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Abstract—We first compare two different laser beam modal-
ities, narrow and wide beam, in a free-space optical (FSO)
communications system for ground-to-train high-speed train
communications in which we analyze the trade-offs among receiv-
ing power, coverage area, and the complexity of the acquisition-
tracking-pointing (ATP) mechanism. We then propose to employ
a divergence angle of a wide beam in the range [0.07◦, 2.002◦]
to relax the steering speed of the fast steering mirror (FSM),
which is one of the major components of the ATP mechanism
in an FSO transceiver. In addition, a beam using a divergence
angle in the proposed range allows us to overcome the negative
effects of vertical vibrations induced by the train’s motion. The
proposed range of divergence angles provides a large link range
and effective coverage length and contact time as compared to a
narrow beam.

Index Terms—free-space optical communications, optical wire-
less communications, high-speed train communications, beam
divergence angle, wide beam, narrow beam.

I. INTRODUCTION

H IGH-SPEED trains (HSTs), which travel at speeds of
300 km/h or faster, play an increasing role in public

transportation as the number of passengers traveling in them
increases. For example, the number of HST passengers in
China has increased from 128 million in 2008 to 672 million
in 2013, which represents an annual growth of approximately
39% during that period [1]. Because of the increasing number
of passengers, the demand for high-speed Internet access on
HSTs is also on the rise [2].

Several technologies are being considered for HST com-
munications. Radio frequency (RF) wireless technologies are
currently being used to provide Internet access to HST passen-
gers [3]. Wireless fidelity (Wi-Fi), worldwide interoperability
for microwave access (WiMAX), and leaky coaxial cables
are employed to provide Internet access to HSTs in several
countries, but they cannot provide high data rates due to
interference, bandwidth limitations and the inherent limited
data rates of RF technology [4]–[8]. Wi-Fi and WiMAX can
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potentially deliver peak data rates of up to 75 Mbps, but the
actual data rates are lower than 10 Mbps [9].

Free-space optical (FSO) communication is an alternative
approach. This is a line-of-sight technology that uses mod-
ulated light to transfer data through air, vacuum, or outer
space [10]. An FSO communications system comprises three
stages: a transmitter to send the optical signals, a free space
transmission channel, and a receiver to acquire the transmitted
signals. Each party (i.e., the transmitter and receiver) is usually
equipped with a transceiver that functions as a transmitter
and receiver at the same time to provide full duplex FSO
communications. In the remainder of this paper, we assume
that each party; a train and a ground base station (BS),
is equipped with a transceiver. Laser diodes operating at
wavelengths between 780 and 1600 nm are usually preferred
as the light sources for this application because they may
provide high data rates over long distances. For instance, FSO
systems are expected to provide data rates in the range of
Gigabits per second for HSTs [2], [11]. FSO systems also have
additional benefits over RF technologies including immunity
to electromagnetic interference and high security owing it to
the use of directed light and of an unregulated range of the
spectrum [3], [10].

Both parties in an FSO communications system must be
aligned carefully to point the transmitting laser beam to
the receiver [12]. Alignment is even needed for stationary
transceivers. For example, building-to-building FSO commu-
nications use alignment and tracking mechanisms to handle
the motion of transceivers generated by thermal expansion,
wind sway, and vibration [12]. This alignment mechanism is
usually called acquisition-tracking-pointing (ATP) [13]. The
alignment of the beam and receiver becomes challenging when
the transmitter, receiver, or both parties are in motion. The
extent of impairing effects, such as vibration, is expected to
be severe in ground-to-train FSO communications for HSTs.
In this context, an ATP mechanism is used to acquire the
exact location of the ground/train transmitter/receiver (in both
parties), point the transmitter to the receiver, and correct the
pointing/tracking errors while the train is in motion [14].

As all other communication technologies proposed to pro-
vide Internet access to HSTs, transceivers must be able per-
form handovers for continuous communication along the track
while the train travels. Handover is defined as the process of
transferring an ongoing call/data session from one (i.e., source)
BS to another (i.e., target) BS when a mobile node travels from
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the coverage area of the source BS to the coverage area of the
target BS [15]. Handover in RF communications systems, such
as long-term evolution (LTE), IEEE 802.11p, WiMAX, and
Radio-over-fiber (RoF), is performed based on measurements
of the channel quality, such as the received signal strength
(RSS), signal to interface ratio (SIR), and the bit error rate
(BER), over an overlapping region covered by two or more
adjacent BSes [16]–[18]. When the channel quality indicator
of the link between the mobile node and a BS drops below
a pre-determined threshold, handover is carried out from the
source BS to target BS.

Handover in FSO may be handled in a different way from
a handover in RF communications systems because of the
light beam characteristics as compared to the omnidirectional
transmission in RF. A part of the handover process in FSO
involves the alignment of a fast steering mirror (FSM), which
is used to align the transmitter to the receiver. The alignment
mechanism steers the mirror from source BS to target BS as
the mobile node enters the coverage area of the target BS
[2], [11]. For HSTs, handover is performed frequently and
it may shorten the connection time, which is the time when
the train’s transceiver transmits and receives user data [11].
Another handover-related problem for FSO in HSTs is the
steering speed of the FSM used in FSO transceivers. The
angular steering speed of the FSM for a train moving at high
speed may not be satisfied by off-the-shelf FSMs [19]–[21].
Moreover, the train-induced vibration can make the connection
unstable and delay or hinder the handover process [22].

FSO beams for optical wireless communications can be
categorized into two modalities: narrow and wide beams. An
FSO beam with a divergence angle smaller than or equal to
0.0057◦ is considered to be a narrow beam, and, therefore,
a beam with a larger divergence angle is considered to be a
wide one [12], [23]–[25].

The narrow and highly collimated characteristics of a laser
beam make ground-to-train FSO communications challeng-
ing. Specifically, a narrow beam can generate larger point-
ing/tracking errors than a wide beam because of environmental
disturbances such as the vibration induced by a train’s motion,
track irregularities, and the turbulence effect generated by a
train moving through the atmosphere. Vibrations can cause a
significant reduction in the amount of received power at the
receiver, resulting in transmission errors [26]. The train vibra-
tions increase detector decoupling loss, which is defined as the
ratio of the optical power in the receiver’s focal plane to the
power incident on the active area of the optical detector [12].
As the received beam spot wanders off the center of the optical
detector, the detector coupling loss increases and the received
power decreases. Among the types of train vibrations (i.e.,
vertical, lateral and longitudinal) vertical vibrations generate
the largest displacement of the train (and transceivers) [27].
Therefore, we focus on vertical vibrations and their impact on
received power. The use of a narrow beam requires a precise
alignment if the narrow-laser-based link operates over a long
range, such as 1 km [28], [29]. Such a precise alignment
requirement may jeopardize the connectivity between the two
parties [30]. Therefore, it is clear that an ATP mechanism is
required for narrow FSO beams to track the train and ensure

alignment.
Feedback control mechanisms may be used in FSO commu-

nications systems as a part of the ATP subsystem to mitigate
the effects of vibration and pointing errors that might be
induced by the motion of the transmitter, the receiver, or
both [2], [11], [31]–[33]. Measurements from position-sensing
detectors, quadrant photodiodes (QPDs), or complementary
metal-oxide-semiconductor (CMOS) sensors may be used to
control and align the transceiver. Moreover, wide-angle beacon
lights might be employed as a part of the ATP mechanism to
align the transceivers [2], [11].

A wide beam may generate a large spot size at the receiver
location to cover the transceiver or even the complete train car.
Therefore, the use of a wide beam may relax the constraints on
an ATP mechanism, such as the steering speed of the FSM, or
completely eliminate the need for an ATP [34]. On the other
hand, a narrow beam may require a faster FSM steering speed.

In this paper, we employ a geometrical model to represent
a ground-to-train FSO communications system and to analyze
its performance. Using this geometrical model, we present
a comparison between the two beam modalities. This work
aims to reveal which of the beam modalities lowers the
complexity of an FSO communications system. In addition, we
propose a range of beam divergence angles, [0.07◦, 2.002◦],
that is selected according to practical constrains, such as the
maximum speed of a fast steering mirror to track a high-speed
train at 300 km/h, the connection time between the train and
a BS, and the trains vertical displacements of up to 60 mm.
The smallest divergence angle in the proposed range, 0.07◦,
is selected to keep the needed angular speed of a commercial
FSM [19]. This maximum angular speed dictates the minimum
divergence angle of the proposed range when the tilt angle of
the beam is 45◦ or larger. The largest divergence angle in
the proposed range, 2.002◦, is selected to allow a connection
time of at least twice the largest handover time, which is
reported as 1 second for an FSO communications systems
for high-speed trains (HSTs) [22]. Moreover, all divergence
angles in the proposed range mitigate the impairing effect
of the vibration induced by the motion of the train without
resorting to a feedback-control mechanism while guaranteeing
high data rates (1 Gbps or higher). Furthermore, to the best
of our knowledge, this is the first work that compares narrow
and wide beam modalities used in FSO communications for
HSTs.

The remainder of the paper is organized as follows. Section
II summarizes the related work. Section III presents our
geometrical system model. Section IV compares the narrow
and the wide beam modalities and lists the advantages and
disadvantages of each modality in FSO communications for
HSTs. Section V presents our results. Section VI concludes
the paper.

II. RELATED WORK

A high data-rate ground-to-train FSO communications sys-
tem was proposed and implemented by using a laser beam
with a divergence angle of 0.29◦ operating at a wavelength
of 750 nm [11]. The proposed FSO communications system
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employs an ATP mechanism for performing tracking and
handover. A light emitting diode (LED) beacon with wide-
beam characteristics is used for coarse tracking and handover,
and a narrow laser beam is used for fine tracking and the actual
data transmission [11]. Moreover, an FSM and two QPDs are
employed as a part of the ATP mechanism. These two QPDs,
one with a wide-angle lens and the other one with a telescopic
(i.e., narrow) lens, are both used to adjust the mirror’s angle
[11]. In the same work, a beacon-light-assisted handover is
proposed. Beacon lights are used to inform other transceivers
about its presence. Lenses placed in front of the QPDs focus
the beacon lights on the QPDs that control the FSM to align
the transmitting laser to the target BS according to the light
intensity differences on the quadrants of the QPDs in case of a
handover. An overlapping region illuminated by the source and
the target BSes allows the transceiver on the train to capture
two beacon lights and to switch from the source BS to the
target BS during the handover.

In another version of an ATP, the wide-angle lens is replaced
by a high-speed image sensor that can detect the actual
position of the beacon light faster than a QPD [2]. This
image sensor allows high-speed detection and acquisition of
the beacon light emitted from the target BS and decreases the
total handover time by providing a more precise position of
the target BS than a QPD.

A geometric model employing a wide beam with a diver-
gence angle of 3.2◦ was introduced for high-speed ground-
to-train FSO communications [3], [35]. However, this work
misses to compare different beam modalities. We adopt this
geometric model to compare and analyze different beam
modalities.

A dual-link approach may use a wide and narrow LED
beam at the same time for outdoor FSO communications [36].
The wide beam acts as a robust link that provides acquisition
and alignment support for the narrow beam, which is used to
deliver high data rates. The relaxed alignment constraints of
the wide beam are well suited for mobile networks, such as
high-speed ground-to-train FSO communications system. In
this approach LEDs are used as the light sources, however,
they may not be suitable for high data rates, i.e., 1 Gbps or
higher, communications in HST because of their very large
divergence angles [37]. Because the impact of vibration on the
received power in HST has not been considered, we discuss
it in this paper.

III. SYSTEM MODEL

We adopt a geometrical model [3] to compare and analyze
the different beam modalities. The beam propagation model
of the laser light considered in this paper is characterized as
a Gaussian distribution [38], [39]. A Gaussian beam model is
adopted in our analysis because it is a natural consequence of
the laser resonant cavity, which has been widely adopted in
the literature [12], [38].

In a typical ground-to-train FSO communications model, a
train car has an FSO transceiver installed on the roof, and
each BS on the ground has an FSO transceiver. Section V
discusses the separation distance between two consecutive
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Fig. 1. Top view of the geometrical model of the ground-to-train FSO
communications system along a straight track [DB].

BSes. For the sake of description, we focus on ground-to-
train communications in this paper. Note that the establishment
of a ground-to-train communications link also guarantees a
train-to-ground link because the transmitter and receiver of
a transceiver are aligned with the same orientation [11].
Therefore, our analysis actually applies to both links.

We consider that the transceiver on the train and the
BSes along the track use a wavelength of 850 nm, which is
denoted as λ. The 850-nm wavelength is selected because of
its availability, reliability, high-performance capabilities, and
the lower cost of the transmitter and detector [10]. We also
consider that the transceiver of each BS might be connected
to the fiber-optic backbone where a wavelength between 1530
and 1565 nm (i.e., C-band) is usually employed [40]–[42].
Owing to the different wavelengths that the proposed FSO
communications system and a fiber-optic backbone operate,
a fiber-to-fiber media converter [43]–[45] may be needed for
wavelength conversion. Discussion on wavelength conversion
is beyond the scope of this paper.

Figure 1 shows the geometrical model of the ground-to-
train FSO communications system from a superior view (i.e.,
as seen from the top). In this figure, we assume that the train
travels along line segment [DB] from D to B. d1 denotes
the distance between the BS and the track and is set to 1
m [3]. d2 is the horizontal distance between the BS and the
track and it designates the location of the shortest coverage
point (represented by C) of the beam on the track. θ is the
divergence angle of the laser beam. This angle impacts the
beam radius, w, and the coverage length, L, along the track.
In Figure 1, tanβ and tan δ are calculated as tanβ = d1/d2
and tan δ = d1/(d2+L) using the triangles ACD and ABD,
respectively. Furthermore, because θ = β − δ, the coverage
length of the light beam, L, in terms of d1, d2, and, θ can be
represented as

L =
x2 tan θ

d1 − d2 tan θ
(1)

where x is the hypotenuse of the triangle ACD in Figure 1,
and x =

√
d1

2 + d2
2. Denote θ1/2 as half of the divergence

angle (i.e., θ1/2 = θ
2 ) and γ = θ1/2 + δ as the tilt angle of

the beam. The tilt angle is the angle between the optical axis
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of the beam and the horizontal axis, which is parallel to the
track. This angle affects L because γ is a function of δ and
θ. Note that d2 affects the tilt angle of the transceiver on the
ground. If d1 is kept constant, the tilt angle of the laser beam
decreases as d2 increases. The height of the BS is the same
as the height of the train, which is approximately about four
meters above the ground level. AO in Figure 1 is the optical
axis of propagation, and z is the distance from the light source
along the optical axis. The beam radius at distance z is denoted
by w(z) and, is calculated by [38]:

w(z) = w0

√

1 + (
λz

πw0
2
)
2

, (2)

where w0 = λ
π θ1/2

is the beam waist of the laser source at the
transmitter. Here, z = |AH|+|HO| and |AH| = |AG|+|GH|.
In addition, the length of the line segment [HO] can be written
as |HO| = (L − |CH|) cos γ. Thus, z can be given as z =
|AG|+ |GH|+(L− |CH|) cos γ. Therefore, z can be written
as:

z = L cos γ + x cos θ1/2, (3)

where r is the orthogonal offset from the optical axis of prop-
agation of the light beam, which corresponds to the shortest
distance between the [GO] and [CB] segments at distance
z. For instance, r is equal to |CG| at the shortest coverage
point C, and it is equal to w(z) when z is equal to |AO|.
Considering triangle OHB, we obtain r = (L− |CH|)sin γ.
Using a calculation similar to that in (3), r is given as:

r = Lsin γ − x sin θ1/2. (4)

The received power at distance z along the track for a
Gaussian beam is [38]

Prx =
2Ptx Ac

π (w(z))2
e−(2r2/(w(z))2), (5)

where Ptx is the transmission power, and Ac is the effective
light collection area of the receiver. Ac is given by [46]:

Ac =
n2 Ad

sin2 ψc
, (6)

where n is the refractive index of an optical concentrator that
focuses the incoming light on the photodiode, in the receiver,
Ad is the photosensitive area of the photodiode in m2, and
ψc is the half-angle field-of-view (FOV) of the receiver after
the lens. For the analysis in Section V, we use Ad = 7mm2,
ψc = 5.15◦, and n = 1.5 [3].

IV. COMPARISON OF THE NARROW AND WIDE BEAMS

In this section, we compare the narrow and wide beam
modalities of laser light transmission for high-speed ground-
to-train FSO communications in HSTs. We discuss their
strengths and weaknesses for HST communications.

FSO communications are susceptible to weather conditions
such as fog, haze, rain, snow, and combinations of them
[12]. In free space, these weather conditions may cause

the atmospheric attenuation of the transmitted optical beam.
Fog and haze cause the most severe attenuation because of
the occurrence of Mie scattering in the wavelength band of
interest (between 500 and 2000 nm) [10], [47]. A narrow
beam has an advantage over a wide beam under bad weather
conditions. Because decreasing the beam divergence decreases
the spreading of the transmitted beam between the transmitter
and the receiver, which in turn improves the link margin [3],
[12]. Moreover, a higher link margin leads to an increase in the
link range (i.e., the maximum achievable distance) for a given
sensitivity of the receiver and makes a narrow beam preferred
over a wide beam when the link range is considered [12]. As
a consequence of the increase in the link range of a narrow
beam, the separation distance between two consecutive BSes
may be increased. Therefore, the total number of BSes along
the track and their total cost may be smaller for a narrow-beam
system than for a wide-beam system.

The light intensity of a narrow beam is greater than that
of a wide beam at a given distance for sources with the
same transmission power [26]. On the other hand, a narrow
beam provides a shorter coverage length than a wide beam
for a given tilt angle as (1) shows. Moreover, it is easier
to block the light of a narrow beam than that of a wide
beam. Therefore, some FSO products use multiple parallel
beams to increase the reliability of the FSO link. If any of the
parallel beams is blocked the unblocked beams can continue
to communicate. For instance, a commercial FSO product
uses 4 parallel beams that start overlapping at 100 meters
[48]. If these parallel beams have large divergence angles, the
combined coverage area of them is larger than that generated
by multiple narrow beams, which may increase the reliability
of FSO communications system.

Train vibrations generate larger pointing and tracking errors
for a narrow beam than for a wide beam in high-speed ground-
to-train FSO communications systems. Because the size of the
receiver aperture of an FSO transceiver is usually small, train
vibrations may cause the transmitting light to fall off of the
receiver’s aperture and this loss of line-of-sight may disrupt
the connectivity between the BS and the train. Therefore, an
ATP mechanism for a narrow beam is required to maintain
the transmitter and the receiver of the FSO link aligned at
all times, even in the occurrence of vibration induced by
the motion of the train. The employment of such an ATP
mechanism increases the cost of the FSO communications
system [14].

Regarding security, it is harder to intercept a narrow beam
than a wide beam because the narrow beam has a smaller
spatial footprint and is highly directional. Furthermore, re-
gardless of whether the beam is narrow or wide, laser light
employed in FSO communications cannot penetrate walls or
opaque obstacles, thus making eavesdropping difficult. Table
I presents a comparison of the the properties, advantages and
disadvantages of two beam modalities for high-speed ground-
to-train FSO communications.

V. RESULTS AND DISCUSSION

In this section, we analyze and compare the two narrow-
and wide- beam modalities in terms of the impact of the
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TABLE I
COMPARISON OF NARROW AND WIDE BEAM

Condition/Scenario Preferred beam Reason

Susceptibility to weather Narrow
Using a narrow beam improves the link margin, which provides the system

a greater chance to overcome adverse weather conditions such as fog,
rain and snow [12].

Maximum achievable distance Narrow
Because the link margin is improved when a narrow beam is employed,

a longer link range is provided with a narrow beam as compared to
a wide beam at the receiver sensitivity threshold [12].

Cost induced by the number of
ground stations needed Narrow

Because the maximum achievable distance is larger for a narrow beam,
the total number of ground stations required and the cost incurred by the number

of ground stations is smaller.

Light intensity Narrow
A wide beam expands more with distance as compared to a narrow beam,

which, in turn, causes the intensity of a wide beam
to be less than that of a narrow beam at the same distance [26].

Coverage length Wide
The coverage length of a wide beam is larger than that

of a narrow beam at the same distance from the transmitter
with the same tilt angle. Our results support this fact.

Likelihood of blocking laser light Wide
Because a narrow beam has a smaller spot size than that
of a wide beam for the same distance, opaque objects are
more likely to block the narrow beam than a wide beam.

Multiple parallel beams Wide

Some commercial FSO products use multiple overlapping beams
operating simultaneously to increase the reliability of the FSO link [48].

Overlapping wide laser beams at the receiver have a greater potential
to increase the total coverage area than a narrow beam.

Moreover, wider overlapping beams cannot be easily interrupted
by obstacles between the transmitter and the receiver.

Vibration Wide

Because the aperture size of the receiver is small
(usually between 1-40 cm [49]), vibrations may cause pointing/tracking errors,

if a narrow beam is used. If the pointing/tracking error
induced by vibration is larger than the aperture size,

connectivity may be jeopardized.

ATP requirement Wide
An active ATP mechanism is required to maintain the link connectivity
if a narrow beam is used [14]. However, using a wide beam may relax

or eliminate this requirement.

Transceiver cost Wide ATP hardware increases the cost of the FSO system.
Therefore, a narrow-beam system may be costlier than a wide-beam system [14].

Security Narrow A narrow beam offers increased link security as the spatial footprint is small [50].

divergence angle of a laser beam on the maximum achievable
distance (i.e., link range), coverage length, and contact time.
We present the received power over different tilt angles and d2
values. We analyze the angular speed of the FSM for various
divergence angles and present the impact of train vibrations
on the received power. We also report a laser experiment
performed in a laboratory environment which shows the theo-
retical received power values in (5) match actual power values.
The experimental results are provided at the end of this section.

Based on the results given in this section, we propose to
employ a divergence angle of a wide beam in the range [0.07◦,
2.002◦] to drastically reduce the steering speed of the FSM,
to accommodate vertical displacements of the train of up to
50 mm while guaranteeing a 1-Gbps data rate, and to provide
connection time to the train that is larger than or equal to the
handover time.

We use MATLAB! [51] to perform numerical evaluations
of the models described from (1) to (6). We consider ON–
OFF keying (OOK) as the adopted modulation scheme, which
is widely used in FSO communications [12], [26]. A BER of
10−9 is adopted to guarantee an error-free data transmission
for 1 Gbps at the receiver sensitivity threshold and no forward
error coding scheme is used. We summarize the system model

parameters used in the analysis of our FSO communications
system in Table II.

According to (5), Figure 2 shows the maximum achievable
distance along the track when θ varies from 0.002 to 3.002◦
in 0.1◦ steps; the maximum achievable distance for each θ
is calculated according to the receiver sensitivity threshold,
which is -36 dBm at 1 Gbps. The maximum achievable
distance corresponds to the maximum distance at which the
received light signal can be decoded and converted back
to an electrical signal. We adopt -36 dBm as the receiver
sensitivity threshold because silicon positive-intrinsic-negative
(PIN) photodiodes with a transimpedance amplifier can pro-
vide data rates up to 1 Gbps at that sensitivity threshold by
using an 850-nm laser [12], [24]. Also note that there are
numerous FSO communications systems that provide a data
rate of 1 Gbps or higher [12], [46], [52]–[56]. For instance,
a fabricated indoor optical wireless communication system
capable of transmitting at a line rate of 1.25 Gbps using an
825-nm-wavelength with a transmission power of 25 mW has
been demonstrated [46]. This transmission power is slightly
higher (i.e., 10 mW more) than the one used in our analysis
[46], [53]. The same study shows that the measured sensitivity
of the employed avalanche photodiode is -35 dBm at 1.25
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TABLE II
SYSTEM MODEL PARAMETERS

Symbol Parameter Value Unit
θ Beam divergence angle variable degree
λ Laser operating wavelength 850 nm
γ Tilt angle of the BS variable degree
d1 Vertical distance of the BS from the track 1 m
d2 Horizontal distance of the BS from the track variable m
L Coverage length of the beam variable m
Ptx Transmission power of the laser 15 mW
S Receiver sensitivity (at 1 Gbps) -36 dBm
n Refractive index of the optical concentrator 1.5 -
ψc Receiver half-angle field-of-view 5.15 degree
Ad Photo detector area 7 mm2

f Frequency of the vibration 80 Hz
a Amplitude of the vibration [0, 60] mm
v Speed of the train 300 km/h

Gbps for a BER below 10−9. Moreover, commercial full
duplex FSO communications products are reported to achieve
data rates up to 1.25 Gbps with a range of up to 4 km in
clear weather conditions [24]. Besides, 850-nm vertical-cavity
surface-emitting lasers (VCSELs), usually employed in FSO
communications systems, can be easily modulated at 2.5 GHz
to provide a data rate of 2.5 Gbps, with a potential transmission
capability of up to 10 Gbps [12], [52]. These approaches have
been used in stationary and fixed BSes.

According to the results in Figure 2, the narrow beam
reaches up to 181,696 meters from the BS while still providing
enough (i.e., larger than the minimum receiver threshold)
power. This result is expected because the highly collimated
characteristics of the narrow laser beam lead to a significant
increase in the intensity of the light at the receiver for a given
transmitted power, which in turn results in a link range longer
than that of a wide beam [26].

Based on the selected divergence angle, the maximum
achievable distance of the beam determines the largest separa-
tion distance between two consecutive BSes. Therefore, each
divergence angle in the proposed range is associated with a
maximum achievable distance.
Coverage Length. According to (1), (5), and the receiver
sensitivity threshold, Figure 2 shows the effective coverage
length along the track when θ varies from 0.002 to 3.002◦
in 0.1◦ steps. As Figure 2 shows, with the increase in the
maximum achievable distance, the effective coverage length
of the narrow beam along the track increases.
Contact Time. Another metric is the contact time, which is
defined as the time the transceivers are within the coverage
area and eligible for establishing communication. The contact
time includes the connection time and the time to perform
handover. Figure 2 shows the contact time as θ varies from
0.002 to 3.002◦ in 0.1◦ for a HST moving at 300 km/h (or 83 1

3
m/s). The y-axis on the right of Figure 2 shows the contact
time in seconds. As expected, the narrow beam provides the
longest contact time because it attains the longest link range
among the considered divergence angles. Table III summarizes
the maximum achievable distances, effective coverage lengths
along the track and contact times at 300 km/h for sampled θ
values.

We use the largest divergence angle that allows a connection
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Fig. 2. The maximum achievable distance at -36 dBm (m), the coverage
length at -36 dBm (m), and the contact time at 300 km/h (s) for θ from 0.002
to 3.002◦ in 0.1◦ steps.

time of at least twice the handover time [22]. The largest
reported handover time for FSO communications systems in
HSTs is 1 second [22]. Considering that, a wide beam with
a divergence angle smaller than or equal to 2.002◦ yields a
contact time larger than 2 seconds, allowing a connection time
of 1 second or longer (see Table III).
Received Power. We graph the received power considering
the receiver sensitivity threshold, tilt angle, and (5), as Figure
3 shows, when γ decreases from 0.1 to 45.1◦. The results in
Figure 3 reveal that if the tilt angle for any of the considered
wide beams is around 0◦, the received power is not strong
enough to allow the light be converted to an electrical signal
for a data rate of 1 Gbps. On the other hand, the narrow beam
provides a constant received power of approximately 20 dBm
even if it is tilted more than 44.5◦. Note that an increase in
the tilt angle increases the achievable distance between the BS
and the train, and the narrow beam has a considerably longer
link range than a wide beam.

Figure 4 shows the received power when d2 varies between
1 and 100 m, according to the sensitivity threshold and (5).
This figure also shows that d2 can reach beyond 100 meters
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TABLE III
MAXIMUM ACHIEVABLE DISTANCE, EFFECTIVE COVERAGE LENGTH AND CONTACT TIME AT 300 KM/H FOR SAMPLED θ VALUES.

θ (degrees) Max Achievable Distance (m) Effective Coverage Length (m) Contact Time at 300 km/h (s)

0.002 181,696 156,951 2,180

0.07 5,190 4,487 53.80

0.502 718.22 620.72 8.61

1.002 357.03 308.73 4.28

1.502 238.75 206.85 2.86

2.002 180.08 156.38 2.16

2.502 140.84 122.14 1.69

3.002 116.56 101.16 1.39
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 = 2.002°
 = 2.502°
 = 3.002°

  -36 dBm (receiver sensitivity at 1Gbps)

Receiver sensitivity at 1 Gbps

Fig. 3. Received power as a function of γ.

without a significant decrease in power for the narrow beam.
These results also show that a beam with a divergence angle in
the proposed range may deliver enough power at the receiver
to operate above the sensitivity threshold as d2 approaches
100 m. Similar to the results shown in Figure 3, d2 increases
for a constant d1 as the tilt angle decreases. Therefore, the
horizontal distance between the BS and the track of the narrow
beam is longer than that of the wide beam case.

An FSO transceiver is usually equipped with an optical
concentrator, a photodiode and receiver electronics. The opti-
cal concentrator focuses the incident light onto the photodi-
ode, whereas the photodiode converts the received light into
electrical signals, which are then recovered by the receiver
electronics. According to (5) and (6), an increase in the
photosensitive area of the photodiode (Ad) or a decrease in
the FOV of the concentrator (half of FOV angle is denoted
as ψc) results in an increase in the received power (Prx).
The impact of Ad on Prx is a direct result of the constant
radiance theorem, which impacts the maximum collection area
of an optical receiver for a given FOV, the reflective index

0 10 20 30 40 50 60 70 80 90 100
-50

-40

-30

-20

-10

0

10

20

 = 0.002°
 = 0.502°
 = 1.002°
 = 1.502°
 = 2.002°
 = 2.502°
 = 3.002°

  -36 dBm
(receiver sensitivity at 1Gbps)

Receiver sensitivity at 1 Gbps

Fig. 4. Received power as the distance of the minimum coverage point varies
between 1 m and 100 m.

of the optical concentrator, and the radiation collection area
of the photodiode [46], [57]. Moreover, FOV has an adverse
effect on the received power because the constant concentrator
gain within the FOV of the optical concentrator (i.e., n2

sin2 ψc
)

decreases when the FOV increases [3], [58], [59]. On the
other hand, increasing the photosensitive area increases its
capacitance and, therefore, decreases the response time of the
diode [60]. Also, an increase of Ad leads to a decrease of the
receiver bandwidth and to contribute to the dark current noise
of the photodiode in the absence of light [58]. In addition, an
increase in FOV increases background noise, which degrades
the signal-to-noise ratio of the received signal [61].

Figure 5 shows the relationship among Ad, ψc, and Prx for
θ = 0.502◦. In this figure, θ is selected to show the impact
of Ad and ψc on the received power when an arbitrary wide
beam is selected from the divergence-angle range. In fact, any
other divergence angle may also yield a similar graph. Ad in
this figure is selected in the commercially-available range of
[0.1, 10] mm2 [62]. We select the range of ψc between 0.1 and
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45◦ because the FOV of a concentrator is usually bound to 45◦

[58]. Figure 5 shows that a small FOV and large photosensitive
area are beneficial to FSO communications systems because
they yield a greater received power. The shaded zone of the
3D graph in this figure represents the Ad-ψc pairs forming a
region where the received power is at least -36 dBm for a data
rate of 1 Gbps.

There are commercial large-area photodetectors operating
at 10 Gbps or higher speeds, supporting the aforementioned
relation between the size of the photosensitive area of a pho-
todiode and its achievable data rate [63]–[66]. For instance, a
receiver-optical subassembly (ROSA) InGaAs PIN photodiode
with a preamplifier may provide a data rate of up to 11.3 Gbps
with a photosensitive area of 1.25 mm [67]. Moreover, these
ROSA modules may increase their received data rate up to
100 Gbps by employing WDM techniques [63]. These works
show that photodiode areas larger than that considered in this
paper may achieve larger data rates. However, this discussion
is out of scope of this paper.

Fig. 5. Received power as a function of half-angle field-of-view and the size
of the photosensitive area of the photodiode when θ = 0.502◦.

Angular Speed of FSM. Figure 6 shows the angular speed
of the FSM of a transceiver for a train moving at 300 km/h.
The dashed line in this figure represents the maximum angular
speed that a commercial FSM can reach, which equals to 300
radian/s, or 17188◦/s [19]. In this calculation, we steer the
FSM from 0.1 to 45.1◦ in 1◦ steps. For each {θ, γ} pair, we
calculate the effective coverage length, Lθ,γ , where θ and γ
are selected from the represented divergence and tilt angles,
respectively. We obtain the required angular speed of the FSM
by estimating the time it takes for the train to travel over each
Lθ,γ . Note that the speed of the FSM slows down as the beam
divergence angle increases because the coverage length of a
wide beam provides a longer contact time than that of the
narrow beam. Figure 6 shows that the maximum angular speed
of the narrow beam is required to be approximately 598,935
degree/s. However, this speed is infeasible for commercially
available FSMs [19]–[21].

0 5 10 15 20 25 30 35 40 45
10-2

10-1

100

101

102

103

104

105

106

 = 0.002°
 = 0.502°
 = 1.002°
 = 1.502°
 = 2.002°
 = 2.502°
 = 3.002°

Maximum angular speed of an FSM

Maximum angular speed of an FSM

Fig. 6. Angular speed of the FSM for γ from 0.1 to 45.1◦ in 1◦ steps.

We base the minimum value of the proposed range for
the divergence angle on the maximum angular speed of a
commercial FSM. This maximum angular speed dictates the
minimum divergence angle of the proposed range when the tilt
angle of the beam is 45◦ or larger [19]. Therefore, we propose
to use the smallest divergence angle in the proposed range,
0.07◦, to keep the needed angular speed within the range of a
commercial FSM.
Vibration Effect. Possible motions of the train are modeled
in three dimensions: longitudinal; along the direction in which
the train moves, vertical, and lateral. Figure 7 shows these
directions in reference to the train position. Because the train
smoothly moves in the longitudinal direction, we analyze the
vibration in the vertical and lateral directions.

a) Vertical train vibration: We first investigate the im-
pact of the vertical displacement of the train on the received
power to determine the maximum amplitude of the vertical dis-
placement that may cause connectivity problems between a BS
and the train. Figure 8 shows how the received power changes
as the vertical displacement of the train varies between 0 and
60 mm. As the figure shows, there is a drastic reduction in the
received power with the increase in the vertical displacement
of the train for the narrow beam. Specifically, the narrow beam
crosses the receiver sensitivity threshold when the amplitude
of the vertical displacement of the train equals to 39 mm.
The loss of received power in this figure occurs because the
detector decoupling loss of the narrow beam becomes severe.
However, the changes in the received power of the considered
wide beam modalities are too small to measure. Moreover,
among the wide beams presented in Figure 8, the ones in
the proposed divergence-angle range provide a received power
greater than the receiver sensitivity threshold when the extent
of the maximum vertical displacement changes from 0 to 60
mm.

In the remainder of this paper, we use 30 and 50 mm
as the two amplitudes of vertical displacement that yield the
received power values above and below the receiver sensitivity
threshold for the narrow beam, respectively. By doing so, we
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Fig. 7. 3-dimensional view of the train and the vibration types.
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Fig. 8. Received power in function of the amplitude of vertical displacement
of the train.

adopt a vertical displacement (i.e., 30 mm) that does not cause
a disconnection and a vertical displacement (i.e., 50 mm) that
may cause a disconnection between a BS and the train.

We consider that the vertical displacement of the train
can be positive (i.e., upwards) or negative (i.e., downwards).
Figure 9 depicts the scenarios for positive or negative vertical
displacement of the train. This vertical vibration is modeled
as sinusoids, as Figures 10 and 11 show. The sinusoidal
vibrations can be generated by the unevenness of a wheel
of an HST or the rail [68]. These figures show the vertical
displacement of an HST traveling at 300 km/h. We sample 100
data points of the displacement produced by vertical vibration
over a 1 second-window to be used as the extent and the
direction of the vibration and mark them in these figures. The
vibrational frequency in this analysis was set to 80 Hz, which
is the upper frequency limit of the ground vibration measured
when a HST travels at speeds up to 290 km/h [27].

Figures 12 and 13 show the corresponding impact of the
train vibration on the received power for maximum vertical
displacements of 30mm and 50mm, respectively. When the

Positive vertical displacement

Negative vertical displacement

direction
Lateral 

displacement

Vertical 
displacement

A base 
station

vertical displacement

vertical displacement

Fig. 9. A scenario for positive or negative vertical displacement of the train.
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Fig. 10. Vertical displacement model of an HST with a maximum amplitude
of 30 mm and a frequency of 80 Hz during a 1 second time window.
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Fig. 11. Vertical displacement model of an HST with a maximum amplitude
of 50 mm and a frequency of 80 Hz during a 1 second time window.

vertical displacement of the train fluctuates, the received power
of the narrow beam also fluctuates. The 50 mm displacement
causes the received power to decrease below the the receiver
sensitivity threshold because the center of the beam moves far
from the receiver, and the received power decreases in accor-
dance with the gaussian distribution of the beam. Therefore, a
vertical displacement of 50 mm may result in disconnections
between the BS and the receiver on the train. These results
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Fig. 12. The impact of the vertical vibration of the train with a frequency of
80 Hz and a maximum displacement of 30 mm on the received power for 1
second.
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Fig. 13. The impact of the vertical vibration of the train with a frequency of
80 Hz and a maximum displacement of 50 mm for 1 second on the received
power.

show that a narrow beam may not be an appropriate beam
modality for ground-to-train FSO communications for HSTs
undergoing vertical displacements of 50 mm and larger. More-
over, Figures 12 and 13 show that the divergence angles in
the proposed range yield a received power above the receiver
sensitivity threshold for a vertical displacement of the train of
up to 50 mm.

b) Lateral train vibration: In addition to vertical dis-
placement of the train, we investigate the impact of lateral
displacement of the train for train-to-ground traffic. We cal-
culate the coverage-distance safety margins that guarantee a
BS to be covered by the transmitting beam from the train in
case of a lateral displacement of the train for each of the
considered divergence angles. We use the largest coverage
distance along the track for each of these angles. As the
boundary of a covered distance is limited by the divergence
angle, we consider that a reliable coverage distance is the
largest one for each divergence angle minus the safety mar-
gins needed for compensating the largest lateral displacement
caused by lateral vibration. These safety margins might be
required at the coverage boundaries of the transmitting beam
not to lose the line-of-sight between the train and a BS
when a lateral displacement occurs on the train. We consider
d2 = 15 m as the starting position where the train and a
BS make contact for the first time. This position is found

C B

Positive safety margin (a)

(b)

lateral  displacement of the 
train 

Track

without displacement

Position of the train after 
positive lateral displacement

(upwards)

C B

Track

without displacement

Position of the train after 
negative lateral displacement

(downwards)

Negative safety margin

Lateral displacement 
of the train

direction

Vertical displacement 
of the train

Lateral displacement 
of the train

direction

Vertical displacement 
of the train

Lateral displacement

Lateral 
displacement

A

A   

D

D

Fig. 14. Top views of (a) a the positive (updwards) lateral displacement of the
train and the corresponding safety margin, [C′C], on the covered distance,
and (b) a negative (downwards) lateral displacement of the train and the
corresponding safety margin, [CC”].

at the leftmost position of the coverage distance of train’s
transmitter [3]. The rightmost position covered by the beam
corresponds to the maximum achievable distance of the beam.
Figure 14 depicts the two possible lateral displacements (i.e.,
upwards or downwards) of the train, and the corresponding
safety margins, respectively. [C ′C] and [CC ′′] in Figures 14(a)
and 14(b) show the safety margins for positive and negative
lateral displacement of the train, respectively. Table IV shows
these values for sampled divergence angles. For the considered
divergence angles, the positive safety margin at the leftmost
coverage point is calculated using triangle similarity between
the A′C ′D and ACD triangles in Figure 14(a). Because we
use a positive lateral displacement of 50 mm, |A′A|

|A′D| =
|C′C|
|C′D| ,

where |A′A| = 0.05 m, yields a 0.75 m displacement on
the left edge of the covered distance along the parallel line
that BSes are located in Figure 14(a). Similarly, the negative
safety margin at the rightmost coverage point in Figure 14(b) is
calculated considering the maximum achievable distance and
the triangle similarity between the ACD and A′′C ′′D triangles
in Figure 14(b), where |AA′′|

|AD| = |CC′′|
|CD| and |A′A| = 0.05 m,

for all considered divergence angles. Furthermore, considering
the maximum achievable distance of a beam in the proposed
range of divergence angles, a negative lateral displacement (in
the downwards direction) of the train causes the maximum
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coverage point of the 0.07◦ beam to be adjusted to 4,931 m,
which yields a 259-m safety margin. In other words, a 50-
mm lateral displacement of the train would leave 259 m of
the coverage length uncovered when the divergence angle is
selected as 0.07◦. Therefore, we exclude that length from the
maximum achievable distance. Similarly, the same negative
lateral displacement causes the beam with a divergence angle
of 2.002◦ to displace about 9 meters. Therefore, a lateral
displacement of 50 mm defines safety margins (i.e., 0.75 and
[9, 259] m, respectively) for the beams in the proposed range
such that the train and corresponding BS keep line-of-sight
despite the occurrence of lateral vibrations.

A. Experimental Results
We performed a laser experiment in a laboratory environ-

ment to show that the theoretical received power values in
(5) match actual power values. The experiment consists of
measuring the received power at different distances using an
optical power meter. The transmitter comprises a collimated
532-nm laser diode with an output power of 70 mW and a
biconvex lens with a focal length of 10 cm to diverge the beam.
The receiver is a bolometer (Scientech 361) with an aperture
size of 2.5 cm. We measured the received power and the beam
diameter for different distances between the transmitter and the
receiver. The considered distances are from 10 to 25 meters.
The longest considered distance is limited by the sensitivity
of the bolometer. Figure 15 shows the bolomoter used in the
experiment and the beam formation at the receiver when the
light source is placed 20 meters away from the receiver. The
laser beam through the lens sets a divergence angle of 10.5
mrad or 0.6◦, as defined by:

θ = 2 arctan

∣∣∣∣
Di+1 −Di

l

∣∣∣∣ (7)

where Di and Di+1 are the beam diameters at two separate
points, i and i + 1, and l is the distance between these
two measurement points. The theoretical received power for
each distance in the experiments is calculated by using (2),
(5), (6), and (7). Figure 16 shows the comparison of the
theoretical and experimental received power of the wide beam
with a divergence angle of 0.6◦. The results show that the
experimental received power closely follows the theoretical
model. It is worth nothing that the small discrepancies in the
comparison may be caused by some measurement errors as
exact measurement of spot diameter and power are complex.
The results are encouraging.

We calculated the SNR and the BER using the received
power values collected from the conducted experiment. The
SNR at the receiver is given by [58], as:

SNR =
RPrx

σ2
total

(8)

where R is the responsivity of the photodiode in A/W, and
σ2
total is the total noise variance, which is equal to the sum

of the variances of shot, thermal, and background noises [50],
[69]. The BER is expressed as:

BER = Q
(√

SNR
)

(9)

where the Q function is the tail probability of the standard
normal distribution and it is given as:

Q(x) =
1

2π

∞∫

x

e(− y2 /(2))dy (10)

We assumed an Si APD with a responsivity of 0.5 A/W
being used for a system operating at 850 nm [70]. We also
assumed that the total noise power in the system is equal to 10
µW [3], [71], [72]. The calculated BER for the received power
values given in Figure 16 are negligibly small to provide an
error-free transmission at 1 Gbps. This is an expected result
because of the high transmission power the employed laser
in the experiment. According to the calculated BER, a high-
speed FSO communications system with a received power
of greater than or equal to 77.5 µW can support an error-
free transmission at 1 Gbps for the parameters used in this
experiment.

Some other laboratory experiments for ground-to-train FSO
communications, which use the same propagation model as
(5), have been reported [35], [73]. These experiments achieved
successful FSO communication between a toy train and a BS.
By using a light source with an output power of 10 mW, a BER
of 10−12 at 10 Mbps [73] and a data rate of 155 Mbps [35]
are achieved, respectively. In another experiment, a diverged
beam is used to show how the received power changes when
the distance between the light source and the diverging lens
varies [74]. The experimental results in [74] shows that a data
rate of 622.08 Mbps is achieved when the minimum received
power is -36 dBm. These experimental results support that the
propagation model used in this paper is valid and matches the
theocratical analysis.

Fig. 15. The bolomoter used to measure the received power and the beam
formation of the performed experiments.

VI. CONCLUSIONS

We investigated two different laser beam modalities, nar-
row and wide beams, for free-space optical communications
in the context of ground-to-train HST communications. We
compared two beam modalities and revealed their advantages
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TABLE IV
SAMPLED SAFETY MARGINS REQUIRED FOR DIFFERENT DIVERGENCE ANGLES TO COMPENSATE FOR LATERAL TRAIN VIBRATION.

θ (degrees) Safety Margin (m)

0.002 9084.86

0.07 259

0.502 35.96

1.002 17.90

1.502 11.98

2.002 9.05

2.502 7.09

3.002 5.87
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Fig. 16. The comparison of the experimental and the theoretical received
power for the wide beam with a divergence angle of 0.6◦.

and disadvantages. We also estimated the covered distance,
steering speed, steering arc, covered area, and the impact of
vibration for each angle. Considering the results presented in
this paper, we propose to use a divergence-angle range to
enable a contact time larger than or equal to the worst-case
handover time. The impact of the vibration is also examined
and our results show that the proposed range of divergence
angles guarantees that the received power is larger than
the receiver sensitivity threshold with the maximum vertical
vibration amplitude smaller than or equal to 50 mm.
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