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Even with no line-of-sight (LoS), stations can optically communicate using Indirect line-of-sight diffused-
light free-space optical communications (ID-FSOC). A diffuse reflector in the LoS of the stations reflects 
diffused light to them. But despite having diffused reflections in almost all directions, the orientation 
of a flat diffuse reflector defines the communications coverage. Therefore, there is a need for a tool 
that describes the relationship between the orientation of the diffuse reflector, the coverage, and the 
achievable data rates for the effective deployment of ID-FSOC. In this paper, we propose a model of the 
coverage of a diffuse reflector that can allow us to estimate the achievable data rates as a product of the 
orientation of the diffuse reflector. We use ground-to-vehicle communications as a demanding example 
scenario. We also propose RISE, a heuristic algorithm that optimizes the horizontal and vertical tilt angles 
of the reflector to maximize the achievable data rates. We show that 50% or more of the transmitted 
power of light is reflected, thereby achieving 1 Gbps or higher data rates across the optical local area 
network.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

Free-space optical communications (FSOC), also known as op-
tical wireless (OW), can achieve higher data rates than radio fre-
quency (RF) communication systems [1–3]. Its many desirable fea-
tures, including long-distance communication range [4–6], high 
data rates, eavesdrop proof [7,8], and immunity to electromagnetic 
interference [9] make FSOC an attractive wireless communications 
technology for a wide range of application scenarios. Some of its 
applications are found in deep space, terrestrial, underwater, and 
inter-satellite communications [7,10].

But despite its very-high data rate capability as a wireless tech-
nology, FSOC adoption is lacking and behind RF technologies in 
a large measure. Major culprits on its limited adoption are the 
required direct line-of-sight (LoS) between a transmitter and a re-
ceiver [11,12], the point-to-point optical communications link that 
must be established for data transmission caused by the inabil-
ity of FSOC to operate with multiple access as its RF counterpart 
does, where multiple stations can directly communicate with oth-
ers. However, we argue that such a limitation is not caused by the 
light but how it is handled.
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Indirect LoS with diffused light FSOC, or ID-FSOC, is a more 
robust approach than FSOC. It uses diffuse reflectors (DRs) to set 
up a communication link between a transmitter and a receiver 
[13–16]. ID-FSOC not only removes many of the limitations of FSOC 
but also unearths new properties without sacrificing its achievable 
data rates under well defined conditions. As a DR, an ideal Lamber-
tian surface reflects the transmitted light with an equal intensity 
in all directions except towards itself. Such DRs can be made from 
common materials, such as aluminum foil, polytetrafluoroethylene 
(PTFE) tape, and titanium dioxide paint. These materials can reflect 
close to 100% of transmitted light [17,18].

In ID-FSOC, a station projects a laser beam on the DR to trans-
mit data and focuses its receiver on a DR to receive data. To a 
transmitting station, the DR is the intended receiver. Conversely, 
the DR is a transmitting source to a receiving station. ID-FSOC sta-
tions use an acquisition, tracking, and pointing (ATP) mechanism 
to point their transceivers to a DR, but unlike FSOC, the required 
alignment accuracy of an ATP in ID-FSOC is more relaxed because 
the DR size is larger than receiver lenses in FSOC. Different from 
FSOC, a transmission in ID-FSOC is detectable by all receivers who 
have LoS to the DR, just as a broadcast medium in what is nat-
urally an optical local area network (OLAN). The high-speed chan-
nels of ID-FSOC can be further multiplied by using spatial diversity, 
where not one but multiple beams are projected on the DR at 
once.
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Despite the highly uniform diffuse reflectance of a DR, the cov-
erage is not equal on the whole covered area. The coverage is 
affected by the distance of the receiver from the DR, the angle of 
incident of a transmitted beam, and the orientation of the DR. Such 
orientation can be simply expressed as the horizontal and vertical 
tilt of the DR for a stationary one. These parameters must be con-
sidered in the deployment of ID-FSOC and optimized for a given 
scenario.

The search of an optimized coverage of the DR raises the fol-
lowing question: What is the position of the DR that would max-
imize the power reflected to stations for incident beams emitted 
from different incident angles? To answer this question, we pro-
pose a model to estimate an ID-FSOC network coverage as a func-
tion of the angle of incidence of a transmitted laser beam and the 
orientation of the DR. To make use of such model, we also pro-
pose a heuristic algorithm that determines the near optimal tilt 
of a diffuse reflector, or RISE for short. The model and RISE are 
a tool for determining the orientation of a DR in the deployment 
of ID-FSOC. Such a deployment mostly comprises the placement 
of a stationary optical base station (OBS) and a DR for each OLAN 
segment. We apply the model on a scenario of vehicular commu-
nications that uses an OBS for Internet access and cars as mobile 
stations.

The contributions of this work are three-fold: 1) We propose a 
model to compute the angle of incidence between the DR and a 
transmitter and the horizontal and vertical tilt angles of a DR for 
a given coverage, 2) we propose RISE, a heuristic algorithm that 
computes the near optimal tilt angles of the DR to provide the 
largest coverage for the mobile stations across the network, and 
3) we show the relationship between the reflected power and the 
received power under different variation of design parameters and 
determine the achievable communication data rates.

The remainder of this paper is organized as follows. Section 2
describes related works. Section 3 introduces the proposed ID-
FSOC framework and presents the analysis of the angle of inci-
dence. Section 4 introduces our heuristic algorithm that computes 
the near optimal tilt of the DR that maximizes the covered area. 
Section 5 presents the achievable data rates through numerical 
evaluations. Section 6 draws our conclusions.

2. Related works

The use of reflected transmissions to improve and extend com-
munication in networks has been addressed in both optical net-
works [16] and radio communications [19,20]. Masterson et al. [19]
and Arun et al. [20] have suggested beamforming from reflected 
radiowaves as a technique to improve network throughput. This 
technique can extend the range of the network and increase data 
rates in communications. These works discuss installing reflective 
surfaces in parts of the network to reflect some of the energy from 
radiowaves towards specific regions with no line-of-sight or where 
coverage is minimal or non-existent. Here the reflective surface is 
a rectangular array of simple RF switch elements in either On and 
Off states, where the surface reflects RF transmissions when the 
switch is in the On state; or passes the signal through, if other-
wise.

Diffused reflective screens enable simultaneous optical commu-
nications for multiple mobile stations without the use of multi-
array LEDs directed towards multiple mobile stations in a network 
[21,22]. This arrangement reduces the amount of hardware re-
quired in an optical local area network (OLAN) by minimizing the 
number of optical transceivers (OTs) that an OBS uses to commu-
nicate with the mobile stations. ID-FSOC also promotes the devel-
opment of standardized medium access control (MAC) schemes, 
permits the use of a shared backhaul, and provides larger mar-
gins for ATP alignment used by communicating stations. In a few 
2

words, an OLAN may simplify network management. Such OLANs 
also may support structured and ad-hoc communications among 
stations in the network.

Several works have targeted modeling and analysis of indoor 
optical networks using an indirect LoS technique [13,23,14], while 
others model the path of light rays in an indoor environment 
where an infra-red light is used to transmit data. The transmit-
ter’s modulated light is focused on the walls of a room, and an 
optical receiver detects the reflections from the wall [23,14]. Wu 
et al. [14] showed that in a rectangular shaped room, an elliptical 
shaped beam experiences a smaller decrease in power distribution 
than a circular shaped beam with the same divergence angle. Such 
gain would improve the received power of an indoor optical net-
work.

The use of FSOC to exchange information between vehicles on 
a roadway has been studied in [24–29]. These works show achiev-
able data rates between 0.5-40 Gbps for point-to-point optical 
links in a vehicular network using visible light. Here, an LED trans-
mitter and a camera receiver are installed in a vehicle’s headlight 
and taillight, respectively, such that the vehicle transmits using 
the LED light and receives a transmission using the camera re-
ceiver. Several works have shown feasibility of direct LoS vehicle-
to-vehicle (V2V) optical communications in a noisy environment 
(e.g., rain, fog, and sunlight) [24,28–30].

Wilkins et al. [31] extended V2V communications infrastructure 
to fixtures (i.e., signposts, street lights, and traffic lights) of the 
moving vehicle’s surrounding environments. In this setup, the OT 
is attached to fixtures to support bi-directional LoS communication 
between the fixtures and the vehicle. DRs in an optical network 
have been considered to provide outdoor bi-directional commu-
nications between an OBS and a vehicle [16,32]. The framework 
used by Kaymak et al. [16] established an uplink and downlink 
communication link by placing DRs in the sight of the OT of the 
moving vehicles and OBS. Results show achievable data rates of 
0.3-1 Gbps. The configurations used compare the performance of 
the network when the DR is placed in front of a vehicle and on its 
side. Macaluso et al. [32] proposed the first MAC schemes for ID-
FSOC that uses a DR to facilitate optical communication between 
mobile station and an OBS. This work showed space-time trade-
offs may be considered in such access schemes.

DRs passively broadcast optical transmissions through the dif-
fuse reflection of the incident light over their covered area. The 
reflected light allows multiple users to share an OBS. While FSOC 
requires a strict ATP alignment to compensate for slight shifts in 
alignment between communicating OTs that may result in a com-
munication failure, the surface of the DR is relatively large so that 
it may prevent such a failure from happening under a similar slight 
alignment shift between the OTs and the DR. Also, a diffuse re-
flection relaxes ATP specifications for optical communication. The 
broadcast nature of the optical reflections serves multiple mobile 
stations located at different places of the covered area and also 
supports continuous communications as users move around the 
covered area. A DR can be easily installed to existing road fixtures 
with minimum infrastructural cost.

An important issue with ID-FSOC is the achievable data rates 
provided to the different locations within the area covered by the 
DR and the effect that the angle of incidence has on the power 
of the reflected beam. Here we focus on the relationship between 
the location of the mobile stations in the network and the angle of 
incidence of a transmission to the surface of the DR. This angle de-
termines the amount of the reflected power on the covered space. 
The reflected power across the network is used in establishing the 
minimum reflected power, which in turn determines the received 
power and its corresponding data rate across the network. Further-
more, the data rate distribution determines the network size, the 
distance between DRs, and the placement of the OBS in the area 
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Fig. 1. Proposed optical local area network.
covered by the DR. Key factors to consider in an OLAN design us-
ing a DR are the desired size of covered area, the placement of 
DRs and OBSs across the network, the tilt of the DR to establish 
LoS to all or considerably large portions of the network, and the 
uplink and downlink data rate distribution according to the loca-
tion of a mobile station and OBS. We believe this is the first work 
that discusses the use of the orientation of the DR to increase the 
minimum data rate in the covered area of the OLAN. Our approach 
provides a mathematical model to estimate the angle of incidence 
for transmissions in the covered area for a given DR orientation.

3. System configuration and model

The ID-FSOC framework is simple and can be easily modified 
to suit different environments. We show the key system parame-
ters that affect the performance of the network and that must be 
considered during its configuration.

3.1. System configuration

Our framework includes the existing last-mile access infras-
tructure provided by Internet service providers in our design as 
backhaul Internet access for mobile and stationary stations that 
communicate in this setting. To simplify our model, but without 
losing generality, we consider an urban street where DRs and OBS 
are attached to existing infrastructures such as light posts, traffic 
posts, signposts, and buildings [31], and an OBS connected to the 
last-mile access that provides high-speed Internet access for the 
area covered by the light reflected by these DRs.

An OBS is installed between two identical DRs to provide a 
downlink response to uplink requests from mobile stations in the 
coverage area of the DR. Mobile stations in communication with 
the OBS direct their OTs toward the current DR to establish an 
uplink, that is, communication from a mobile station to the OBS, 
and a downlink, that is, communication from the OBS to the mo-
bile station. The ATP mechanism of the mobile stations must be 
capable of maintaining a LoS to the DR, and is necessary for a con-
tinuous exchange of data while they are in motion. The mobile 
stations are equipped with at least two OTs to enable seamless 
handovers between DRs; a communicating OT and a handover OT. 
While the communicating OT is in use, the handover acquires, 
tracks, and points to the next DR in the path of the moving mobile 
station. For instance, while the communication link is established 
on DR-A by the communicating OT, the handover OT locates DR-B 
for the upcoming handover. Fig. 1 shows an example of the posi-
tioning of DR-A and DR-B.

In our model, the OBS is positioned equidistant from two DRs. 
The OBS has two OTs pointed toward the DRs to which it aims 
a laser beam as downlink, and it receives a reflected beam as an 
3

Table 1
Notations used in this paper.

Notation Description

Pt Power of the transmitted light
P0 Power of the transmitted light at a distance
Pr Power of the reflected light
P Power of the received light
B Data rate
d0 Travel distance
o Horizontal distance
h Vertical distance
θ Angle of incidence
δ The tilt angle of the DR
δ+

H Horizontal tilt of the DR in the clockwise direction
δ−

H Horizontal tilt of the DR in the counterclockwise direction
δ+

V Vertical tilt of the DR in the clockwise direction
δ−

V Vertical tilt of the DR in the counterclockwise direction
δhor The horizontal tilt angle of the DR in a dual-plane tilt
δver The vertical tilt angle of the DR in a dual-plane tilt

uplink. Each OT is independent in its operation and dedicated to 
the DR it faces. The OBS is connected to the last-mile access in the 
vicinity of the OLAN.

The mobile stations can easily align their ATP in vehicular net-
works through the use of a beacon signal [33,34]. This control 
system then points the transceiver in the direction of the bea-
con light. In our setup, the beacon signal source is attached to 
the top center of a DR and transmits a laser beam onto the top 
of the DR. The mobile station then points the transceiver towards 
the direction of the beacon signal (that is, the surface of the DR) to 
transmit and to receive transmissions. Because the DR and OBS are 
stationary and the corresponding OT of the OBS is pointed to the 
surface of the DR during installation; hence, no mobility tracking is 
needed. The wavelength of the proposed beacon signal is 850 nm 
[33] and is different from the wavelength used for data exchange. 
Table 1 lists the terms and notations used in this paper.

3.2. System model

Uplink model: This link model is also applicable to the transmitted 
light from an OBS. By Lambertian law on atmospheric transmission 
[35], the power of transmitted light Pt at a distance (d) in km (i.e., 
the distance between transmitter and surface of DR), which we 
refer to as the incident power P0 of the light at the DR, can be 
expressed as

P0 = Pt e−γ d, (1)

where γ is the extinction coefficient that accounts for the dete-
rioration of Pt as a result of the absorption and scattering in the 
atmosphere. While absorption due to water or water vapor affects 
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most wavelengths between 1300-1400 nm, the impact of absorp-
tion due to atmospheric gases varies for different wavelengths, 
except for 650 nm, which is immune [36]. Scattering may result 
from aerosol, smoke, or weather conditions such as fog, snow, and 
clouds [36,37]. Here, γ , in dB\km, is computed for different atmo-
spheric conditions using Kim’s model [38]:

γ = (
3.91

v
)(

λ

550
)−q, (2)

where v is the visibility range in km, λ is the wavelength in nm, 
and q is the size distribution of the scattering particles.

q =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1.6, high visibility (v > 50) km

1.3, average visibility (6 < v ≤ 50) km

0.16v + 0.34, hazy visibility (1 < v ≤ 6) km

v − 0.5, mist visibility (0.5 < v ≤ 1) km

0, fog visibility (0.01< v ≤ 0.5) km

(3)

The DR is a Lambertian surface that reflects light with equal 
power to any angle smaller than 90◦ from the DR’s normal. The 
power of the reflected light, Pr , is calculated using the Lambert’s 
cosine law on θ , where θ is the angle between the normal of the 
DR to the point of incidence of the light. The law states that “the 
intensity varies as the cosine of the incident angle of the light 
upon the object viewed” [35], and this expression is represented 
as:

Pr = P0 R cos θ, (4)

where R is the reflectance of the material used as the DR.
Lambertian law also states that “the power of light is inversely 

proportional to the square of the distance of the observer to the 
source” [35]. Hence the power of light received, P , by an observer 
(mobile station or OBS) at a distance d from the DR can be ex-
pressed as:

P = Pr

d2 π
=⇒ P = P0 R cos θ

d2 π
(5)

For the proposed configuration, a mobile station/OBS uses its OTs 
to transmit a narrow laser beam, with a width of 1 mrad, onto 
the DR. The beam diameter at the DR makes a surface area St

on the DR based on the distance between the transmitter and the 
DR. Likewise, the receiving mobile station/OBS pointing to the DR 
receives the reflected transmissions from the surface of the DR to 
where the lens is focused. Here, the size of the area the lens of 
the receiver focuses Sr is dependent on the aperture area Ar of 
the photodiode lens and d between the DR and the receiver; that 
is:

Sr = Ar d

fr cos θr
, (6)

where fr is the focal length of the lens and θr is the angle between 
the normal of the DR and the LoS from the center of the lens [13]. 
The area of the region dσ where the St and the Sr intersect is 
critical in establishing the strength of the communication link, or:

P =
∫

St ∩Sr

P0 R cos θ Ar

St d2 π
dσ (7)

Because the intensity of the transmitted beam also depends on 
the beam diameter, we consider a narrow laser beam for trans-
missions, such that the resulting St from the transmitter is smaller 
than the Sr in the focus of the receiver (i.e., St << Sr ). The pho-
todiode used by the receiver has Ar << d [13,16,32]. Hence, the 
power of light received P becomes:
4

P = P0 R cos θ Ar

d2 π
(8)

The key factors affecting the OLAN configuration are those as-
sociated with the received power, as shown in (8). Both OBS and 
mobile stations transmit with the same Pt , which can be selected 
by considering the largest value θ , which is < 90◦ , the farthest d
to the DR, and the minimum data rate required in the network. 
The attenuation loss due to distance for the transmit power Pt is 
such that Pt < 0.2 dB/km for wavelengths between 780 and 1600 
nm [39] in high visibility weather. Therefore, the wave propagation 
loss may be negligible in our system. The factor Ar is fixed for an 
OT and depends on the OT’s manufacturer specifications. The other 
factors of importance are R , θ , and d. These factors are discussed 
below.

3.2.1. Reflectance (R) of a DR material
Reflectance or the reflective coefficient of a DR is the ratio of 

the amplitude of the reflected light from the DR and the amplitude 
of the incident light. Janecek et al. [17,18] provided a normalized 
measurement of the reflectance of common materials such as alu-
minum foil, polytetrafluoroethylene (PTFE) tape, titanium dioxide 
paint, teflon, lumirror, and tyvek. These materials are suitable for 
their use as DR in our proposed system. The measured R of materi-
als ranges from 0.78-1.00. The reflectance may sharply decline for 
some wavelengths, therefore, the material used as DR is selected 
according to the used wavelength.

3.2.2. The angle of incidence and distance to DR (θ and d)
This angle determines whether there is partial or no reflec-

tion of a transmission towards the DR. A transmission with θ =
0, 30, 60 and 90◦ achieves 100, 86.7, 50, and 0% reflection of the 
transmission, respectively. Mobile stations with θ ≥ 90◦ have no 
LoS to the DR and receive no reflected light, whereas all other mo-
bile transmissions for which θ < 90◦ receive a fraction of Pt . The 
distance d varies because the mobile station moves. Therefore, θ
and d are affected by the location of the DR; mainly by the height 
difference between the mobile station’s OT and the DR (vertical 
distance h), the lateral distance between the DR and the mobile 
station’s OT (horizontal distance o), and the distance between the 
DR and the mobile station’s OT (travel distance d0) as if they were 
in the same plane.

Fig. 2 shows the considered network configurations of an OLAN. 
In Fig. 2(a), the DR is located in front of a mobile station, so that 
a moving mobile station travels in a parallel direction to the DR’s 
normal or what we refer to as perpendicular displacement config-
uration (PDC). In Fig. 2(b), the DR is located at the side of a mobile 
station, so that the mobile station travels in a perpendicular direc-
tion of the DR’s normal, or what we refer to lateral displacement 
configuration (LDC). These figures show the distances d0, o, and 
h for PDC and LDC, respectively. We use these two displacement 
models to estimate the angle of incidence of both an uplink and 
downlink transmissions across the network.

A negative h (i.e., −h) depicts the center of the mobile station’s 
OT is above the DR’s center; otherwise, the center of the mobile 
station’s OT is below the DR’s center. Likewise, a negative d0 (i.e., 
−d0) depicts the center of the mobile station’s OT to the left DR’s 
center; otherwise, the center of OT is to the right of the DR’s cen-
ter. Here, θ in Fig. 2, is computed using the cosine rule as:

θ = arccos(
O E

2 + O C
2 − C E

2

2 O E O C
) (9)

that is,

θ = arccos(
d2

0 + d2 − i2

), d0 �= 0, d �= 0 (10)

2d0d
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Fig. 2. Basic configuration models of an OLAN.

Fig. 3. Angle of incidence θ as a function of d0 and o.
for PDC and

θ = arccos(
o2 + d2 − i2

2od
), o �= 0, d �= 0 (11)

for LDC. The angles � E O A = � O AB = � ABC = 90◦ in both setups. 
The line segment O E = AB in PDC, and the segment O E = BC in 
LDC.

The expression to compute d is common for PDC and LDC, 
whereas i is an artifact that is computed using unique expressions 
for PDC and LDC. The distance d between the center of DR and the 
center of the OT used in the calculation of the received power can 
be calculated as:

O C = (AB
2 + BC

2 + A O
2
)

1
2

or

d = (d2
0 + o2 + h2)

1
2

(12)

Here, i is the diagonal of a right angled triangle formed by a ver-
tical line from point E and the intersecting line from point C. The 
length of i is computed as:

C E = (BC
2 + A O

2
)

1
2

or

i = (o2 + h2)
1
2

(13)

for PDC and

C E = (AB
2 + A O

2
)

1
2

or

i = (d2 + h2)
1
2

(14)
0

5

for LDC, respectively.
The value of θ = 90◦ when the OT of the station is underneath 

the DR, that is, the case a − b in (15). The value θ = 0◦ when the 
OT is at the center if the DR, that is, the case c in (15), an unlikely 
scenario for ID-FSOC.

θ =

⎧⎪⎨
⎪⎩

a) 90◦, d0 = 0 in PDC

b) 90◦, o = 0 in LDC

c) 0◦, d = 0 in both PDC and LDC

(15)

Because the DR location is fixed, we examine the impact of d0
and o on θ for PDC and LDC uplink transmissions. In both setups, 
the vertical distance between the DR and the OTs of the mobile 
stations is 3 m. The DR in both setups provide coverage for a net-
work of area d0 × o = 200 × 40 m2. This area and setup are used 
in the remaining of the paper unless stated otherwise.

We estimate θ as a function of d, d0 and o and use i according 
to (13) and (14) for PDC and LDC, respectively. Fig. 3(a) shows that 
θ decreases as d0 increases and it slightly increases as o increases 
for PDC. The continuous decline in the value of θ as d0 increases 
implies a strong Pr .

Conversely, θ increases as d0 increases while it slightly de-
creases as o increases in the case of LDC, as shown in Fig. 3(b). The 
distribution of θ for an increasing d0 in LDC implies that transmis-
sions from mobile stations that are far from the DR results in a 
low Pr . As a result, the average Pr in LDC is smaller than that in 
PDC.

Fig. 3(a) shows at least 80% of covered area in PDC occurs when 
θ ≤ 60◦ . This result is different from Fig. 3(b) in LDC, which has up 
to 20% of the covered area with θ ≤ 60◦ . However, both figures 
show coverage areas with θ ∼= 90◦ as d0 ∼= 0 m for PDC, and o ∼= 0
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Fig. 4. Horizontally tilted DR.

Fig. 5. Vertically tilted DR.
m for LDC. Mobile stations in regions with θ ∼= 90◦ may not be able 
to communicate because they lack LoS to the DR, that is, Pr ∼= 0
and P ∼= 0.

In general, as θ increases, Pr decreases, and as θ decreases, Pr

increases. A tilt of the DR toward a region in the covered area dis-
places the DR’s normal in the direction of the tilt, which results 
in an increase of Pr for the mobile stations in that region. The in-
crease of Pr by a tilt decreases Pr in other regions of the covered 
area as the DR’s normal moves away. The tilt angle of a DR (δ) is 
the angle between the original position of the normal and the cur-
rent position of the normal (referred to as the displaced normal) 
after a tilt of the DR.

4. Increasing the LoS in the covered area

Here, we propose a mathematical model to estimate θ when 
the DR is tilted. Using this model, we use the RISE algorithm to 
compute the near optimal tilt angle of the DR. We also examine 
the increase in LoS and the minimum Pr from tilting the DR to-
wards the covered area.

4.1. Estimation of θ after a tilt of the DR

The DR can be tilted vertically, with reference to h, or hori-
zontally, with reference to d0. A vertical tilt of the DR produces a 
displaced normal above or below the original normal. We refer to 
a vertical tilt with the displaced normal above the original normal 
as a vertical counterclockwise tilt. Likewise, we refer to a vertical 
tilt with the displaced normal below the original normal as verti-
cal clockwise tilt. A horizontal tilt of the DR produces a displaced 
normal to the left or right of the original position of the normal. 
In a horizontal counterclockwise tilt, the displaced normal is at the 
6

right of the original normal, whereas, in a horizontal clockwise tilt, 
the displaced normal is as the left of the original normal.

The tilt in either the horizontal and vertical axis is in the range 
0-90◦ . The tilt of the DR in a horizontal clockwise, horizontal 
counterclockwise, vertical clockwise, and vertical counterclockwise 
direction are denoted as δ+

H , δ−
H , δ+

V , and δ−
V , respectively.

Fig. 4 shows a δ+
H for PDC and δ−

H for LDC. Here, the length of 
the segments O E and O C remain the same after the tilt and the 
changes in o, d0, and h are indicated with dashed red, green, and 
orange lines, respectively. As shown in the figure, d0 and o change 
after the tilt, which in turn changes i (i.e., segment C E or i′) in 
both setups. In a horizontal tilt of the DR, i′ is calculated as:

i′ = [(d0 − d0 cos δ)2 + (o − ψHd0 sin δ)2 + h2] 1
2 for PDC (16)

and

i′ = [(d0 + ψH o sin δ)2 + (o − o cos δ)2 + h2] 1
2 for LDC (17)

where ψH = {1, −1} for δ+
H and δ−

H , respectively.
Fig. 5 shows that δ+

V in PDC produces a change in both h and 
d0, which in turn changes i. On the other hand, δ−

V in LDC produces 
a change in h and o, which in turn changes i. The calculation of i′
in a vertical tilt of the DR follows:

i′ = [(d0 − d0 cos δ)2 + o2 + (h − ψV d0 sin δ)2] 1
2 for PDC (18)

and

i′ = [d2
0 + (o − o cos δ)2 + (h − ψV o sin δ)2] 1

2 for LDC (19)

where ψV = {1, −1} for δ+ and δ− , respectively.
V V
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Fig. 6. Graph showing the largest θ for different tilts of the DR.

Fig. 7. Horizontal and vertical tilting of the DR.
We estimate the largest θ after a tilt of the DR for both setups. 
Here, a decrease in the largest θ implies that the tilt of the DR in-
creases Pr in regions where Pr was previously weak. Conversely, 
an increase in the largest value of θ implies the tilt of the DR ex-
acerbates an already small Pr . Figs. 6(a) and 6(b) show the largest 
value of θ after the tilt of the DR in PDC and LDC, respectively.

Here, δ−
H and δ−

V in PDC should be avoided because the largest 
θ > 90◦ , as shown in Fig. 6(a). These tilts reduce the size of the 
covered area. δ+

H produces no changes in the largest θ , whereas δ+
V

achieves the desired result, that is, θ = 85.7◦ at δ = 86◦ . Fig. 6(b) 
shows that δ+

H , δ−
H and δ−

V must be avoided in LDC. On the other 
hand, δ+

V of the DR is a tilt in the right direction because it pro-
duces a large θ < 90◦ , that is, θ = 88.3◦ for a δ = 89◦ .

The orientation of a DR might be a combination of vertical and 
horizontal tilts. We refer to such a tilt as a dual-plane tilt. Here, we 
consider a vertical tilt followed by a horizontal tilt. The tilt of the 
DR is either δ+

V or δ−
V , and δ+

H or δ−
H in both setups. Figs. 7(a) and 

7(b) show a δ+
H ◦ δ+

V and δ−
H ◦ δ−

V dual-plane tilt for PDC and LDC, 
respectively. As shown by the dashed lines, the dual-plane tilt of 
the DR affects only the computation of i in both setups when the 
lengths of the segments O E and O C remain the same after the tilt. 
Let us denote the horizontal and vertical tilt angles of the DR in a 
dual-plane tilt as δhor and δver , respectively, then in a dual-plane 
tilt of the DR, i′ is computed as follows:

i′ = [(d0 − d0 cos δver cos δhor)
2 + (o − 	Hd0 cos δver sin δhor)

2

+ (h − 	V d0 sin δver)
2] 1

2 (20)

for PDC and

i′ = [(d0 + 	H o cos δver sin δhor)
2 + (o − o cos δver cos δhor)

2

+ (h − 	V o sin δver)
2] 1

2 (21)

for LDC.
7

4.2. Near optimal tilt angles of the DR

Let us denote X as the set of OTs of the mobile stations and the 
OBSs that communicate through a DR denoted as y, where x ∈ X
is an OT that communicates through y. If H is the set of vertical 
distances of the OTs, h ∈ H is the index of the vertical distance of 
OT x (i.e., hx). Let us denote L as the region {d0 ×o} covered by DR 
y, where l ∈ L is the index of an OT in L (i.e., lx). OT x with LoS 
to DR y has θxy < 90◦ . Conversely, OT x without LoS to DR y has 
θxy ≥ 90◦ . Let us denote 
xy = 1 as OT x with LoS to DR y, and 

xy = 0 otherwise. The optimization expression of the maximum 
number of OTs that communicate through a tilted DR is given as:

arg max
lx,hx

∑
x∈X


xy

subject to

C1 : θxy < 90◦,∀x ∈ X

C2 : 0 ≤ δver ≤ 90◦

C3 : 0 ≤ δhor ≤ 90◦

(22)

Constraint C1 ensures LoS between the communicating OTs and 
the DR. Constraints C2 and C3 define the vertical and horizontal 
tilts of the DR that maximize the LoS across the network.

Here, the optimal tilt of the DR enables the largest number 
of communicating OTs in the covered area. The placement of the 
DR and the associated dual-plane tilt are similar to the three-
dimension cell deployment of a drone base station, known to be 
NP-hard [40–42]. Therefore, we propose the RISE algorithm to 
maximize the number of OTs that communicate through the DR. 
Algorithm 1 describes RISE as a pseudocode. The location of the 
DR is assumed to be known before the DR is tilted. In RISE, the 
covered area is divided into cells, and θ is computed over each cell 
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Fig. 8. Largest θ as a function of δ_hor and δ_ver.
after every dual-plane tilt of the DR. The value of θ is computed on 
the minimum and maximum hx in each cell to account for the dif-
ferent vertical distances of OTs that may pass through those cells 
as the mobile stations move. Records of the largest θ and the as-
sociated δver and δhor are stored for each dual-plane tilt; and the 
near optimal dual-plane tilt angles of the DR are the values of δver

and δhor associated to the smallest of the largest θ obtained from 
the stored records after θ is computed for all possible dual-plane 
tilts of the DR. The computation of the largest θ for a dual-plane 
tilt terminates when the largest θ computed is ≥ 90◦ in any of the 
cells.

Algorithm 1 RISE algorithm.
1: hmin ← Gets the minimum vertical distance;
2: hmax ← Gets the maximum vertical distance;
3: d0max ← Get the travel distance of the covered area;
4: omax ← Get the horizontal distance of the covered area;
5: opthor = −1, optver = −1, minang = 90;
6: while δver ≤ 90 do
7: while δhor ≤ 90 do
8: netmax = 0;
9: while o ≤ omax do

10: while d0 ≤ d0max do
11: var1 = compute θ for hmin;
12: var2 = compute θ for hmax;
13: θ = max(var1, var2);
14: if θ ≥ 90◦ then
15: minang = 90◦;
16: go to 7;
17: else if θ > netmax then
18: netmax = θ;
19: if netmax < minang then
20: minang = netmax;
21: opthor = δhor ;
22: optver = δver;
23: if minang < 90 then
24: Near optimal {δhor , δver} = {opthor , optver};
25: else
26: No near optimal tilt angles found;

Figs. 8(a) and 8(b) show the largest θ for δ+
H ◦ δ+

V using the RISE 
algorithm for PDC and LDC, respectively. As shown in the figures, 
the smallest of the maximum θ are 54◦ and 88.3◦ for PDC and 
LDC, respectively. The {δ_hor, δ_ver} that correspond to the small-
est θ , that is, the near optimal dual-plane tilt angles, are {43◦ , 37◦} 
for PDC and {0◦ , 89◦} for LDC. A comparison between Figs. 8 and 3
shows that the largest value of θ for both setups can be decreased 
from 90◦ to 54◦ and 88.3◦ for PDC and LDC, respectively, by tilting 
the DR. This tilt also guarantees reflections for all the transmis-
sions towards the DR. The algorithm computes δ+

H and δ+
V because 

θ ≤ 90◦ for those tilts in PDC, as shown in Fig. 6. If no optimal tilt 
8

angles are found, the location of the DR may be changed and the 
optimal tilt angles are recomputed using the algorithm.

4.3. Increase in LoS and the minimum Pr after a DR tilt

Figs. 9(a) and 9(b) show the incidence angle for transmissions 
in the covered area for both setups, after a near optimal tilt of the 
DR. The near optimal tilt of the DR increases the LoS to 100% in 
9(a) and 9(b) as compared to that in Figs. 3(a) and 3(b), where 
some regions have no LoS, or θ ∼= 90◦ .

We computed the uplink Pr in high visibility weather using 
(4) on the estimated values of θ in Figs. 9(a) and 9(b). R and 
Pt used in the computation of Pr are 1 and 100 mW, respec-
tively. Figs. 10(a) and 10(b) show Pr of the transmissions across 
the covered area for PDC and LDC, respectively. From the graphs, 
Pr increases as θ decreases, and vice versa. The minimum, av-
erage, and maximum Pr obtained are {60.2, 73.6, 100} mW and 
{7, 17.2, 100} mW, respectively. PDC shows that 100% of the trans-
missions in the covered area have θ ≤ 60◦; or an increase of about 
12%. On the other hand, LDC shows a 15% decrease in the cov-
ered area where θ ≤ 60◦ . Despite the decrease in the covered area, 
where θ ≤ 60◦ , both setups achieve Pr > 0 mW as a result of the 
tilt.

5. Data rate and noise reduction

DR positioning in both setups affects the size and location of 
the covered area that experience a given data rate. We performed 
numerical evaluations on the received power and data rate for the 
proposed optical network using the smallest Pr obtained using the 
near optimal tilt algorithm. The targeted minimum bit error rate 
(BER) for our simulation is 10−9 for a link 15.56 dB signal-to-
noise ratio (SNR). We consider parameters similar to those in [16], 
where the OT receiver is a Mercury Cadmium Telluride (HgCdTe) 
avalanche photodiode (APD) with high sensitivity to wavelengths 
at 1550 nm. The receiver responsivity (ρ) is 0.8 A/W and the aper-
ture of the receiving lens is 9.5 ×10−3 m2. The required number of 
photons to achieve a BER of 10−9 for SNR=15.56 dB is at least 57. 
The modulation scheme considered is on-off-keying non return-to-
zero (OOK-NRZ).

We analyze the received power at different points in the cov-
ered area and then translate the received power into the corre-
sponding data rates. The smallest Pr in Figs. 10(a) and 10(b) are 
used to evaluate P for PDC and LDC and the corresponding data 
rates. The received power is shown in Figs. 11(a) and 11(b) for 
PDC and LDC, respectively. The graphs show that P is the largest 
at the DR located at {d0, o} = {0, 0} m and it decreases as the dis-
tance from the DR increases. As expected, the inverse relationship 
between d and P results in the decline of P as d increases.



P.K. Esubonteng and R. Rojas-Cessa Vehicular Communications 36 (2022) 100493

Fig. 9. Angle of incidence θ after a near optimal tilt of the DR.

Fig. 10. Reflected power Pr as a function of d0 and o.
5.1. Data rates in the covered area

The data rate (B) is defined in terms of P as

P = Nph̄cB

λ
, (23)

in the considered setups where Np is the average number of pho-
tons for a single information bit, h̄ is Planck’s constant, and c is 
the speed of light.

Figs. 11(c) and 11(d) show the received power as the achievable 
data rates of {1, 10, 20, 50, 100} Gbps for PDC and LDC, respec-
tively. As shown in the two figures for the considered setups, the 
decrease in data rates is caused by the decrease in the value of P
to the DR. The smallest data rate determines the maximum value 
of d0 and o in the covered area. For a minimum data rate of 1 
Gbps in the covered area, the largest distance away from the DR 
for {d0, o} = {154, 40} m for PDC setup and {d0, o} = {38, 40} m for 
LDC setup. LDC produces a smaller covered area with B ≥ 1 Gbps 
as compared to PDC because of its minimum Pr , which is about 
12% of the minimum Pr in PDC.

5.2. Outage probability and bit error rate (BER)

The outage region refers to parts of the covered area where the 
minimum data rate cannot be achieved. The minimum power Pmin

required at the receiver to correctly decode a 1 Gbps transmission 
is -51.4 dBm. This implies, P < Pmin in the outage region. The out-
age probability Pout can be written as:

Pout = P < Pmin (24)
9

The bit error rate (BER) in ID-FSOC is given as [43]:

B E R = erfc(Nph̄cρ/2q)
1
2 (25)

where erfc is the complementary error function and q is the charge 
of an electron. Figs. 12(a) and 12(b) show the outage probability 
and the BER as a function of d0 for PDC and LDC, respectively. As 
shown in the graphs, the outage probability increases as P con-
tinue to decrease below Pmin due to increasing d0 in both setups. 
Likewise, the BER in both setups increases as P decreases with an 
increase in d0. The decrease in P implies a decrease in the num-
ber of photons reaching the receiver. These results show that the 
BER is remarkably low so that large data rates are achievable at 
moderate travel distances. PDC provides higher minimum Pr than 
LDC and that implies that mobile stations can transmit at higher 
data rates in PDC. Also, the covered area in PDC is wider than that 
in LDC, and that reduces the required number of DRs and OBSs in 
PDC to set a large OLAN.

5.3. Sunlight noise in outdoor environments

ID-FSOC faces many challenges to make it feasible for deploy-
ment. Some of those are using receivers sensitive enough and 
noise. In outdoor scenarios, sun radiation is a major source of 
noise. Luckily, there are different well-known techniques to dimin-
ish such noise: filters [44], casing, and shading (awning). Being the 
last the simplest technique, we experimentally look into the spec-
trum observed in the reflected light on paper, used as a diffuse 
reflector, with simultaneously projected laser light at 532, 655, and 
852 nm.



P.K. Esubonteng and R. Rojas-Cessa Vehicular Communications 36 (2022) 100493

Fig. 11. P and B for PDC and LDC setup.

Fig. 12. Outage probability and BER for PDC and LDC setup.
We recorded the spectrum of the reflected light with direct sun 
illumination and another with shaded DR (i.e., without direct sun-
light) to show the effectiveness of shading. Fig. 13(a) shows the 
spectrum detected on the exposed DR, i.e., without a shade. The 
spectrum shows the presence of the laser light with significant in-
tensity and also significant amount of noise around the reflected 
light. In contrast, a shade can significantly reduce the noise around 
signal of interest, as Fig. 13(b) shows. In addition and overall, these 
figures also show that the selection of a wavelength in a less noisy 
region of the spectrum may simplify the noise filtering process.

For demonstration of diffuse reflection concept, we performed 
an experiment to measure P from a DR made of Teflon with 
10
R = 0.8. We transmitted an 852-nm laser beam with Pt = 1 W 
and θ = 52◦ . Using a S120VC photodiode power sensor connected 
to a PM400 power and energy meter console, we measured the re-
ceived power from the DR (i.e., DR_A). Attached to the power sen-
sor is an LC1715-A-ML plano-convex lens that focuses the power 
sensor to the reflected beam on the DR to the active area of the 
power sensor. The diameter of the active area of the power sen-
sor is 9.7 mm and ρ = 38 mA/W at 852 nm. The measured P in 
Fig. 14(a) shows a small difference between the estimated P and 
that of DR_A. We further investigated the effects of other forms of 
noise, that is, water on DR (DR_B) by spraying water onto the DR’s 
surface, and dirt (DR_C). As shown in Fig. 14(a), P decreases for 
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Fig. 13. Difference in noise between a shaded and exposed DR under sunlight.

Fig. 14. Received power and signal from a DR.
both scenarios, with DR_C showing the largest loss. Yet, the differ-
ence among these three surfaces is not significant. As for bubbles 
that may form on the surface for the presence of water, we theo-
rize that the response may be very similar to that of a wet surface. 
However, confirmation remains for future research.

Strong vibrations experienced by an OT in a moving vehicle 
might result in a significant shift in the area of focus on the DR, 
and in turn, it might affect the strength of the received signal as 
part or all of the reflected beam falls out of the lens’ focused view 
of the receiver. Fortunately, the shift in the focus of the receiver is 
very small for moving vehicles on tarred roads [45,46]. One pos-
sibility to reduce the effect of vibration on the generated pointing 
error is to increase the diameter of the reflected beam so as to 
permit vibrations of a given amplitude and continue to hold the 
established link [47,48]. However, the increase of the beam diame-
ter may come at the cost of a reduced P at the receiver and thus of 
a reduction of the largest distance between the DR and a receiver.

We also measured the phase shift between a 50 KHz trans-
mitted signal and the received signal. Fig. 14(b) shows the phase 
difference between the output of the photodetector or the recov-
ered signal (green wave) and the transmitted signal (yellow wave). 
The measured phase difference between the signals is 4.8 μs. The 
computed phase shift between the transmitted and received signal 
is about 86.4◦ . Fig. 15 shows the setup used in this experiment.

6. Conclusions

In this paper, we proposed a model of the tilt of a diffuse 
reflector and its effects on network access properties in the in-
direct LoS diffuse light FSOC or ID-FSOC framework of an optical 
11
Fig. 15. An optical transmitter and receiver.

local area network for a vehicular network leverages communi-
cations between ground-to-vehicle and vehicle-to-ground. A main 
difference from conventional free-space optical communications, 
ID-FSOC enables a broadcast channel and such channel permits not 
only multiple access but also station mobility.

We modeled and analyzed the effect of a tilt of the DR on 
the incidence angle, and the effect of the angle of incidence of 
the incoming light beam in ID-FSOC has on the covered area. In 
this network, the use of diffuse reflectors eliminates the require-
ment of having a direct LoS between receivers and transmitters, 
and that provides several advantages: It a) reduces the complex-
ity of transceiver tracking required to maintain a communication 
link in FSOC networks; b) increases the beam size in some scenar-
ios and minimizes the complexities involved with the used ATP; 
c) converts point-to-point optical links into a broadcast channel so 
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one ground station can communicate with multiple stations; and 
d) enables network access by mobile stations, such as cars, and the 
transmission of large data rates. We showed that the proposed net-
work can support data rates of 1 Gbps or greater and the required 
infrastructure is easy to deploy.

Our heuristic algorithm, RISE, computes the near optimal tilt 
angles of the DR that extends LoS to regions in the network. This 
expansion of the covered area minimizes the number of DRs and 
OBSs required in a large area. We believe this is the first technique 
to improve the minimum reflected power of an ID-FSOC system 
using the orientation of the DR. We compared the impact of the 
DR tilt between the perpendicular and lateral displacement con-
figurations. Our analysis showed that the reflected power, received 
power, and data rate are higher in a perpendicular displacement 
configuration than in a lateral displacement configuration, making 
this configuration of the DR the most suitable for an urban sce-
nario.

We also showed a snapshot of the spectrum around the wave-
length that ID-FSOC may use in an actual implementation. Such 
results show the significant reduction of the noise induced by sun 
radiation achieved by a shade on a DR in an outdoor scenario. We 
also showed experimental received power measurements in a con-
trolled laboratory environment.
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