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Abstract—Retroreflective visible light communication and posi-
tioning (R-VLCP) is a novel ultra-low-power Internet-of-Things
(IoT) technology leveraging indoor light infrastructures. Com-
pared to traditional VLCP, R-VLCP offers several additional
favorable features including self-alignment, low-size, weight, and
power (SWaP), glaring-free, and sniff-proof. In analogy to RFID,
R-VLCP employs a microwatt optical modulator (e.g., LCD
shutter) to manipulate the intensity of the reflected light from
a corner-cube retroreflector (CCR) to the photodiodes (PDs)
mounted on a light source. In our previous works, we derived
a closed-form expression for the retroreflection channel model,
assuming that the PD is much smaller than the CCR in geometric
analysis. In this paper, we generalize the channel model to
arbitrary size of PD and CCR. The received optical power is fully
characterized relative to the sizes of PD and CCR, and the 3D
location of CCR. We also develop a custom and open-source ray
tracing simulator – RetroRay, and use it to validate the channel
model. Performance evaluation of area spectral efficiency and
horizontal location error is carried out based on the channel
model validated by RetroRay. The results reveal that increasing
the size of PD and the density of CCRs improves communication
and positioning performance with diminishing returns.

Index Terms—visible light communication, visible light po-
sitioning, backscatter communication, retroreflector, ultra-low-
power, Internet-of-Things.

I. INTRODUCTION

ONE of the top challenges of Internet-of-Things (IoT)
communication and networking is the streamlined oper-

ations of vast connected endpoints, which demands extremely
power-efficient connectivity for simple and quick device instal-
lation, alongside minimal battery replacement and recharging.
For the seamless integration of new devices into IoT net-
works without disrupting the operations of existing devices,
new wireless access medium, such as visible light spectrum,
exhibits its unique value. Visible light communication (VLC)
or LiFi infrastructural support is prospective: In June 2021
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[1], global LiFi leader pureLiFi releases a video of the latest
LiFi enabled phone, using two mobile phones with their
Light Antenna technology . In December 2021 [2], pureLiFi
has secured a multi-million dollar deal to supply the U.S.
military with their Kitefin LiFi system. In February 2022
[3], pureLiFi demonstrates the first LiFi ecosystem for the
home, which consists of a consumer style downlighter, a
smartphone, a smart TV and an AR headset all connected
by LiFi. The growing LiFi market is spurring the utilization
of the unlicensed visible light spectrum in a low-size, weight,
and power (SWaP) form.

Backscatter communication has been studied in radio fre-
quency (RF) domain for decades, where RFID is one paradigm
of backscattering the radio signals from a dedicated RF reader.
Recent RF backscatter research efforts have focused on the
exploitation of existing radio infrastructure (e.g., TV band [4],
FM radio [5], WiFi [6]–[10] and LoRa [11], [12]). Instead
of self-generating the RF signals, an RF backscatter harvests
energy from the ambient signals and intelligently bounces the
incident RF signals with modified amplitude/frequency/phase
to the target receiver. RF backscatter demonstrates the poten-
tial to leverage RF wireless access infrastructure in a low-
SWaP fashion. Nevertheless, the practical deployment of RF
backscatter at scale faces several fundamental issues: interfer-
ence to existing RF devices, wide interception range, low reuse
factor, and low accuracy under non line-of-sight conditions.

To work around these issues, backscatter communication in
optical domain, namely retroreflective VLC (RetroVLC) was
first introduced in 2015 [13]. RetroVLC system leverages a
retroreflector to return the incident light back to its source with
minimum scattering. A retroreflector can be produced using
a corner-cube with three mutually perpendicular reflective
surfaces or sheeting like 3M Scotchlite reflective material
fabrics [14]. Compared to the sheeting material, a corner-
cube retroreflector (CCR) suffers less scattering effect and
concentrates more reflected light back to the point where
the light source locates at. To modulate the reflected optical
signal, RetroVLC proposed to use a low-cost, low-SWaP,
ultra-low-power and kHz-bandwidth optical modulator - LCD
shutter [15]. An LCD shutter toggles the pass/block state
by imposing an electric field on the liquid crystal layer.
Retroreflective visible light communication and positioning
(R-VLCP) extends the use of retroreflected uplink signal to po-
sitioning by analyzing the retroreflection path loss model [16]–
[18]. Due to the retroreflection property, R-VLCP circumvents
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Fig. 1: A paradigm of R-VLCP in warehouse automation.

the uplink glaring effect and the strict alignment between
two communication terminals, and also highly reduces the
wireless interception range. Taking advantage of these unique
features, R-VLCP can be applied in indoor wireless networks
to secure the low-volume sensitive data exchange (e.g., key
management) [19]. Exploiting the centimeter-level location
error of R-VLCP, another promising application scenario, as
shown in Fig. 1, is the multi-robot path planning in warehosue
automation. The light infrastructure in a warehouse is utilized
to track and control the sorting robots in real time, which can
significantly improve the scalabiltiy compared to distributed
heuristic solutions.

In some literature, RetroVLC is also referred to as visible
light backscatter (VLB) due to its reflection-based signal
generation mechanism. A pixelated VLB was prototyped in
[20] to enable the multilevel backscattered signal. The authors
of [21]–[23] proposed to encode data in mobile surfaces
containing different reflecting materials. The work in [24]
developed a trend-based modulation and code-assisted demod-
ulation to boost the on-off keying-based VLB uplink data rate
to 1 kbps. In [16]–[18], the retroreflection loss of a circular
CCR was derived using geometric analysis. The work in [25]
provided a comprehensive analysis of the physical layer design
of VLB systems with a prototype using frequency shift keying.
In [26], two polarizers of an LCD shutter was separated and
a polarization-based differential reception was implemented
to enable long-range VLB communication between a vehi-
cle and road signs. The work in [27] developed a delayed
superimposition modulation (DSM) to exploit the fast rising
time of LCD shutter and integrate DSM with a polarization-
based QAM by extending DSM symbols to the I-Q plane.
The authors of [28] focused on the birefringence values
and thicknesses of liquid crystal to improve the switching
speed without significantly losing the contrast ratio. Most
recently, another optical modulator called digital micro-mirror
device was explored in [29] which trades off miliwatt power
consumption for 10-fold data rate boosting.

To better understand the channel model of R-VLCP, in our
previous works [16], [17], we derived a retroreflection path
loss model for a circular CCR and validated the model by
experiments. The derivation was inspired by the analysis of
active reflecting area in [30]. The active reflecting area is an
area of the front face of the CCR, which is characterized by
the intersection of input aperture and output aperture, and any
ray that is incident outside of the active reflecting area will not
be retroreflected. In [16], [17], the analysis of active reflecting
area was mapped onto the light source plane to delineate an

effective reflecting area on the light source from which the
rays are reflected back to the corresponding photodiode (PD)
(Fig. 2) embedded on the light source. Our previous channel
model [16], [17] was based on an assumption that the size of
PD is much less than the size of CCR, and could generate
inaccurate results otherwise. Although our previous works has
shown that the retroreflection channel model can be accurately
characterized using geometric analysis, the assumption (PD
<< CCR) imposes severe limitations on the applicability of
the channel model. These limitations add barriers to hardware
optimization of R-VLCP system designs. In this paper, we
generalize the channel model to arbitrary size of PD and
CCR, validate the channel model through ray tracing-based
simulation, and evaluate the communication and positioning
performance of R-VLCP systems based on the validated
channel model. More specifically, our main contributions are
summarized as follows:

• We parameterize (Sec. II) the CCR-based R-VLCP sys-
tem and fully characterize (Sec. III) the area (AERA) of
effective reflecting area (i.e., an area on the light source
plane from which the emitted rays are reflected back to
the PD sensing area) and the area (APD) of effective PD
sensing area (i.e., entire or portion of the PD sensing area
depending on the sizes of PD and CCR and the location of
CCR) for arbitrary size of PD and CCR. The generalized
retroreflection channel model is expressed in closed-form
based on AERA, APD, and the free space optical path
loss model.

• We develop RetroRay - a custom and open source ray
tracing simulator (Sec. IV) to validate the closed-form
expressions of AERA and APD derived in Sec. III using
geometric analysis. Using RetroRay simulator, we run
108 rays for each location of CCR. The value of AERA is
obtained by constructing the convex hull of the collection
of effective starting points, from which the emitted rays
are returned back to the PD sensing area. The value of
APD is found by a two-part separation and delineating
the non-convex boundary of each part. Extreme values of
the sizes of PD and CCR and the height are tested. Mean
theoretical error < 1.2% and maximum theoretical error
< 3% are observed.

• Based on the generalized retroreflection channel model
validated in Sec. IV, we conduct numerical analysis to
evaluate the communication and positioning performance
of R-VLCP systems (Sec. V). In particular, we compute
the average area spectral efficiency (AASE) and the one-
dimentional horizontal location error (eHLE) in terms of
different sizes of PD and different densities of CCRs.
The numerical results reveal that as the size of PD
or the density of CCRs increases, the improvement in
AASE and eHLE becomes less noticeable. The trade-offs
imposed by increased modulation bandwidth, limited size
of light source, and prism material are discussed further
after the numerical analysis.
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Fig. 2: R-VLCP system diagram and system parameters.

II. OVERVIEW OF THE R-VLCP SYSTEM

A. System Overview

The R-VLCP system diagram is depicted in Fig. 2a. Mul-
tiple PDs (i.e., anchors) are embedded into the LED panel to
sense the reflected optical signal from RETRO tags. A diffuser
layer is deployed on top of the LED panel to even out the
light emission over the light emitting surface. In each RETRO
tag, an LCD shutter is placed over a retroreflector (a single
CCR or a CCR array) to modulate the reflected optical signal.
The sensed signals of PDs are processed by a controller to
demodulate and decode the data from each tag and to read
the received signal strength (RSS) for positioning purpose.
Due to the retro-reflection property, RETRO tags only reflect
light back to its source. Therefore, the uplink interference
among different tags can be modeled in the same way as the
downlink VLC system [31]. Decomposition of communication
and positioning signals has been studied in many literature
[32]–[35], yet is out of the scope of this paper. As the location
of a RETRO tag changes, so does the RSS read from all PDs,
which is the result from the combination of free space optical
path loss, effective reflecting area (AERA), and effective PD
sensing area (APD).

B. System Parameters

To derive the closed-form expression of AERA, APD and
also the received optical power, we define the following system
parameters (notated in Fig. 2b):

1) The diameters of PD and CCR are denoted by DiaPD

and DiaCC , respectively.
2) The PD is facing downward and the CCR is facing up-

ward such that the radiance angle equals to the incidence
angle and therefore are both notated by θ.

3) Due to isotropic nature of circular CCR, vertical distance
h and horizontal distance x are sufficient to characterize
the relative positions of PD and CCR.

4) The output aperture offsets D and Ds are determined
by the length of CCR and the recessed length of CCR,
respectively. The complete derivations of D and Ds are
presented in ( [30] Pages 10 and 14) and will be skipped
in this paper.

5) For each PD, the transmitted optical power Pt is the
total optical power emitted from the effective reflecting

area (at x = 0) multiplied by the reflection loss. Pt can
be accurately calibrated by several RSS measurements
at different h with x = 0.

6) Lambertian index ml = − ln 2
ln(cosψ1/2)

, where ψ1/2 is
the semi-angle at half power. ψ1/2 can be measured by
covering the light emitting surface with an opaque board
while leaving a small hole in the middle.

7) Distance between PD and CCR d =
√
x2 + h2.

The parameters are summarized in Table I.

III. ANALYSIS FOR THE RECEIVED OPTICAL POWER

In this section, we derive the closed-form expressions of
AERA and APD in terms of different DiaPD, DiaCC , and
locations of the CCR. Upon those expressions, we further
derive the received optical power using the free space optical
path loss model [31].

TABLE I: Symbol Definition

Parameters Definition
DiaCC Diameter of CCR
DiaPD Diameter of PD
AERA Area of effective reflecting area
APD Area of effective PD sensing area
θ Radiance and incidence angles
D Output aperture offset
Ds Additional offset caused by recession
ml Lambertian index
Pt Transmitted optical power multiplied by reflector loss
h Vertical distance between PD and CCR
x Horizontal distance between PD and CCR
d Distance between PD and CCR

A. Effective Reflecting Area

According to our previous works [16]–[18], the output
aperture offset distance OO′ = D + Ds (Fig. 2b), where D
and Ds depend on the depth of CC and the recession length,
respectively. The symmetry property of the incident ray (i.e.,
emitted from point P ′) and the retroreflected ray (i.e., falling
on point P ) has been utilized ( [17], Fig. 5) to prove that
the boundary of effective reflecting area is delineated by the
trajectory of point P ′ (i.e., the starting point of a light ray that
is ultimately captured by the PD sensing area) when rotating
the intersection (i.e., elliptical leaf shape) of circle O and circle
O′ around point P (i.e., representing the location of PD). In
this work, since the PD sensing area is generalized by a circle,
point P becomes the intersection of the elliptical leaf and the
PD sensing area (i.e., circle Op in Fig. 3) when rotating the
elliptical leaf around circle Op and keeping them tangent to
each other. Animation of delineating the boundary of effective
reflecting area (i.e., the trajectory of P ′) is posted online1. In
Theorem 1, we characterize AERA in terms of D+Ds, DiaCC

and DiaPD, which can be further utilized in the free space
optical path loss model.

Theorem 1. Given the offset between the input aperture and
the output aperture D + Ds, the diameter of CCR DiaCC ,
the diameter of PD DiaPD, the outer boundary of effective

1YouTube URL: https://www.youtube.com/watch?v=i4athZiBkxo
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Fig. 3: Four different cases when using the symmetry property of P ′ and P to analyze the boundary of effective reflecting
area, which is the trajectory of P ′ when rotating P on circle Op.

reflecting area is the outline of the intersection of two circles,
of which the radii are DiaCC +DiaPD/2, and the distance
is 2(D +Ds).

Proof. In Fig. 3, two large circles (K1 and K2), of which
the radii are rk (i.e., equal to DiaCC +DiaPD/2), are used
to study the trajectory of P ′. In Fig. 3a, ∠P ′K1Op = 0◦.
Since P ′P = DiaCC − OcO′

c, PK1 = rk − P ′P and
OpK1 = OcO′

c, P ′K1 = rk which indicates that P ′ is
on circle K1. In Figs. 3b, ∠P ′K1Op equals to a non-zero
value. Assume line segment P ′K1 intersects with circle O′

c

at point M , since OcO′
c is parallel to OpK1 and OcP is

parallel to O′
cM , the quadrilateral OcO′

cK1Op is a paral-
lelogram, and we have OcP = O′

cM = DiaCC/2 and
MK1 = POp = DiaPD/2. Due to the symmetry property
of P and P ′, we have P ′O′

c = POc = DiaCC/2. Therefore,
P ′M = P ′O′

c +O′
cM +MK1 = DiaCC +DiaPD/2 = rK .

This indicates that P ′ is either on circle K1 or on circle K2

when we rotate the intersection of circles Oc and O′
c (i.e.,

the elliptical leaf region) around circle Op and keep P as the
tangent point of the elliptical leaf and circle Op. Therefore,
the boundary of effective reflecting area is the outline of the
intersection of circles K1 and K2.

In practice, the PD is mounted on top of the light emitting
surface, and thereby no light ray is emitted from the PD sens-
ing area. The area of effective reflecting area is characterized
by the intersection of circles K1 and K2 subtracted by the PD
sensing area,

AERA =2r2k(cos
−1 D +Ds

rk
− D +Ds

rk
sin(cos−1 D +Ds

rk
))

− 1

4
πDia2PD.

AERA correction: In the effective reflecting area analysis,
all the effective light rays (i.e., ultimately captured by the
PD sensing area) are approximated to have the same radiance
angle θ. The approximation incurs non-negligible error in the
estimation of AERA, especially when x is close to zero. To
complement the highly overestimated AERA at small value of
x, the corrected horizontal distance xc is given by

xc = max{x, 1
2
(DiaPD +DiaCC)}.

B. Effective PD Sensing Area

In our previous works [16]–[18], we analyzed the case when
DiaCC ≫ DiaPD such that the entire sensing area of the PD
was fully utilized, and thereby the sensing area variable (i.e.,
APD) substituted in the free space optical path loss model
[31] was simply the full area of the PD. Nevertheless, in this
work, DiaCC and DiaPD are generalized to be any value.
When DiaCC ≪ DiaPD, the retroreflected light rays that
are emitted from the boundary of the PD sensing area cannot
reach back to the center of the PD sensing area. This leads to
an unused area of the PD which depends on DiaCC , DiaPD
and D +Ds. The effective PD sensing area (i.e., the area of
the PD that captures retroreflected light rays) is the area of
the PD minus the unused area.

The approach used to characterize the unused area of the PD
is similar to the analysis of effective reflecting area. We rotate
the intersection (or elliptical leaf) of circles Oc and O′

c inside
circle Op and keep P ′ as the tangent point of the elliptical leaf
and circle Op. Utilizing the symmetry property ( [17], Fig. 5),
the trajectory of P delineates the boundary of the unused area.
As shown in Fig. 4c, when ∠O′

cOpR is relatively small, P is
sliding on an arc. Once ∠O′

cOpR is sufficiently large such that
P ′ reaches to the top of the elliptical leaf (Fig. 4a), P ′ will
stay there as we rotate the elliptical leaf inside circle Op. That
means P starts sliding on another arc, of which the radius is
1
2DiaPD. Animation of delineating the boundary of effective
PD sensing area (i.e., the trajectory of P ) is posted online2.

It can be observed from Fig. 4a that as DiaCC increases,
radius rsec decreases, the blue sector region and the yellow
trapezoid region reduces, and the upper and lower segments
approach each other. The process is analogue to a closing
eye. When DiaCC increases up to 1

2DiaPD, rsec = 0
and the eye completely closes. As shown in Fig. 5a, when
DiaCC > 1

2DiaPD, the distance l between P ′ and P deter-
mines Asegment. As l increases, Asegment decreases. When
l reaches up to 1

2DiaPD, Asegment = 0 and the entire PD
sensing area is fully utilized. In Theorem 2, we characterize
APD in terms of D+Ds, DiaCC and DiaPD, which can be
further utilized in the free space optical path loss model.

2YouTube URL: https://www.youtube.com/watch?v=rpF1u NPXhI
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DiaCC < 1

2DiaPD, the unused PD area consists of two
sectors, two trapezoids and two segments.

Theorem 2. Given the offset between the input aperture and
the output aperture D+Ds, the diameter of CCR DiaCC , the
diameter of PD DiaPD, the effective PD sensing area APD
is characterized by three different cases as follows,

1) If DiaCC < 1
2DiaPD, then

APD =
1

4
πDia2PD−2(Asector+Atrapezoid+Asegment),

where

Asector = φar
2
sec,

Atrapezoid =
1

2
rsec sinφa [2(D +Ds) + Lseg] ,

Asegment =
1

8
Dia2PD(φb − sinφb),

φa = arccos

(
D +Ds

DiaCC

)
,

rsec =
1

2
DiaPD −DiaCC ,

Lseg = 2(D +Ds) + 2rsec cosφa,

φb = arccos

(
1−

2L2
seg

Dia2PD

)
.

2) If DiaCC ≥ 1
2DiaPD and

√
Dia2CC − (D +Ds)2 <

1
2DiaPD, then

APD =
1

4
πDia2PD − 2Asegment,

where

Asegment =
1

8
Dia2PD(φb − sinφb),

φb = 2arccos

(
2
√
Dia2CC − (D +Ds)2

DiaPD

)
.

3) If
√
Dia2CC − (D +Ds)2 ≥ 1

2DiaPD, then

APD =
1

4
πDia2PD.

Proof. In case 1, as shown in Fig. 4 (c), since OcO′
c is

parallel to ROp and OcR is parallel to P ′Op, rsec = PR =
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Fig. 5: Analysis of effective PD sensing area (case 2): when
DiaCC ≥ 1

2DiaPD and
√
Dia2CC − (D +Ds)2 <

1
2DiaPD,

the unused PD area consists of two segments.

1
2DiaPD − DiaCC . φa = ∠POcO′

c = arccos
1
2OcO′

c
1
2OcP

=

arccos D+Ds

DiaCC
. Lseg is the lower base of the trapezoid and φb

is calculated using the law of cosines. Asector, Atrapezoid
and Asegment can be found out using the area formula for
each shape.

In case 2, since the distance between P ′ and P is length
l =

√
Dia2CC − (D +Ds)2, φb is calculated using the inverse

of cosine function. The segment area formula can be used to
find out Asegment.

As l increases in case 2, the unused PD area is gradually
compressed. Therefore, in case 3, when l ≥ 1

2DiaPD, the
unused PD area reduces to zero, and APD is the full PD
sensing area.

C. Received Optical Power

Once we complete the characterization of AERA, a weight-
ing factor ϵ is defined to describe the ratio of the current
location-dependent AERA to the maximum AmaxERA (i.e., x = 0
or D +Ds = 0), and

ϵ =
AERA
AmaxERA

=
AERA

π(r2k −
1
4Dia

2
PD)

.

Due to the property of retroreflection, the radiance angle
from 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 [31], the received optical
power is

Pr = Pt
(ml + 1)APD

8πd2
cosml+1 θϵ. (1)

Given DiaCC and DiaPD, the maximum AERA is deter-
ministic, and thereby the value of Pt can be determined by an
initial calibration, where n measurements of P̂r are performed
at different h with x = 0. The value of Pt is obtained by

minimizing the mean square error 1
n

∑n
i=1

(
Pr − P̂r

)2
.

IV. RAY TRACING-BASED SIMULATION

A. Simulation Overview

Ray tracing-based simulations are used to validate the
closed-form expressions for AERA, ϵ, and APD derived in
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Fig. 6: A render of the simulator setup.
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Fig. 7: Visualization of effective reflecting area (blue region)
and effective PD sensing area (red region) as x increases from
0 to 75 cm.

Section III. The areas AERA and APD are determined by
recording the initial and final locations of retroreflected rays,
and identifying the boundaries of the the regions of interest.
Simulation results agree well with theoretical results for a wide
range of input parameter values (i.e., DiaPD, DiaCC and h).
We conclude that the derived channel model (Eq. 1) is accurate
and can be used for further analysis of R-VLCP performance.

B. Ray Generation and Ray Detection

To gain the complete control over ray generation and ray
detection (and cultivate future R-VLCP research), we develop
RetroRay, a ray tracing package written in MATLAB [36].
RetroRay is a parallel ray tracer, meaning the distance to
all objects are calculated at once and the closest one is
chosen as the real collision. The simulation continues until
the ray hits an absorber, a detector, or nothing. Scenes are
constructed from optical primitives, such as a triangle, a circle,
a circular aperture, and a cylindrical tube. Each primitive can
be configured as a reflector, an absorber or a detector.

TABLE II: Parameters for evaluating AERA and ϵ

DiaPD (mm) DiaCC (mm) h(m)
Trial 1 0.1, 1, 10 10 1.5
Trial 2 10 1, 10, 50 1.5
Trial 3 1 50 1.5, 3.0, 4.5

TABLE III: Parameters for evaluating APD
DiaPD (mm) DiaCC (mm) h(m)

Trial 1 1, 2, 5 1 1.5
Trial 2 10 1, 5, 10 1.5
Trial 3 10 5 1.5, 3, 4.5

As shown in Fig. 6, three triangular reflectors are arranged
to form the CCR’s perpendicular faces. The front face of CCR
is a circular aperture, and the recession is implemented by
a cylindrical tube. A circular PD is embedded in the light
plane which is h meters above the horizontal plane where the
CCR moves. The light emitting surface of the light source
is represented by the yellow circle, of which the diameter is
heuristically set to DiaPD + 2DiaCC . An initial ray always
starts from a point in the yellow circle. The diameters of the
CCR and the PD are varying and summarized in Table II and
Table III.

The simulation starts with Monte Carlo ray generation,
where points are randomly sampled with a uniform distribution
from the light source plane and the CCR’s front face. The ray
connecting the two points (one from the light source plane and
the other one from the CCR’s front face) is used to represent an
incident ray to the front face of CCR. This method is chosen
for the sake of computational efficiency, since it guarantees
that every incident ray will hit the CCR’s front face.

If the retroreflected ray hits the PD sensing area, the ray
path is logged for later analysis. The final output is a tuple
(P0, Pf ) for every detected ray, where P0 = (x0, y0, 0) is
the starting position of the randomly generated initial ray, and
Pf = (xf , yf , h) is the detected position of the retroreflected
ray on the PD sensing area. Fig. 6 shows one example
of ray trace with P0 colored blue and Pf colored red. To
better understand the variation of AERA and APD, exemplary
collections of tuple (P0, Pf ) are plotted in Fig. 7 to visualize
the change of AERA and APD as x increases. In Fig. 7,
h = 1.5 m, and three candidate sets of (DiaPD, DiaCC) are
selected to reveal the three different cases of APD progression.

C. Validation Methodology

Two simulations (Sim1 and Sim2) are performed to quan-
titatively study the theoretical errors for AERA, ϵ, and APD.
Sim1 aims at evaluating AERA and ϵ. The parameters of
Sim1 are listed in Table II and the results are presented in
Figs. 8 and 9. The parameters are chosen to demonstrate a wide
range of practical device sizes and locations. Sim2 aims at
evaluating APD. The parameters of Sim2 are shown in Table
III and results are plotted in Fig. 10. The selected parameters
cover all the three cases in the APD derivation, which is
realized by varying the ratio between DiaPD and DiaCC .
In each trial of Sim1 and Sim2, for the three variables
DiaPD, DiaCC and h, we simulate three different values
of one variable while holding the others constant. Each trial
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Fig. 8: Simulated and theoretical AERA values using parameters in Table II. (Mean error = 1.16%, Max error = 2.97%)
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Fig. 9: Simulated and theoretical ϵ values using parameters in Table II. (Mean error = 0.64%, Max error = 2.54%)
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Fig. 10: Simulated and theoretical APD values using parameters in Table III. (Mean error = 0.44%, Max error = 2.20%)

uses 108 rays at 30 different values of x. The methods for
quantifying AERA, ϵ, and APD are elaborated below.

1) AERA: The effective reflecting area (visualized as the
blue region in Fig. 7) is the area enclosing the initial positions
of all detected rays on the light plane. The effective reflecting
area is found by constructing the convex hull of the collection
of P0, integrating around its boundary, and subtracting the PD
sensing area.

2) ϵ: After determining the AERA for all values of x, ϵ is
calculated by normalizing by AmaxERA (i.e., obtained at x = 0).

3) APD: Effective PD sensing area (visualized as the red
region in Fig. 7) is the area enclosing the final positions of all
detected rays on the PD surface. As discussed in Sec. III-B,
when DiaCC << DiaPD, the detected rays will not cover all
of the PD sensing area, so APD ̸= 1

4π(DiaPD)
2 in general.

Therefore, we need to quantify the APD in a similar way to
quantifying AERA. The geometry of APD may have a hole in

the center which makes the convex hull method inaccurate. To
resolve this, we divide the APD region into two parts and then
use MATLAB’s boundary function to generate non-convex
boundaries. Finally, the two boundary loops are integrated and
added together.

D. Discussion of Results and Error

The simulated results of AERA, ϵ, and APD are compared
against the theoretical values derived in Sec. III. Figs. 8 and 9
plot the values of AERA and ϵ for each trial in Sim1. Fig. 10
plots the value of APD for each trial in Sim2. The x-axis
represents the horizontal position of the CCR with respect to
the origin (x = 0). The solid and dot-dashed lines show the
theoretical and simulation results, respectively, and are plotted
against the left y-axis. The dashed lines show the percentage
error between the two, and are plotted against the right y-axis.
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Overall, the theoretical values match closely with the sim-
ulated values. The mean errors are under 1.2% and max
errors are under 3% in all cases. One of the causes of the
theoretical error is the method used to determine the effective
reflecting area and effective PD sensing area. RetroRay returns
a point cloud of detected rays and we construct the boundary
numerically as described in Sec. IV-C. Since the points will
never completely fill the regions of interest, the quantified
area will always be slightly less than the ground truth. In
Figs. 8 and 10, the simulated AERA and APD are hence
strictly smaller than the theoretical values in all cases. At large
x, the effective reflecting area and effective PD sensing area
become very small such that the total number of detected
rays will drop. The reduction in the number of points in
the cloud leads to an increase in error due to the way the
boundaries are drawn. In fact, as we increase the number
of generated rays during the simulation, it can be observed
that the error decreases significantly. From this, we conclude
that the theoretical derivation is accurate and can be used for
further analysis of the R-VLCP performance.

V. PERFORMANCE EVALUATION OF R-VLCP

In this section, DiaCC and DiaPD are considered as
variables to evaluate their impacts on the communication and
positioning performance of R-VLCP systems. Therefore, we
need to multiply Pt by a scaling factor δ to incorporate the
change of the maximum AmaxERA. In particular, for a specific
pair of DiaCC = Dia1 and DiaPD = Dia2, we can find out
the corresponding AmaxERA = E1 and determine the value of Pt
through an initial calibration. When we change the values of
DiaCC and DiaPD, δ = Amax

ERA

E1
. Accordingly,

Pr = Ptδ
(ml + 1)APD

8πd2
cosml+1 θϵ. (2)

In our previous works [16], [17], the selected pair of DiaCC
and DiaPD are Dia1 = 50 mm and Dia2 = 13.82 mm, re-
spectively. Therefore, E1 = π[(Dia1+Dia2/2)

2− 1
4Dia

2
2] ≈

104 mm2. Based on the experimental validation in our previous
works [16], [17], the estimated value of Pt is 0.33 W. In
the following, we use E1 = 104 mm2 and Pt = 0.33 W
to evaluate the performance of R-VLCP systems. Note that
the estimation error of Pt does not affect the optimization of
DiaCC and DiaPD.

A. Communication

The main noise factors at the optical receiver are shot noise
and thermal noise [31], [37], [38]. At low bandwidth, shot
noise dominates thermal noise.

σ2
shot = 2qγPnB A2/Hz,

where q is electron charge, γ is the average responsivity of
the photodiode over the used wavelength band given in A/W,
Pn is the average optical power of the received signal and
the background illumination, and B is the equivalent noise
bandwidth. In R-VLCP systems, the bandwidth of the state-of-
the-art optical modulator is only up to kHz level, and thereby
the thermal noise σ2

thermal can be neglected. In addition,

since the background illumination in R-VLCP systems is much
stronger than the received optical power from the RETRO tag,
we can approximate Pn as a constant.

The signal to noise ratio (SNR) is expressed as

SNR =
(γPr)

2

σ2
shot

,

where Pr is calculated by Eq. 2. Using Shannon–Hartley
theorem, the maximum spectral efficiency (SE) is

SE = log2 (1 + SNR) bit/s/Hz.

Since the user devices under a single R-VLCP access point
(AP) share the same bandwidth B, the average area spectral
efficiency (AASE) can be estimated by

AASE =
1
Nu

∑Nu

k=1 SEk
πR2

c

bit/s/Hz/m2,

where Nu is the number of candidate locations of the RETRO
tag and Rc is the radius of AP coverage area.

TABLE IV: Parameters for AASE and eHLE Analysis

Symbol Value Symbol Value Symbol Value
Pt 0.33 W Dia1 50 mm Dia2 13.82 mm
h 1.5 m ml 1 γ 0.25 A/W
Pn 0.02 W B 5 kHz Rc 0.8 m

To evaluate the AASE under different settings of DiaPD
and DiaCC , we perform numerical analysis using the param-
eters listed in Table IV. We generate 106 random RETRO tag
locations with uniform distribution inside the AP coverage
area, In practical deployment, the size of RETRO tag is
typically confined. Therefore, we limit the CCR array size
to a 50 mm x 50 mm area and vary the number of CCRs
using a grid structure. For instance, if the number of CCRs in
one row/column is 5, then DiaCC of each CCR is 50 mm/5
= 10 mm. As shown in Fig. 11, as the number of CCRs
increases, AASE converges to different values for different
sizes of PD. The diminishing return in AASE is caused by
the under-utilization of the PD sensing area, which occurs at
small DiaCC . The results also indicate that increasing the size
of PD will end up with a better AASE.

B. Positioning

Multiple PDs mounted on a single light source are utilized
as anchors to localize the RETRO tag. Conceptually, PDs that
are close together cannot provide as much information as PDs
that are widely separated. Here, rather than studying different
topologies of PDs, we mainly focus on the impact of DiaCC
and DiaPD on the one-dimensional dilution of precision,
namely horizontal location error (HLE) eHLE = |x̂−x|, where
x̂ is the measured horizontal distance.

To evaluate eHLE under different settings of DiaPD and
DiaCC , we perform numerical analysis using the parameters
listed in Table IV. Here the equivalent noise bandwidth B is
the same as the communication setting since the R-VLCP sys-
tem is typically used for joint communication and positioning.
We generate 105 different values of x uniformly in the range
of [0, Rc]. For each value of x, Pr is calculated by Eq. 2, and
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the measured received optical power P̂r = Pr + N0, where
N0 ∼ N (0, σ2

shot). Lastly, x̂ is obtained using the Dichotomy
method. In Fig. 12, DiaCC = 50 mm, the CDF of eHLE is
evaluated for five different values of DiaPD. The centimeter
level location error is consistent with the experimental results
in our previous works [16], [17]. As DiaPD increases, the
location accuracy improves due to higher SNR. In Fig. 13,
DiaPD = 10 mm, and similar to the AASE analysis, we limit
the CCR array size to a 50 mm x 50 mm area and vary the
number of CCRs using a grid structure. The location accuracy
does not improve further once the number of CCR in one
row/column reaches 20. The results are consistent with the
AASE performance presented in Fig. 11.

C. Discussion

MHz-level optical modulator: The return of increasing
DiaPD is diminishing for both communication and position-
ing performance of R-VLCP systems. As the technologies of
optical shutters advance, increasing DiaPD may trade off the
SNR, once the 3 dB bandwidth of the optical modulator is
able to reach MHz level. This is because a larger PD provides
higher response time or lower bandwidth [39]. An optimal
value of DiaPD shall be observed when seeking to maximize
the SNR at high frequency band.

Limited size of light source: In practice, the area of the
light emitting surface is confined. The light source design
shown in Fig. 2a indicates that the actual area of the light
emitting surface is the total area minus the area occupied
by the PDs. A dense deployment of PDs may improve the
uplink communication performance, while once the effective
reflecting area starts overlapping with each other the distin-
guishability among different anchors (i.e., embedded PDs)
will be poor, and thereby worse positioning accuracy. Such
eclipsing effect will be more severe when DiaCC is large.
Intuitively, the optimal structure of the light AP is to wrap the
LED chips around each PD, which results in another trade-off
between manufacturing cost and system performance.

Prism material: High reuse factor is one of the major
advantages of the optical backscatter when compared to the
RF backscatter. For a hollow CCR, when h = 1.5 m, AERA
approaches to 0 at x = 0.9 m. In other words, the radius
of the coverage area of one light AP is around 0.9 m with
1.5 m height. One approach to expand the coverage area is

to fill the CCR with prism material, such as N-BK7 [40].
The prism material has a refractive index η > 1 such that
the declining speed of AERA slows down as x increases.
Although a larger value of η leads to higher SNR, it does
not change the maximum SNR at x = 0, which means that
the distinguishability along the x axis is getting worse and
thereby lower location accuracy.

Arbitrary orientation of RETRO tag: The case of ar-
bitrary elevation and azimuth angles of RETRO tag has
been studied in our previous work (Section 3.3 in [17]) and
the analysis indicates that the elliptical region becomes the
intersection of two ovals instead of two circles. AERA and
APD can be determined by rotating the elliptical intersection
externally and internally around circle Op and delineate the
trajectory of P ′ and P , respectively. Due to the extensive
geometric derivation needed for the irregular shapes, it would
be more efficient to compute AERA and APD using interactive
geometry software.

VI. CONCLUSION

R-VLCP is a promising VLC-based technology to resolve
the top challenges of IoT communication and networking,
thanks to its unique features, such as self-alignment, glaring-
free, sniff-proof, low-SWaP, high SNR and high reuse factor.
In this paper, we fully characterize the path loss model of R-
VLCP using the CCR - a type of retroreflector with the lowest
reflection loss. A closed-form expression for received optical
power is derived through geometric analysis and validated
by our developed RetroRay - a custom and open source
ray tracing-based simulator. The analytical model enables the
quick computation of SNR for dynamic DiaPD, DiaCC and
locations of PD and CCR. Analytical results are used to
evaluate the performance of communication and positioning,
which has revealed that increasing the size of PD and the
density of CCRs enhances AASE and eHLE but with diminish-
ing returns. Consider a defined environment (e.g., warehouse)
with standardized illumination requirements, the optimal size
of PD and CCRs can be empirically determined with low
computational complexity. The shadow effect and line-of-sight
blockage of RETRO tag will be investigated in future work.
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