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Abstract. In this work, a free space optical (FSO) link

for the ground-to-train (G2T-FSO) communications is pro-

posed. Analytical analysis is carried out for the curved rail

tracks. We show that the transmitter divergence angle, the

transmit power and the size of the concentration lens need

to increase for the curved section of the rail track compared

to the straight track. We derive the analytical expression for

the received power level based on the link geometry for the

case of the curved track In the worst case scenario when the

curvature radius is 120 m, the transmit power at the optical

base station (BS) needs to increase by over 2 dB when the

concentration lens radius is increased by 5 times. Analyses

also show that the received power along the track increases

with the curvature radius for the same transmit power and

receiver optics illustrating the effect due to link geometry.

Additionally, the signal-to-noise ratio (SNR) and the bit er-

ror rate (BER) performance of the system for the curved

track with different curvature radii is analysed at data rates

of 10 Mbps and 100 Mbps for an additive white Gaussian

noise (AWGN) channel showing a good agreement between

the theoretical and the simulated BER. Finally, effect of scin-

tillations on the G2T-FSO link performance is discussed.

Keywords

Free space optical, ground-to-train, base station, link

geometry.

1. Introduction

Research and development in the field of free space op-

tical (FSO) technology is gaining popularity and momentum

as an alternative complementary to the well-established ra-

dio frequency (RF) wireless systems. FSO solutions provide

cost-effective, high-speed wireless connectivity for a vari-

ety of applications, including enterprise connectivity, data

and voice, entertainment and on line video, disaster recov-

ery, healthcare, education, surveillance and military. FSO

systems offer enough bandwidth to service all of your data

transmission needs, requiring no operating licenses, or re-

curring leased line charges and being inherently secure data

transmission with no means of interception or interference

[1-3]. FSO systems are also desirable in places such as cam-

puses and hospitals where there are restrictions in place for

using RF wireless based technologies [4]. The link length

of FSO systems can vary from the indoor short range (few

metres) to the outdoor of a few kilometres. Outdoor links

with a data rate > 10 Gb/s over a few kilometres have been

reported in [5]. For indoor links, data rates up to Gb/s for

wireless home access networks can be achieved with much

wider coverage area [6]. The main challenge for the wire-

less optical system is the very limited mobility compared to

RF cellular wireless systems. However, the FSO technology

is now being tested for a mobile condition as in [7] where

a 10 MHz mobile FSO communication link with low power

consumption, light weight and low cost is demonstrated.

There is a growing demand for the access to high

speed wireless network by the end users particularly when

they are on the move (e.g. on trains, buses, ships etc.).

At the present time, a limited RF based wireless net-

work is provided by the train operator at a low data rate

(below 50 Mbps) when the train is on the move. The

new version of mobile WiMAX (Worldwide Interoperabil-

ity for Microwave Access) which is IEEE802.16m complies

with the requirements of IMT-Advanced (International Mo-

bile Telecommunication-Advanced) and theoretically aims

at providing data rates in access of 100 Mbps for the high

mobility environment [8]. In practice, the available data

rate in trains is much lower than the theoretical data rate

as the bandwidth is shared among many users. Although

RF based communications is a promising technology for the

fixed wireless local area network (WLAN), its effectiveness

is limited when used in trains offering very limited connec-

tion capabilities. Radio-over-fibre (RoF) systems have been

reported in [9, 10] in order to provide broadband wireless

access in high speed trains, which is an integration of RF

wireless and optical systems. The main issue with the RoF

system would be the frequent band switching and complex

optical routing, which limits the based station (BS) coverage

length [11]. FSO communications could be adopted in order
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to offer higher data rates and provide seamless data services

to the passengers traveling by train. For a truly office-to-

office network capabilities within train, the system can ben-

efit from a combination of FSO and visible light communi-

cations (for data distribution with the coaches), which can be

linked to the existing mobile BS or to the fibre-optic back-

bone network.

G2T-FSO communication has been reported previously

[12, 13] where an FSO link only for the straight track

is investigated. In [12], the received optical power and

the Q-factor analysis for G2T-FSO link for a model train

(1:75 scale) has been carried out for a track length of 1 m,

which could be scaled up for 75 m for the real case. A G2T-

FSO system is proposed in [13] using the FSO technology

where a narrow laser beam is used and with tracking be-

tween ground transceiver and train transceiver achieved for

700 ms. The ground transceivers were located at 100 m apart

alongside the train track. The field trials carried out were for

the straight track. This paper reports numerical evaluation

of G2T-FSO communications for the case of curved track.

The BER performance of the proposed system for the curved

track scenario is investigated for different curvature radii.

The paper is organised as follows: the proposed G2T-

FSO communications link is described in Section 2. Numer-

ical analysis of the link geometry for a straight and a curved

track is shown in Section 3. Simulation results showing

a comparison between the straight and the curved track are

presented in Section 4 which also covers a detailed analysis

for the curved track. Finally, Section 5 concludes the paper.

2. Proposed System Model

The proposed G2T communications system consists

of a number of BSs located along the train tracks and the

transceivers are positioned on the roof of the train coaches.

The geometrical model for the G2T-FSO link for a straight

track is shown in Fig. 1 where the BS is positioned at a dis-

tance d1 from the track with an offset distance of d2 from

the shortest coverage point. Based on this geometry; the es-

timation of the transmit beam divergence θ is given by [14]:

θ = arctan

(

d1L

d2
1 +d2L+d2

2

)

. (1)

Currently the proposed scheme does not consider an

automatic pointing, acquisition and tracking (PAT) system,

but future studies will investigate them. In order to maintain

full coverage and ensure quality system performance, the op-

tical power distribution along the track needs to be analysed

in relation to the transmit beam divergence angle θ. For sys-

tems with a wide transmit beam misalignment is minimised

unlike the case of a narrow transmit beam. The proposed

system is similar to a cellular-like concept where the cover-

age area from each BS acts like an RF cell. As long as the

train is within the coverage area of one BS, the communica-

tions will take place between the BS and the optical receiver

mounted on the train.

Fig. 1. Proposed link geometry for the train in straight track.

3. Numerical Analysis

In this Section, the link geometry for a train travelling

along a straight track is shown and the angle of irradiance

and the incidence angle are estimated accordingly [14]. The

main contribution consists of geometrical modelling of the

G2T-FSO link for the case of curved tracks.

3.1 Straight Track

From Fig. 1, the transmit irradiance angle ϕ becomes

equal to the receiver incident angle ψ, which can be given

as:

ϕ = ψ = γ−δ =
θ

2
. (2)

As can be shown in [14], the received optical power Pr

can be written as:

Pr =
AdetPtx(m+1)TS(ψ)cosm(ϕ)n2 cos(ψ)

2πsin2(ψc)
[

Lcos(γ)+ xcos(θ1/2)
]2

(3)

where Adet is the physical area of the detector, Ptx is the trans-

mitted power, m is the order of Lambertian emission, TS is

the filter transmission factor, ψ is the incident angle of the

receiver, ψc is the receiver field of view, γ is the tilt angle, L

stands for the location of the transmitter along the track, and

x is the distance between points A and C (Fig. 2). The essen-

tial parameters to know are ψ and ϕ, which were analysed in

[14]. In the next section we derive the angles for case of the

curved tracks. This is followed by determining the optimal

geometry for the system in order to ensure maximum link

availability.

3.2 Curved Track

The FSO link equation according to (3) does not take

into account the curvature of the rail track. Analogically to

the straight track scenario, in case of the curved tracks, the

worst case scenario is when the distance L between transmit-

ter (TX) and receiver (RX) is largest. In addition to that, the

tilt angle δ is not only given by the distance d1 but also by

the curvature of the tracks R. A section of the curved rail

track is schematically shown in Fig. 2.

First, we define the angle ω at the intersection of the

centre of the curve and points of RX and TX as:

ω =
L+d2

R
(4)
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where R is the curvature radius. In order to mathematically

describe the curved section geometry, the transmitter’s irra-

diance angle ϕ and the angle of incidence at the receiver ψ
need to be calculated. According to Fig. 2, we can derive the

angle γ as:

γ =
θ

2
−δ (5)

where δ stands for the angle between the edge of the beam

and the x axis. Using trigonometric laws the angle δ is de-

fined as:

δ = tan−1

(

Q

P

)

(6)

where Q and P are the respective coordinates of RX in y and

x axis according to:

P = R · sin(ω). (7)

From the Pythagorean Theorem we can write:

√

R2 −P2 = R−d1 +Q ⇒ Q =
√

R2 −P2 −R−d1. (8)

The minimal divergence angle θ as well as the minimal

receiver field of view (FOV) given by (9) are essentially lim-

ited by the curvature radius R and must be carefully chosen

large enough in order to maintain the connection and at the

same time small enough to provide sufficient power density

for effective signal reception.

θ = β−δ = tan−1

(

d1

d2

)

− tan−1

(

Q

P

)

. (9)

Irradiance angle ϕ can be defined as:

ϕ = γ−δ, (10)

and considering that δ and γ are equal for both RX and TX,

we may assume that ϕ = ψ. Finally, for the distance z be-

tween RX and TX we may write that:

z =
√

P2(L)+Q2(L). (11)

Finally, the received optical power Pr along the track

can be expressed as:

Pr = Ptx

Adet(m+1)TS(ψ)cosm(φ)n2 cos(ψ)

2πsin2(ψc)
√

P2(L)+Q2(L)
. (12)

3.3 Line Of Sight Consideration

Fig. 2. Proposed link geometry for the train in the curve. TX and

RX stand for the position of the transmitter and receiver,

respectively, d1 is the lateral distance of the BS from the

tracks, d2 is the shortest coverage distance on the track

from the BS, L is the covered track length, oT X and oRX

are transmitter and receiver optical axes, respectively.

In case of the straight track, the line of sight (LOS)

propagation between the train and BSs is always maintained.

For the case of straight and curved tracks, the clearance dis-

tance S from the track (see Fig. 3) must be determined in

order to maintain LOS link. S can be modelled as the sagitta

of the circular arc represented by the curved track section.

Since we have an insufficient number of known variables to

determine the sagitta S, we have adopted the following ex-

pression; first calculate the smaller sagitta S′ followed by the

following expression in order to determine the clearance S:

S = S′+d1 (13)

where S′ is the smaller Sagitta that is determined by the

length C of the corresponding chord of the arc with the ra-

dius (R−d1) as:

C = 2(R−d1)sin(δ). (14)

Substituting (14) into the known expression of Sagitta

of the circular arc with the known radius R yields:

S′ = R−

√

R2 −
C2

4
= R−

√

R2 − (R−d1)2 sin2(δ). (15)

The length of the sagitta S represents the minimal

obstacle-free distance from the railway track to ensure a re-

liable LOS propagation path between the train and BSs at all

times.
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4. Simulation Results

4.1 Geometry-Based Results

In order to simulate the optical link performance along

the curved track a simulation of the received optical power

Pr along the track length L was carried out and the result

is shown in Fig. 3. All important simulation parameters

adopted are shown in Tab. 1 where parameters for straight

track simulation are mentioned for better comparison. For

the rail track the typical bend could have curvature radius of

200 – 500 m. However, the bends can be sharper in some

cases where R might be as small as 100 m. Hence, three

different curvature radii of 120, 240 and 500 m are inves-

tigated in this paper in order to analyse the effect of R on

the required divergence angle. We note that for the curved

track with a curvature radius R of 120 m the additional op-

tical transmit power is 10 mW and the concentrator radius

Rcoll is increased by 5 times [14]. As the worst case scenario

we have assumed that R = 120 m. This is represented by

the lowest power profile in Fig. 3.

Parameter Symbol Value

Transmit power Ptx 15 mW (st.) /

25 mW (curved)

Wavelength λ 850 nm

Transmitter θ 3.2◦ (st.) / 24.69◦

divergence (R = 120 m)

Active area Adet 7 mm2

of photodetector

Responsivity ℜ 0.59 A/W

Receiver Sr -36 dBm @ 10 Mbps

sensitivity

Concentrator F 50 mm

focal length

Concentrator radius Rcoll 25 mm (st.) /

125 mm (curved)

Concentrator ψc 5.15◦ (st.) /

semi FOV 1.02◦ (curved)

Coverage length L 75 m

Vertical separation d1 1 m

Horizontal separation d2 15 m

Refractive index n 1.5

of lens

Filter transmission TS(ψ) 0.8

coefficient

Curvature radius R 120/240/500 m

Tab. 1. Simulation parameters.

A relatively small FOV of the receiver is caused by

alarger radius of the concentrator lens according to the

constant radiance theorem [15], which illustrates the rela-

tionship between the receiver FOV, collection area of the

lens and the photodetector area. To increase the FOV

one may adopt (i) a smaller concentrator lens size, which

would impose higher demands on the optical transmit power,

(ii) a photodetector with much larger active area but at the

cost of a reduced bandwidth, (iii) an array of small area pho-

todetectors or (iv) different optical setup to enlarge the FOV

[16].

Considering the worst case scenario represented by the

lowest value (-35.15 dBm) of the received optical power in

Fig. 3 and the optimal straight track scenario represented by

the maximum received power (-17.87 dBm) in [14], the re-

quired dynamics of the receiver is D = 17.28 dB, which is

easily achievable using off-the-shelf components. Once the

power profile for the curved track for various radii is ob-

tained, the signal-to-noise ratio (SNR) for all different cases

of R = 120 m, 240 m and 500 m will be modelled to further

analyse the link performance.

Fig. 3. Received power profile along the track for a curved track

with different radius R.

Fig. 4. Transmitter divergence angle variation according to the

radius of curvature of the train track.

Since the transmitter beam divergence is dependent on

the communications coverage length and the radius of cur-

vature of the track, a graph of transmitter beam divergence

against the radius of curvature is plotted as illustrated in

Fig. 4. It can be inferred that as the radius of curvature

increases, the required beam divergence in order to have

a communications link between the transmitter and the re-

ceiver decreases. Note that the decrease in the curvature

radius implies that the rail track has sharper bend. For

R = 120 m, the beam angle θ is 24.69◦ as shown in Fig. 4,

which is the sharpest bend in this analysis. When the curva-

ture radius increases to 240 and 500 m, the divergence angle
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required reduces to 13.92◦ and 8.33◦, respectively. From

Figs. 3 and 4, it can be inferred that for decreasing curvature

radii (sharper track bend), there is increase in link loss at any

point along the track. For example, considering 75 m point,

for R = 240 m (θ = 13.92◦) and R = 120 m (θ = 24.69◦), the

link loss decreases by 4.2 dB, thus illustrating the loss due

to link geometry.

4.2 SNR and BER Performance

In our analysis of SNR and BER, data rates of 10 and

100 Mbps are used for the simulation. Although LEDs have

a lower modulation bandwidth compared to lasers, data rates

of 100 Mbps could be achieved for the NRZ-OOK modula-

tion scheme using post equalisation techniques [17]. Com-

pared to existing broadband speeds available in trains us-

ing RF, which is hardly 10 Mbps in practice, data rate of

100 Mbps shows ten-fold improvement. Higher data rates

in access of Gigabits-per-second (Gbps) could be achieved

using laser devices with wavelength divison multiplexing.

For this system, the SNR is defined as [18]:

SNR =
(ℜPr)

2

σ2
(16)

where ℜ is the responsivity of the photodiode (A/W) and σ2

is the total noise variance, which is the combination of the

shot noise and the thermal noise that are modeled as the addi-

tive white Gaussian noise (AWGN). For higher transmission

rates, the optical channel can be simply modeled as a slowly

varying AWGN channel [19]. From Fig. 5, it can be seen

that for a curved track with a curvature radius R of 120 m, the

coverage length of 75 m is achieved for SNRmin of 13.6 dB

for a data rate of 10 Mbps. Similarly, for 100 Mbps, the cov-

erage length along the track reduces to 50 m due to the noise

bandwidth of the system. For R = 240 m, the SNR at 75 m

point along the track is 23.5 dB and 13.6 dB at 10 Mbps and

100 Mbps, respectively. For R = 500 m, the obtained SNR

values at 75 m point are 32 dB and 22 dB at 10 Mbps and

100 Mbps, respectively. Hence, it is obvious that for higher

curvature radius, the achievable communications coverage

length could be much higher than 75 m based on the calcu-

lated SNR values at 75 m range. This would be shown in

the bit error rate (BER) analysis. For NRZ-OOK, the BER

is defined as:
BER = Q(

√
SNR) (17)

where Q(x) = 1
2π

∫ ∞
x exp

(

−y2

2

)

dy, is defined as the error

function.

The block diagram for analysing the BER is shown in

Fig. 6. In this simulation, a binary input data stream is passed

through a transmitter filter P(t) with a unit-amplitude im-

pulse response of one bit duration Tb. The most commonly

used modulation scheme, which is the NRZ OOK, is adopted

in this work. The continuous time signal from the transmitter

filter is then transmitted through an optical channel having

an impulse response of h(t). The noise signal n(t) is mod-

elled as AWGN independent of X(t). The resulting signal

is detected at the photodetector, which converts the incident

optical signal into the photocurrent. The receiver filter is the

maximum likelihood receiver with an impulse response r(t),
which is the matched filter (MF) followed by a sampler and

a threshold detector. Following threshold detection the re-

covered and transmitted bit streams are compared in order to

evaluate the BER performance of the system. From Fig. 7,

it can be inferred that there is a very good agreement be-

tween the theoretical and simulated BER for different radii

at data rates of 10 and 100 Mbps. Note that the BER per-

formance shown in Fig. 7 for all values of BER ≤ 10−6

is floored at the level of 10−6. The lowest achieved cov-

erage length of 50 m is for R of 120 m at 100 Mbps, which

is the worst case scenario in our analysis. At 10 Mbps the

achieved coverage length is 70 m for the same curvature ra-

dius at a BER of 10−6. This value of coverage length of 70 m

coincides with the higher value of R (i.e. 240 m). The cover-

age length increases to 100 m for the same BER for cases of

R = 240 m at 10 Mbps and 500 m at 100 Mbps. The maxi-

mum coverage length achieved in our simulation was 145 m

for the higher curvature radius of 500 m at 10 Mbps thanks

Fig. 5. SNR plot for various curvature radii of 120, 240 and

500 m at data rates of 10 Mbps and 100 Mbps.

Fig. 7. BER performance for curvature radii of 120, 240 and

500 m at 10 and 100 Mbps.
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Fig. 6. Block diagram for the BER analysis for the proposed FSO G2T system.

to the high SNR value of 32 dB (see Fig. 5) for this case.

For any fixed data rate, the communications coverage length

achieved for acceptable communications (BER = 10−6) in-

creases with R. Note that the increase in the communica-

tions coverage length is due to the decrease in the transmitter

beam divergence with increase in R for a fixed transmitted

power. Hence, for sharper bends, a higher transmitter an-

gle is required in order to provide full coverage to the train,

which would lower the communications coverage length as

the transmitted power is constant.

Fig. 8. Scintillation loss against the communications length for

different turbulence conditions.

In order to compensate for any atmospheric attenua-

tion and turbulence induced fluctuations in intensity (scin-

tillation) and phase of the signal, a link budget analysis is

essential. The link budget analysis for typical G2T-FSO

communications is given in [19] where typically 18 dB link

margin was used. Although, the scintillation effect was not

considered in the link budget analysis, the loss due to the

scintillation can be represented as [20, 21]:

Ascint = 2

√

23.17k7/6C2
nL11/6[dB] (18)

where k = 2π/λ is the wave number and C2n is the refrac-

tive index structure parameter. Using (18) for a moderate

turbulence regime (i.e. C2
n = 5 · 10−14 m−2/3) and a max-

imum range L of 150 m, the scintillation loss can be calcu-

lated to be 2.1 dB whereas for the case of strong turbulence

(C2
n = 5 · 10−13 m−2/3), the loss increases to 7 dB. The

scintillation loss against the link length can be plotted for

moderate, strong and weak turbulence conditions as shown

in Fig. 8.

5. Conclusion

This paper has investigated the required beam diver-

gence at the transmitter and FSO link for straight and

curved rail tracks. It was shown that for the curved track,

a higher beam divergence angle was required. Thus result-

ing in a higher optical transmit power in order to ensure

FSO link availability along the train track as compared to the

straight track. In order to achieve a minimum power level

at the longest point along the track, the required transmit

power for the curved track with R = 120 m was over 2 dB

higher compared to the straight track in order to ensure the

link functionality. The minimum error free communications

coverage length achieved was 50 m at 100 Mbps for R = 120

m and 145 m at 10 Mbps for R = 500 m. As the curvature

radius increases, the communications coverage length could

be increased for a constant power for same simulation pa-

rameters. Additionally, scintillation loss was considered for

a range of turbulence regimes showing up to 7 dB loss for

a link span of 150 m for the strong turbulence.
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