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Figure 2.5 Moving Frequency in ROF systems.
Source: Wang, J., Zhu, H., & Gomes, N. J. (2012). Distributed antenna systems for mobile communications in high

speed trains. Selected Areas in Communications, IEEE Journal on, 30(4), 675-683.

moving frequency concept. In this figure, the top train shows the system at time t0

and the train below it represents the system at time t1. As the train travels along the

track, the RAUs’ working frequencies change according to the working frequencies of

train antennas. A handover is required, when the train travels from coverage region

of a RAU connected to one control-system (CS) to a RAU connected to another CS.

2.5 Free-Space Optical Systems

The FSO technology is another wireless communication technology used for HSTs.

In this system BSs along the track and transceivers of a train use a laser light to

communicate with each other. In current FSO systems, a seamless connection have

been achieved for train speeds up to 60 km/h [21]. The main problem in this system

is the hard handover process, in which as the train moves from coverage of one BS to

the next one, it disconnects from the first BS before connecting to the next BS.
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Figure 2.6 FSO system HST communication model.
Source: Mori, K., Terada, M., Nakamura, K., Murakami, R., Kaneko, K., Teraoka, F., ... & Haruyama, S. (2014,

December). Fast handover mechanism for high data rate ground-to-train free-space optical communication system.

In Globecom Workshops (GC Wkshps), 2014 (pp. 499-504). IEEE.

In this system, the train transceiver incorporates a CMOS sensor to track and

find each BS along the track. Figure 2.5 shows this system. As the train travels,

the CMOS sensor detects the light coming from the next BS. At this time, the train

transceiver disconnects from the current BS and starts the handover process. A

seamless connection is possible in this system, if the handover procedure is very

short [21].
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CHAPTER 3

FSO COMMUNICATION MODELS

3.1 DW Model

In this model, ground base stations use two different wavelengths for communicating

with a HST. A base station uses one wavelength and the adjacent one uses the

other, and so forth, alternatively. For example, one base station may use a 850-nm

wavelength and the adjacent one may use a 1550-nm wavelength, then following

station may use again a 850-nm wavelength, and so on. The other stations would

follow the same pattern, i.e., stations with an odd number use one wavelength and

other stations use the other.

In this model, laser lights transmitted by two consecutive ground base stations

have an overlapping area. Figure 3.1 shows this overlapping area, which is denoted

as CiCi+1, where Ci is the first point along the track covered by the laser beam from

base station Bi, and Ci+1 is the first covered point by base station Bi+1. To achieve

uninterrupted communications, the train uses two or more transceivers, each placed

at different places on the train. For simplicity, it may be assumed that a transceiver is

placed at the front of the train and the other at the rear. When the front transceiver

enters the overlapping region, it detects another signal at another wavelength. At

this time, the train enables the rear receiver to continue communicating with it while

the front transceiver stops communicating with the last base station and starts a

handover process with the next ground base station. During this handover period,

the rear transceiver remains connected to the current base station and provides the

users with seamless Internet connection.
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Figure 3.1 The DW model.

3.1.1 Placement of Ground Base Stations

As Figure 3.1 shows, there are two ground base stations, Bi and Bi+1. These base

stations use two different wavelengths alternatively and have an overlapping region,

denoted as Ci+1Di. The base station at Bi−1 also creates an overlapping region, i.e.,

CiDi−1. Hence, the connection region, which is the region where the train and base

station can exchange data, is between these two areas, Di−1Ci+1. All laser beams

of the ground base stations use the same divergence angle (θ), and also the same

coverage angle (δ).

Based on a target duty cycle, ratio of contact time (or a period of time the train

and corresponding ground base station are available for data transmission), and the

time allocated for the performing handover for our system, the distance between base

stations on the ground is calculated. The coverage area, CiDi, is estimated using this

duty cycle and the speed of the train. Other required parameters for placing ground

base stations are the lateral lateral distance, denoted as |BiAi|, as shown in Figure
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3.1, and longitudinal distance between the base station at point Bi and first point of

covered area along the track, i.e., AiCi. Figure 3.1 shows the spacing between base

stations and the overlapping areas, CiDi−1 and Ci+1Di, intended where handover is

performed.

For example, if a train traveling at a constant velocity (v) of 400 km/h (or 111.11

m/s) is considered, and the connectivity is set to a duty cycle of 1 to 2, the length of

area covered is estimated. In this example, one second is set as the longest time to

complete a handover, then the required distance (|Ci+1Di|) to complete the handover

successfully is 111.11 m. The required length of the region for data transmission that

satisfies the set duty cycle is also 111.11m. Hence, the total coverage length, |CiDi|,

is equal to three times of handover distance, |Ci+1Di|, or 333.33 m.

The divergence and coverage angles are calculated by using (3.1), and (3.2)

respectively [22]:

θ = arctan
|BiAi| × |CiDi|

|BiAi| 2 + |AiCi| 2 + |AiCi| × |CiDi|
(3.1)

δ = arctan
|BiAi|
|AiDi|

(3.2)

In (3.1) and (3.2), |BiAi| is equal to
√
|BiXi| 2 + |AiBi| 2 and |AiCi| is equal to |BiXi|.

In the triangle 4Bi+1Xi+1Ci+1, |Bi+1Xi+1| is calculated as (3.3).

4Bi+1Xi+1Ci+1 → |Bi+1Xi+1| =
|Xi+1Ci+1|
tan(δ + θ)

=
|BiAi|

tan(δ + θ)
(3.3)

The distance between ground base stations (|BiBi+1|) is calculated in (3.4) as:

|BiBi+1| = |BiYi| − |Bi+1Xi+1| − |Xi+1Yi|

= |AiDi| − |Bi+1Xi+1| − |Ci+1Di|
(3.4)

The laser beam is modeled with a Gaussian distribution in this thesis. Therefore,

the optical offset (i.e., |H3Di| in Figure 3.1) of the beam is equal to radius of the
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beam from the propagation axis (i.e., |BiH3|) at the farthest point of the covered

distance along the track [8]. The calculation of the beam radius, |DiH3|, in the

triangle 4BiH3Di, follows the Law of Sines, as in (3.5) and (3.6):

|BiDi| =
|YiDi|
sin δ

=
|BiAi|
sin δ

(3.5)

|DiH3| = |BiDi| sin
θ

2
(3.6)

The equations presented in the remainder of Section 3.1.1 are used for calculating the

received power along the track in Section 3.1.2. The calculations of the beam radius

from the axis of propagation (i.e., |BiH3|) at the boundaries of the coverage length

along the rail track follow (3.7) and (3.8). The radius distribution is used to calculate

the power at each point of the covered region along the track, and to guarantee a

sufficiently large received power at any point at the covered area along the track.

Here, (3.7) is used to calculate the beam radius (i.e., |OH2| in Figure 3.1) at point

H2 along the track. Similarly, (3.8) is used to calculate the beam radius, |CiH1|, at

point Ci, which is the beam radius covering the first point along the rail track.

OH2 = |BiO| sin
θ

2
(3.7)

|CiH1| = |BiCi| sin
θ

2
(3.8)

The beam offset from the propagation axis is equal to a perpendicular line drawn

from each point along coverage area to the propagation axis. To calculate the optical

offset and beam radius at each point along the coverage area, it is first required to

find the location of the with respect to H2. In this thesis, x is defined as the distance

from first coverage point (i.e., Ci) to the point where the beam radius and offset from

propagation axis are calculated. The calculation of the beam offset follows (3.9). If
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the point at which the beam offset is calculated is between Ci to H2 then (3.10) is

used to calculate the beam radius.

r = ||CiH2| − x| sin(
θ

2
+ δ) (3.9)

w = (|BiH2| − (|CiH2| − x) cos(
θ

2
+ δ)) tan

θ

2
(3.10)

If instead x is greater than |CiH2|, (3.11) is used:

w = ((|BiH2|+ (x− |CiH2|)) cos(
θ

2
+ δ)) tan

θ

2
(3.11)

By deriving all of the required distances in (3.1) to (3.11), the received power at train

transceivers along the track can be calculated.

3.1.2 Calculation of the Received Power

FSO communications follow Friis equation, which is used to calculate the received

power (Pr) along the optical axis, BiH3, in terms of the transmitted power and

different system losses. [20]:

Pr
Pt

= GtGr

(
λ

4πR

)2

LgeoLtLrηrηt (3.12)

Lt and Lr are the transmitter and receiver pointing losses, respectively, and they are

calculated by:

Lt = e−Gtγ
2

(3.13)

where γ is the transmitter radial pointing error angle in radians [15] and

Lr = e−Grζ
2

(3.14)

where, ζ represents the receiver radial pointing error angle. Gr and Gt are the receiver

and transmitter system gains, respectively. ηr and ηt are optical efficiencies at the
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receiver and transmitter, respectively. Lgeo represents the geometrical loss of a laser

beam. The Gaussian distribution of the laser beam leads to (3.15) to calculate Gt [14],

as:

Gt =
32

θ2
(3.15)

where, θ represents the full-angle e−2 divergence angle, in radians. The receiver

antenna gain (Gr)is calculated as (3.16) [20]:

Gr =

(
πDr

λ

)2

(3.16)

where Dr is the telescope aperture diameter (antenna size).

Emitted light from light emitting diodes (LEDs) disperses conically, and it

causes the loss power at different cross-sections of light. This power loss may be

calculated as [3]:

Lgeo =
Sr

St + π/4(θR)2 (3.17)

where, Sr and St represent the surface areas of receiver and transmitter, respectively.

In (3.17), R is the link range in meters and θ is the divergence angle of the laser

beam, in radians.

The loss of power caused by atmospheric conditions, such as fog or rain, is

calculated by Beers-Lambert Law, and the attenuation coefficient is presented as the

Kruse model [9]:

La (dB/km) =
17

V

(
λ

550nm

)−q
(3.18)

where V , is the visibility in km, λ is the wavelength of laser light in nano meters, and

q is the size distribution for scattering particles. Depending on the weather condition,

25



q may have different values as listed below [12].

q =



1.6 for high visibility(V > 50 km)

1.3 for average visibility (6 km < V < 50 km)

0.16V + 0.34 for haze visibility (1 km < V < 6 km)

V − 0.5 for mist visibility (0.5 km < V < 1 km)

0 for fog visibility(V < 0.5 km)

In consideration of effects caused by atmospheric attenuations, such as heavy fog,

the received power is converted from mW to dBm units, and then the total received

power is calculated as in:

P rx(dBm) = 10 log(Pr)− LaR (3.19)

where, R represents the total distance from ground base station to the transceiver on

the train, in km.

To calculate the received power at each point along the rail, the fundamental

mode of a Gaussian beam is used in terms of the relative power level at a specified

radius from the propagation axis (i.e., |BiH3| in Figure 3.1). The fundamental

Gaussian beam mode follows a Gaussian distribution of the electric field perpendicular

to the propagation axis [8]. The relation between the power received along the

propagation axis and each point along the track with radius r from propagation

axis is as follows [8]:

Prx(r)

P0

= exp

[
−2
( r
w

)2
]

(3.20)

where, P0 is the received power at each point along BiH3 (in Figure 3.1), and Prx(r)

is the received power at each point with beam offset r from propagation axis. In fact,

(3.20) is also known as edge taper.
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Figure 3.2 The SW Model.

3.2 SW Model

In this section, FSO communications for HSTs using the single wavelength model is

presented. Ground base stations in this model are set to use a laser light with the

same wavelength. For example, all the base stations may be set to use a 1550-nm

wavelength.

In this model, laser lights are separated along the rail road forming a dark region,

instead of having an overlap of light at different wavelengths. The region between

the farthest coverage point of one base station to the closest coverage point of next

base station defines the dark region. This dark region functions as an indicator for

starting the handover.

At entering this dark region, the train’s front transceiver stops communicating

with the last base station, while the rear transceiver continues to communicate with

it. The front transceiver starts a handover process when it enters the area covered by

the next base station. The handover process is completed by the time rear transceiver

reaches the dark region. Uninterrupted communications, or seamless handover, is then

achieved by having a transceiver connected all times while the train travels through

a covered area.
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Figure 3.2 shows the single-wavelength model. The notations in this figure

follow the ones used in Figure 3.1. However, DiCi+1 represents the dark region along

the track between the coverage lengths of base stations Bi and Bi+1 in Figure 3.2.

The largest length of dark region is calculated to maximize the distance between

ground base stations (and lower the number of base stations), and therefore, to

minimize the cost of the FSO system. To achieve this goal, the maximum length

for a dark region must be determined. The distance between the front and rear

transceivers of a train equals the maximum length of dark region plus the distance

for a successful handover. The length of a dark region, LD, is estimated as follows:

LD = dtrans − v.t (3.21)

where v is the velocity of train, t is the time it takes to complete the handover,

and dtrans is the longest possible distance between train transceivers. LD is denoted

as |DiCi+1|, as Figure 3.2 shows. And the distance between two consecutive base

stations is estimated as follows:

|BiBi+1| = |AiCi|+ LD (3.22)

where |AiCi| is the longitudinal distance and LD is the length of a dark region.

To keep the communication uninterrupted, dtrans must be smaller than the total

coverage length of a base station, (|CiDi| in Figure 3.2). Based on the required receiver

sensitivity for realizing a data connection with a large bandwidth, the maximum

achievable coverage distance of a base station is calculated for different locations of

base-stations relative to the railroad. For different coverage lengths, the received

power at Di is calculated based on (3.20). A transceiver placed at this location would

receive the smallest power along the coverage length. With that, the maximum

coverage length for which received power is greater than receiver sensitivity at this

point is estimated.
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