retroreflector
Input aperture Output aperture

D

2/sD 2/sD 2/sD

Fig. 3: Displacement of input and output apertures caused by

the recession

the midpoint of OO′, where OO′ = D + Ds. Recall that

the shaded area contains a set of parallel rays, of which the

incidence angles to the front face of the retroreflector are all

θ, and this set of parallel rays can be retroreflected back to

the shaded area. Suppose a ray from point P ′ is one of the

parallel rays, the retroreflected ray intersects with the shaded

area at point P , which is an equal distance on the other side

of vertex V ( [12] Page 9). Therefore, if P is where the PD is

located at, and considering the parallel rays (radiance angles

are all θ) from circle O, the ray from point P ′ is the one that

can be retroreflected to the PD.

O 'O
V

P

'P

Output apertureInput aperture

X-Z view of light source

Fig. 4: Symmetry

of incident ray and

retroreflected ray

On the light source plane, there

are uncountable small circles with

the same size as that of circle O.

Each small circle contains a set of

parallel rays, whose radiance angle

depends on the location of the cor-

responding small circle. If the PD

is located in the shaded area of a

small circle, in the corresponding set

of parallel radiant rays, there exists a

ray that can be reflected back to the PD. Therefore, there is an

uncountable set of small circles, in each of them there exists

a ray that can be reflected back to the PD. The intersection of

the set of rays that can be reflected back to the PD with the

plane of light source is the effective reflecting area.

Theorem 1: If the incidence angles of the light rays that can

be retroreflected to the PD are approximated to be the same as

the radiance angle θ, given two displacements D and Ds, and

the diameter of retroreflector r, the size of effective reflecting

area is the intersection of two circles, of which the radii are

r and the distance between them is 2(D +Ds).
Proof: In order to evaluate the size of the effective

reflecting area, we need to figure out its boundary. Consider

a special case in Fig. 4, where P is on circle O, P ′ will be

located on circle O′ due to symmetry. It can be proved that

for each point P ′
m on PP ′ there exists a circle O and a circle

O′, where the intersection of two circles includes both P ′
m

and P , and the symmetry in Fig. 4 holds. Therefore, for every

point on PP ′ there exists a ray that can be retroreflected to

P . P ′ is the furthest point (from which there exists a ray that

can be retroreflected to P ) away from P along the direction

of
−−→
PP ′. Since the incidence angles of the light rays that can

be retroreflected to the PD are approximated to be the same,
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the separation distances and directions of circle O′ for all the

possible locations of circle O are the same. Therefore, if we

rotate the intersection of circle O and circle O′ (i.e., the shaded

area in Fig. 4) around P and keep P on the boundary of the

intersection, considering P as the location of PD, the trajectory

of P ′ will be the boundary of the effective reflecting area.

In Fig. 5, we use two big circles (K1 and K2), of which the

radii are r (i.e., diameter of circle O), to analyze the trajectory

of P ′. The distance PK1 and PK2 are both equal to OO′,
and both PK1 and PK2 are parallel to OO′. In Fig. 5 (a),
� P ′K1P = 0◦, since PP ′ = r − OO′ and PK1 = OO′,
P ′K1 = r which indicates that P ′ is on circle K1. In Figs. 5

(b), (c) and (d), it can be proved by the similarity between

�P ′V O′ and �P ′PK1 (or �P ′V O and �P ′PK2) that

P ′K1 = r (or P ′K2 = r), which indicates that P ′ is either on

circle K1 or on circle K2 when we rotate the intersection of

circle O and O′ (i.e., the shaded area in Fig. 5) around P and

keep P on the intersection boundary. Therefore, the trajectory

of P ′ is the boundary of the intersection of circle K1 and K2.

The effective reflecting area is the shaded area in Fig. 6.

Given D and Ds, the ratio of effective reflecting area to the

maximum effective reflecting area (i.e., when D+Ds = 0) is

α =
2r2(cos−1 D+Ds

r − D+Ds

r sin(cos−1 D+Ds

r ))

πr2
. (6)

Since the radiance angle of the effective reflecting area is

equal to the incidence angle to the PD and the propagation

distance is 2d, according to the free space optical path loss

model in [13], the received optical power is

Pr = Pt
(ml + 1)As

8πd2
cosml+1 θα. (7)

C. Arbitrary value of elevation and azimuth angles case

If the front face of the retroreflector is not parallel to the

light source plane, we cannot directly apply the analysis in

case 1 (i.e., when δe = 0 and δa = 0) by simply varying

the incidence angle to the front face of retroreflector. This is

because the shape of the front face of retroreflector is different

from its oblique projection along the direction of retroreflected

light rays on the light source plane.

As shown in Fig. 7, the retroreflector plane is parallel to

the light source plane. Point P is where the PD is located

at. Point P ′ is the projection of P on the retroreflector plane.

Point O is the center of the front face of retroreflector. We use−−→
P ′O as the direction of y axis and form the 3D coordinate

systems for both the retroreflector and the light source. If the

P
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Fig. 7: A virtual light source plane to illustrate Theorem 2

retroreflector changes its orientation and its front face is on a

tilted retroreflector plane, we create a virtual tilted light source

plane, which is parallel to the tilted retroreflector plane. The

intersection line of the real light source plane and the virtual

tilted light source plane crosses point P . Now we can perform

the same analysis in case 1 (i.e., when δe = 0 and δa = 0)

on the tilted light source plane based on the new incidence

angle to the front face of tilted retroreflector, which is formed

by the normal n̂ to the tilted retroreflector plane and
−−→
OP ).

Therefore, the size of a virtual effective reflecting area S on

the tilted light source plane can be derived from (6).

The virtual effective reflecting area S on the tilted light

source plane contains a set of rays that can be retroreflected

back to the PD. These rays are approximated to be parallel

to
−−→
PO. In order to figure out the effective reflecting area

S′ on the real light source plane, we need to derive the

oblique projection of S on the real light source plane along the

direction of
−−→
PO. As shown in Fig. 7, in the coordinate system

of light source, n̂ is the unit normal to the tilted light source

plane, and −→np is the projection of n̂ on x-y plane. Elevation

angle δe is formed by n̂ and the z axis, azimuth angle δa is

formed by −→np and the y axis,
−→
l denotes the direction of

−−→
PO,

and radiance angle θ is formed by
−→
l and the z axis.

Theorem 2: Given θ, δe and δa, the ratio of S′ and S, β, is

equal to cos δe − sin δe tan θ cos δa.

Proof: In Fig 8, point A is on the tilted light source

plane, point Ap is the projection of point A on the real

light source plane, and point Aop is the oblique projection

of point A on the real light source plane along the direction

of
−→
l , where AP , ApP and AopP ′ are all perpendicular to
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the intersection line of the real light source plane and the

virtual tilted light source plane. The direction of
−−→
ApP is the

same as that of −→np. Therefore, � APAp = δe, � AopAAp =
θ, � PApAop = δa. It can be proved by the principle

of calculus that S′
S =

AopP ′

AP
. Since ApP = AP cos δe,

ApAop = AAp tan θ = AP sin δe tan θ and AopP ′ = ApP −
ApAop cos δa = AP cos δe −AP sin δe tan θ cos δa, we have

β =
S′

S
=

AopP ′

AP
=

AP cos δe −AP sin δe tan θ cos δa

AP
= cos δe − sin δe tan θ cos δa (8)

Substituting the incidence angle to the front face of the

tilted retroreflector (i.e., formed by the normal n̂ to the tilted

retroreflector plane and
−−→
OP in Fig. 7) to (4) and (5), we

can find D and Ds for the tilted retroreflector. Substituting

D and Ds for the tilted retroreflector to (6), we can find

the ratio of the effective reflecting area and the maximum

effective reflecting area α on the virtual tilted light source

plane. Therefore, the received optical power

Pr = Pt
(ml + 1)As

8πd2
cosml+1 θαβ. (9)

D. Practical concern

In practice, the retroreflector may not rotate around the cen-

ter of its front face. As shown in Fig. 9, the distance between

the front face of the retroreflector and the rotation center is R.

Therefore, the new vertical distance between the light source

and the retroreflector is hnew = h + R(1 − cos δe). The new

horizontal distance between the PD and the retroreflector is

vnew = O′P =

√
(OP +OO′ cos δa)2 + (OO′ sin δa)2

=
√
(v +R sin δe cos δa)2 + (R sin δe sin δa)2

In order to recompute Pr in (9), we substitute hnew and vnew
into (1)-(6) and (8), and get the new values of d, θ, α and β.

IV. LOCALIZATION ALGORITHM

Given n PDs mounted on the light source plane, we can

apply (9) to form constraints on measured received optical

power and distances between the PDs and the retroreflector, as

well as the azimuth and elevation angles of the retroreflector,

Pri = Pt
(ml + 1)Asi

8πdi
2 cosml+1 θiαiβi, i = 1, 2, ..., n. (10)

R

retroreflector front face
tilted 

retroreflector 
front face

X-Z view of retroreflector

X-Y view of retroreflector
O

'O O

'O

P
a

e

Fig. 9: When rotation center is not coincident with the center

of the front face of retroreflector

Let the 3D coordinates of the retroreflector and the i-th
PD be (x0, y0, z0) and (xi, yi, zi), respectively. We have the

horizontal distance between the i-th PD and the retroreflector

vi =
√

(x0 − xi)2 + (y0 − yi)2 and the vertical distance

between the light source plane and the front face of the

retroreflector h = |z0 − zi|. Recall that the azimuth and

elevation angles of the retroreflector are denoted by δa and δe,

respectively. Therefore, there are five unknowns x0, y0, z0, δa
and δe when we estimate the position and orientation of the

retroreflector. With five or more PDs with known 3D coordi-

nates, we can uniquely determine all the five unknowns. Note

that since the landmarks in RETRO system are PDs instead

of light sources (i.e., landmarks in conventional VLC-based

localization approaches), RETRO is able to locate devices

with any single unmodified light source. The localization is

framed as an optimization process trying to minimize the sum

of square errors between the left and right hand sides of (10),

−→s opt = arg min
s

∑
i

fi(
−→s )2,

where −→s = (x0, y0, z0, δa, δe) and

fi(
−→s ) = Pri − Pt

(ml + 1)Asi

8πdi
2 cosml+1 θiαiβi, i = 1, 2, ..., n.

To accelerate the search process for the above non-linear

least square optimization problem, the widely-used Levenberg-

Marquardt algorithm [4] is adopted. Levenberg-Marquardt al-

gorithm reduces the search space by searching along the direc-

tion of the gradient, which moves toward the local minimum.

The initial values of unknowns are generated randomly and

we run the localization algorithm several times to avoid local

minima. The efficiency of the Levenberg-Marquardt algorithm

is proved in [4], which can converge to a local minimum in

several milliseconds. In our experiments, we show that the

localization algorithm can generate very high location and

orientation accuracy.

V. EXPERIMENT BASED VALIDATION OF THE DERIVATION

OF RECEIVED OPTICAL POWER

A. Testbed settings

We utilize a flat LED panel with evenly distributed light as

the light source, which is a commercial off-the-shelf (COTS)

LED Troffer 2x2 FT (35W, 4000K, 3770 Lumens) provided

by Hyperikon. To estimate ψ1/2 of the LED panel, we
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Fig. 11: Explanation of light leaking problem (only when δa =
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manually restrict the effective illumination area to a small

spot and find out that ψ1/2 = 33◦, and the Lambertian

index ml = − ln 2
ln(cosψ1/2)

. The circular retroreflector PS976

(uncoated) is manufactured by Thorlabs [14]. The substrate

material is BK7 grade A, according to [15], with a refractive

index n = 1.51 for visible light wavelength. According to

[14], the length of retroreflector L = 35.7 mm, the length of

recession Ls = 6.3 mm and the diameter of the front face

of retroreflector r = 50 mm. The PD S6968 is provided by

Hamamatsu Photonics [16], and As = 150 mm2. The value of

Pt is estimated by fitting the measurements at different heights

to the theoretical values.

Fig. 10: Light intensity

measurement circuit

The PD works in photoconduc-

tive mode to measure the light in-

tensity. As shown in Fig. 10, the

PD is driven by a 10 V DC and

cascaded with a 6.8kΩ resistor. The

received optical power Pr is linearly

proportional to the output voltage

of the resistor, which is measured

by a multimeter. To get rid of the

environmental reflection, we use an

opaque chip to cover the front face

of the retroreflector and measure the output voltage generated

by environmental reflection, then we remove the opaque chip

to measure the amount of output voltage contributed by the

reflection of the retroreflector. We fix the retroreflector on

a tripod to perform measurements at different locations and

orientations. The testbed is shown in Fig. 12.

B. Experiment results

When we perform the measurement of the received op-

tical power without changing the orientation (i.e., zero-value

elevation and azimuth angles), we keep the retroreflector at

certain height and increase the horizontal distance between

the PD and the retroreflector. We observe that the output

voltage drops suddenly to zero at a certain horizontal distance

when the azimuth angle is non-zero. As shown in Fig. 11, if

the azimuth angle is 0◦, as the horizontal distance increases,

the output voltage decreases smoothly; while if the azimuth

angle is 180◦, the output voltage suddenly drops to zero

when the horizontal distance increases to a certain value.

This phenomenon contradicts the isotropic property of circular

retroreflectors. After experimentally studying the retroreflector

and communicating with the technical support from Thorlabs,

we confirm that the reason for the an-isotropic phenomenon

is due to the light leaking problem of the three mutually

perpendicular reflecting surfaces. If the angle of incidence

(a) Testbed

(d) Oscilloscope (e) LED panel + PD

(b) LCD shutter (c) Retroreflector

Fig. 12: Testbed

(AOI) to one of the three reflecting surfaces is too small,

light will be leaking out of the surface instead of being

reflected; thus, the total internal reflection (TIO) does not

stand anymore. However, the light leaking problem is not a

fundamental problem of retroreflectors and can be resolved

by re-fabricating three reflecting surfaces to let them reflect as

mirrors. Therefore, the isotropic property can hold such that

the circular retroreflector is suitable for localization.

To circumvent the light leaking problem, we perform all

the experiments at zero azimuth angle, in which case the AOI

to each reflecting surface will not be small enough to cause

light leaking. To validate the theory in case 1 (equation (7)),

we measure the output voltage at 4 different heights; namely,

1 meter, 1.18 meters, 1.35 meters and 1.52 meters. For each

height, the measurement is performed at horizontal distances

from 0 cm to 90 cm at intervals of 2 cm. The results are

shown in Fig. 13. To validate the theory in case 2 (equation

(9)), we measure the output voltage at fixed height 1 meter

and 4 different horizontal distances; namely, 0 cm, 10 cm, 20

cm and 30 cm. For each horizontal distance, the elevation

angle δe is varied from 0◦ to 30◦ at intervals of 2◦. The

results are shown in Fig. 14. Since the experimental and the

theoretical results match very well, we can safely conclude

that the closed-form expression of received optical power is a

very accurate approximation to practical measurements.

VI. EXPERIMENT BASED EVALUATION OF LOCALIZATION

AND ORIENTATION ACCURACY

A. Applying LCD shutter

In practice, in order to distinguish the reflected light from

multiple IoT devices and from environmental reflection, in-

stead of passive opaque chip, an active LCD shutter can be

used to cover the front face of retroreflector to modulate

the retroreflected light [8], [9]. By transitioning between

transparent and opaque states, LCD shutter can approximate a

square wave signal at low modulation frequency. To investigate

the relationship between signal amplitude and modulation

frequency, we measure the signal amplitude by placing three

types of LCD shutter (i.e., conventional, video and Pi-cell)

between a small LED light bulb and a photodetector (PDA36A
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frequency for three types of LCD shutters

from Thorlabs). The results are shown in Fig. 15, it can be seen

that the signal amplitude decreases quickly for all three types

of LCD shutters. This is due to the long response time (i.e.,

time cost by transitioning from one state to the other) of LCD

shutters. Therefore, we choose a low modulation frequency (20

Hz) to drive the LCD shutter. Different modulation frequencies

can be utilized to drive different LCD shutters in order to sup-

port multiple access of IoT devices. The capacity of the system

and the impact on localization accuracy of mutual interference

among different devices will be studied in the future.

In our experiments, Pi-cell is selected as the modulator.

It is driven by a function generator. Note that the power

consumption of the LCD shutter and its driver circuit is at tens

of μW, which is also validated in [8], [9]. Instead of connecting

the light intensity measurement circuit to a multimeter, we

connect it to an oscilloscope (Tektronix MDO4034-3) and set

the sampling rate to 1 MS/s. The recorded data is processed in

MATLAB through Fast Fourier Transform (FFT) to compute

the signal amplitude. Denote the FFT length by N , the

amplitude of the 1st harmonics in frequency domain by Af

and the amplitude of the square wave in time domain by

At, we have Af = At/(N/2). In Fig. 16, we show the

FFT plot including retroreflected optical signal (20 Hz) and

background light (60 Hz). We can observe that the background

noise is much less than the 20 Hz signal amplitude, which

enables reliable signal amplitude estimation at the modulation

frequency of LCD shutter.

Besides the modulation frequency, viewing angle also af-

fects the amplitude of the signal produced by LCD shutter. We

place the Pi-cell between a small light bulb and a photodetector

(PDA36A from Thorlabs) at 8 values of azimuth angles (i.e.,

0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦ and 315◦) and 9 values of

elevation angles (i.e., 0◦, 5◦, 10◦, 15◦, 20◦, 25◦, 30◦, 35◦ and

40◦) to measure the signal amplitude. The results are shown

in Fig. 17. When the elevation angle is not larger than 30◦, the

variation of signal amplitudes for different azimuth angles is

very small. However, when the elevation angle increases above

30◦, the signal amplitudes at azimuth angles of 45◦ and 225◦

are much lower than those at other azimuth angles. Therefore,

the isotropic property of circular retroreflector may not hold

when the incidence angle to the front face of retroreflector

is larger than 30◦. This issue can be resolved by selecting

the closest PDs to perform localization, but it still restricts

the orientation range to some extent. Another solution might

be using dispersion film instead of LCD shutter, such that the

viewing angle issue does not exist. However, the properties and

limitations of dispersion film need to be studied thoroughly in

the future. In Fig. 17, we can also observe that as the elevation

angle of Pi-cell increases from 0◦ to 30◦, the signal amplitude

decreases. We use a linear function γ(θ) = 1 − 0.005θ to

approximate the attenuation caused by the viewing angle of

Pi-cell, where θ is the incidence angle to the front face of the

retroreflector. To compute the received optical power using (9),

the right hand side of the equation needs be multiplied by γ2

since the light rays pass through the Pi-cell twice.

B. Localization and orientation accuracy

Recall that the light leaking problem restricts all the re-

ceived signal amplitude measurements at zero azimuth angle

(Fig. 11). The problem can be handled by manufacturing a

corner-cube with three reflecting surfaces as normal mirrors.

However, we are using the COTS corner-cube retroreflector,

which is designed for laser based applications. Due to the

intrinsically isotropic property of circular corner-cube retrore-

flectors, the light leaking problem caused by laser application-

oriented COTS product manufacturing does not hinder the

evaluation of localization accuracy. We apply the measurement

results using one PD to a realistic localization system, where

multiple PDs are mounted on the LED panel in a grid structure

with intervals of 20 cm. A central controller is used to monitor

the signal amplitudes from all the PDs. Once the central

controller detects the signal at certain frequency (20 Hz in our

experiment), it selects the PD, whose output signal amplitude

is the largest, as the central one and uses the other 4 PDs

around the central one to perform the localization algorithm.

As shown in Fig. 18, the area within the dashed-line square is

the region in which we are evaluating the localization accuracy

when the elevation and the azimuth angles of the retroreflector

are both zero.

We select 400 positions uniformly within the dashed-line

square region and compute the corresponding horizontal dis-

tances to each PD. Then we perform the signal amplitude

measurement using one PD at all horizontal distances. After

we measure the signal amplitudes at 4 different heights (75
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cm, 1 m, 1.25 m and 1.5 m), we input them to the RSSI and

trilateration based localization algorithm (Sec. IV) to evaluate

the localization accuracy. In Fig. 19, we apply our algorithm

for 3D localization, in which the height is unknown, and we

can observe that, at the height of 1.5 m, the location errors

are less than 6 cm in 90% of the cases and the median error

is only 2 cm. In Fig 20, the height is known. At the height

of 1.5 m, the location errors are less than 2 cm in 90% of the

cases and the median error is only 1 cm.

To evaluate both the location and the orientation accuracy,

due to the light leaking problem and viewing angle restriction,

we only consider PD1, PD2 and PD3 in Fig. 18 to evaluate

the elevation angle accuracy when the retroreflector is placed

at (0,0) and (10,0) where the height is 1 meter. Note that the

viewing angle restriction to valid orientation detection range

might be resolved by utilizing dispersion film which needs

to be investigated thoroughly, or by leveraging a gyroscope

and sending the detected orientation information back to the

tracking system via the uplink enabled by the retroreflector.

We vary the elevation angle from -10◦ to 10◦ when the

retrorelector is placed at (0,0) and vary the elevation angle

from -5◦ to 5◦ when the retroreflector is placed at (10,0).

In Fig 21, we apply our 3D localization algorithm, in which

the height is unknown, 90% of the location errors are less

than 12 cm, 80% of the angular errors are less than 6◦,

and the median location and angular errors are 3 cm and

2◦, respectively. In Fig 22, the height is known, 80% of the

location errors are less than 5 cm, 80% of the angular errors are

less than 3◦, and the median location and angular errors are 1

cm and 1◦, respectively. As far as we know, in VLC-based

localization systems, Luxapose [3] is the only system that

both enables the tracking of devices’ orientation and evaluates

the orientation accuracy. In our 3D location and orientation

results (Fig. 21), using simple and cheap PDs, we are able to

achieve parity with the 2D location and orientation results (i.e.,

height is known) of systems such as Luxapose [3] that requires

CMOS imager and heavy computation to obtain angle-of-

arrival (AOA) information. In our 2D location and orientation

results (Fig. 22), we are able to achieve 40% improvement in

both location and orientation accuracy compared to Luxapose.

In Fig. 23, we only evaluate the orientation error from

localization. Compared to Luxapose [3], in which the angle

error is less than 3◦ when only orientation is evaluated, we

are able to achieve 60% improvement in terms of orientation

accuracy. In addition, Luxapose [3] requires four or five

customized light beacons to be visible for a camera to achieve

decimeter-level location accuracy and roughly 3◦ orientation

error. However, by relying on only one single unmodified light

source, RETRO extends the available localization area, within

which centimeter-level location accuracy and 1◦ orientation

error can be achieved without requiring computation and heavy

sensing, like camera, on the device.

VII. RELATED WORK

RF-based localization approaches. The localization accu-

racy (less than 1 meter) of RFID [17] depends on densely de-

ployed RFID readers, which are very expensive. Utilizing ex-

isting infrastructure, WiFi-based localization [18], [19] can lo-

calize devices within large range. Although in the most recent

WiFi-based localization works [18], [19], authors claim that

the WiFi-based localization approach can achieve decimeter-

level accuracy, the location error reaches to 2 meters at the

80th percentile, which can cause destructive outcome for some

location error sensitive applications. Bluetooth low energy

(BLE), such as iBeacon [20], is intrinsically low frequency

radio (i.e., use the same spectrum as WiFi) and therefore, the

location error can still reach to meter-level and the interference

to WiFi-based user devices is considerable. Ultra-wideband

(UWB)-based localization [21] is able to achieve location

precision within tens of centimeters. Nevertheless, the high

cost of hardware, shorter battery lifetime than BLE, and lack

of interaction with the current devices render UWB-based

localization not being used universally.

VLC-based localization approaches. Existing VLC based

localization works are not suitable for real-time tracking of

passive IoT devices not only because of the absence of back-

ward channel. Epsilon [2] and Luxapose [3] require modified

light infrastructure by adding extra driver circuit. Litell [5]

requires specific unmodified light source like fluorescent lamp.

Luxapose [3] and PIXEL [4] require a power-consuming

camera facing upward to keep capturing images containing

enough landmarks. Navilight [6] requires the object to move

for a certain distance to collect light intensity pattern. Based on

existing light infrastructure with any unmodified light source,

RETRO is capable of determining the position and the orien-

tation of any passive IoT devices with ultra-low power and

no camera, expensive sensor, or computational capability at
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System Epsilon Luxapose PIXEL Litell Navilight RETRO

Reference [2] [3] [4] [5] [6] [this]
Location accuracy (90%) 0.4 m 0.1 m 0.3 m 0.1 m 1 m 2 cm

Orientation accuracy N/A 3◦ N/E N/A N/A 1◦
Method Model AoA AoA FP FP Model

Database No Yes Yes Yes Yes No
Unmodified infrastructure No No Yes Yes Yes Yes

Require multiple light sources Yes Yes No No No No
Require camera No Yes Yes Yes Yes No

TABLE I: Comparison with VLC-based localization systems. N/E stands for not evaluated.

FP and AoA are fingerprinting and angle-of-arrival, respectively.
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the location is known

the devices. Although [4]–[6] are able to execute localization

based on a single light source, they either necessitate camera

to enable image processing [4], [5], or cannot localize static

objects [6]. Utilizing a single light source, RETRO can achieve

centimeter-level location accuracy and single-digit orientation

error. A comparison with VLC-based localization systems is

summarized in Table I.

VIII. CONCLUSION

In this paper, we propose and prototype RETRO, which

to the best of our knowledge for the first time enables

backward channel from the object to landmarks for VLC-based

localization systems. Embracing all the advantages of VLC-

based localization approach, such as high accuracy, orientation

sensitivity, no interference to RF-based devices, RETRO is

capable of utilizing any single unmodified light source to

execute real-time tracking of location and orientation of any

passive IoT device with ultra-low power and no computational

capability at the devices. A set of extensive experimental

results demonstrate that RETRO achieves remarkably good

performance, and centimeter-level location error (i.e., less than

2 cm location error at 90% of the time) as well as up to 1◦

orientation error.
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