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Abstract: Ubiquitous broadband Internet access is one of the major goals of the next generation of
wireless communications. However, there are still some locations where this is difficult to achieve. This
is the case on moving vehicles and, particularly, on trains. Among the possible solutions to this problem,
RoF (Radio-over-Fiber) architectures have been proposed as low-latency, cost-effective candidates. Two
elements are introduced to extend the RoF approach. First, the carrier frequency is raised into the W-band
(75-110 GHz) to increase the available capacity. Second, a mechanical beam-steering solution based on a
Stewart platform is adopted for the transmitter antenna to allow it to follow a moving receiver along a
known path, thereby enhancing the coverage area. The performance of a system transmitting a 2.5 Gbit/s
non-return-to-zero signal generated by photonic up-conversion over a wireless link is evaluated in terms
of real-time BER (Bit Error Rate) measurements. The receiver is situated in different positions, and the
orientation of the transmitter is changed accordingly. Values below the forward error correction limit for
7% overhead are obtained over a range of 60 cm around a center point situated 2 m away from the transmitter.
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1 Introduction the need for high-speed, ubiquitous Internet access.

One of the major goals of 5G (fifth Generation) mo-
The huge growth in the existing number of personal bile communications is to be able to connect to an
mobile devices over the last few years has generated end user at any location while assuring an accept-
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able Quality of Servicelll. Nevertheless, some lo-

cations give rise to specific challenges due to their
characteristics. In particular, high-speed trains with
speeds of 200 km/h or more are considered locations
where the achievable quality of connection is not
high enough to accommodate the traffic demands of

2,3

the passengers! There are some challenges that

must be taken into account to maintain a connec-

tion with a bullet train!23]

. First, wireless interfaces
are needed to connect a moving vehicle with ground
BSs (Base Stations). Moreover, the train may go
through tunnels or through sparsely populated ar-
eas where the existing infrastructure is insufficient
to provide continuous coverage. Another important
issue is the handover between various BSs while the
train is moving, which is a situation occurring more
frequently for high-speed trains. Finally, both the
metal structures of the carriages and the environ-
mental vibrations result in additional attenuation of
wireless signals.

Despite these constraints, efforts should still be
made to provide high-speed access to passengers on
trains, because there are large potential economic
benefits from doing this?!. However, it is insuffi-
cient to merely connect the passengers with BSs on
the ground. In addition, both the high bandwidth
and capacity demands of future applications are ex-
pected to be satisfied. As a consequence, millimeter
wave (mm-wave) frequencies (30-300 GHz) are gain-
ing more attention for implementation in the last hop
between the ground and a trainl¥/. This approach
can be combined with the use of optical methods for
signal generation, processing, and distribution. In
this RoF (Radio-over-Fiber) scenario, more highly
complex operations are carried out by a centralized
station, which distributes the data to several RAUs
(Radio Access Units) spread along the train tracks,
serving as an interface between the network and the
wireless transmission to the train. RoF has also been
declared a promising option for implementing radio
access networks in 5G communications!®Sl. There-
fore, the integration of broadband railways commu-
nications into 5G networks can be achieved in prac-

tice by including them as clusters within optical net-

works for mobile applications!™.

Unfortunately, there are still some problems left
to solve when operating at those frequencies. In par-
ticular, the high free-space path loss and the atmo-
spheric absorption that occur and cause difficulties
in implementing long-distance links[®l. Although at-
tenuation is high at mm-wave frequencies, there are
some frequency windows in which the atmospheric
absorption is lower, offering high-capacity potential.
One of these is the W-band (75-110 GHz), which
is considered one of the main candidates for radio
frequency links®'!.  The use of high gain direc-
tive antennas is a possible solution to attenuation.
These antennas allow longer transmission distances
to be achieved at the expense of focusing the radi-
ated energy on reduced areas. Therefore, the abil-
ity to steer the beam direction is required to en-

(121, Several techniques

hance the coverage region
have been proposed over the last few years, includ-
ing mechanical steering, beamforming['3!, the use of
reflect arrays'¥, and the use of lens antennas('5.
In this article, a mechanical beam steering appli-
cation, based on a Stewart platform, is proposed for
use in the RAUs of an RoF architecture to provide
high-speed Internet to moving targets in 5G wireless
networks. In our RoF concept, radio carriers are not
transported over the fiber, but rather, data is trans-
mitted as a baseband signal and the radio carrier is
generated on a photodiode that acts as a heterodyne
mixer. Therefore, by employing a Stewart platform
on which both the antenna and the photomixing el-
ement are placed, our solution combines the RoF
method with beam steering that is independent of
both the carrier frequency and the data transmis-
sion bandwidth. The remainder of the paper is orga-
nized as follows. In section 2, the main architectures
for providing high-speed connections to trains that
are reported in the literature are briefly described.
Later, in section 3, our proposed architecture is pre-
sented by introducing both transmission at W-band
frequencies and antenna-steering capabilities to the
RoF approach. Subsequently, an accurate mechan-
ical beam steering application is outlined in section

4. In sections 5 and 6, we present a real-time experi-



ment and its results for the wireless transmission of a
2.5 Gbit/s NRZ (Non-Return-to-Zero) signal with a
carrier frequency of 81 GHz (W-Band) that validates
the aforementioned architecture. The transmission
antenna has the ability to steer the radiation beam
to follow the receiver, which is situated in different

positions.

2 Architectures for railway communi-

cations

Several architectures have been proposed over the
last few years for providing broadband internet to
train passengers. The simplest solution consists of
relying on the pre-existing cellular network on the

(16] " which is known as a

ground outside the train
terminal-to-ground architecture. Passengers’ mobile
devices are directly connected to the BSs on ground.
The most significant problem with this architecture
is that trains pass through areas with coverage that is
poor or even non-existent because of the geography.
Furthermore, the signal is drastically attenuated by
the train carriage, which has Faraday cage charac-
teristics. Moreover, when a transition between cells
occurs, the handover must be done for every mobile
terminal on the train. As a consequence, train-to-
ground architectures are preferred. In these archi-
tectures, the communications between end users and
the access network are split into two segments: a
wireless link between a BS on the ground and an AP
(Access Point) on the train and an intra-train net-
work connection connecting the passengers with the
common AP!>'6]_ Therefore, only the AP must be
switched from one cell to another when a handover
takes place, and better coverage is achieved since the
train antenna is situated outside the metal structure
of the train.

While WLAN TEEE 802.11 is the most widely used
standard for intra-train networks, there are many
possibilities for implementing the last hop between
the train and the distributed networks:

e Satellite communications. These represent a
traditional method of providing broadband access to

moving vehicles. Satellite links have some important

limitations, such as high latency and the need for a
line of sight (reducing the coverage in cities and in
tunnels). Although this technology is insufficient for
achieving the broadband requirements of the future,
it represents a good choice for use in sparsely pop-
ulated areas where the deployment of terrestrial in-
frastructure is more difficult®®. For instance, French
TGV trains use satellites links to provide coverage
in some areas.

e Railway cellular communications. Cellular com-
munications with dedicated BSs distributed along
the train track are another widespread solution. The
GSM-R (GSM (Global System for Mobile Commu-
nication) for Railways) appeared as an extension of
GSM and became the network standard for railway
communications!!”l. Currently, it is unable to sup-
port increasing bandwidth demands, so it has been
replaced by the 4G standard, LTE-R, which offers a
better performance. The main advantage of LTE-R
is the high capacity offered by 4G networks'”. The
AVE trains in Spain and the ICE 3 trains in Ger-
many have embraced these solutions.

e Wireless LAN. It is possible to use the IEEE
802.11 standard to connect trains with ground BSs.
Doing so provides both large capacities and reduced
latencies®. The main disadvantages of this method
are the small sizes of the cells, which result in greater
numbers of handovers, and the high costs associ-
ated with the deployment of its associated infras-
tructure over the track. Some high-speed trains,
such as the ETR 500 in Italy and the Acela in the
US, have adopted this solution. As an alternative,
WIMAX (Worldwide Interoperability for Microwave
Access) has also been used as a standard for con-
necting high-speed trains, obtaining better perfor-
mances than IEEE 802.11 solutions with larger cell
sizesPl. For example, the Finnish high-speed train,
Pendolino, relies on WIMAX for its communications.

e LCX (Leaky Coaxial Cable). This method is
the preferred option for Japanese high-speed trains,
such as the N700 Shinkansen. Radiating cables are
laid along the tracks to provide communications with
a mobile router aboard the train'8!. LCX provides

a high capacity, although its capacity is lower than



those of other solutions, including LTE-R and RoF.
e Radio-over-Fiber. Fast moving users architec-

(19 a5 an RoF so-

ture was proposed by Greve et al.
lution for providing connectivity to trains. The main
concept of this method is the distribution of several
RAUs along the tracks, which are fed by an opti-
cal ring network connected to a centralized control
station. In the RAUs, the optical data is converted
to electrical data and transmitted though the anten-
nas. This is a cost-effective solution that provides
high-capacity access. Its main limitation is its cell
size. The THSR 700T train, used in both China and
Taiwan, has adopted an RoF approach.

e CR (Cognitive Radio). PTC (Positive Train
Control) is a system that is used to control and mon-
itor trains in order to improve their safety. In addi-
tion to the data generated by the passengers, there
is also train-related information, such as telematics,
control, and signaling data, that needs to be trans-
mitted. Several radio solutions have been considered
to accomplish this, but CR has emerged as the lead-

ing candidatel®.

The outstanding characteristic of
this system is its ability to constantly allocate free
bandwidth slots using persistent parameter observa-
tion, including observation of the carrier frequency,
bit rate, and modulation scheme parameters. This
solution is used to enhance the train’s security but
not to provide Internet connections to the passen-
gers.

Among all of the abovementioned architectures,
RoF and LTE-R are the leading candidates for ac-
commodating the high bandwidth demands of future
networks, since they are the options that offer the
highest capacities. The main advantage of RoF over
LTE-R is that the deployment cost of the RAUs,
which are not responsible of any data processing, is
lower than the cost of the BSs in LTE, which are
more complex. On the other hand, the cell size is
much smaller in RoF than it is in LTE-R, resulting
in a greater number of handovers. Even though the
smaller cell radius appears to be a problem, it allows
for more efficient use of the available frequency spec-
trum, since the same channel can be used by different

RAUs that are separated by sufficient distances.

3 Proposed architecture

The architecture proposed in this work for the
ground-to-train segment is shown in Fig. 1 and is

composed of three elements:

e Control station. The control station serves as an
interface between the aggregation network and the
railways access network. It is responsible for both
modulating the data and transmitting it via optical
fibers to the RAUs. It utilizes its central view of the
network to develop efficient algorithms for handovers
between adjacent cells, since the order of the RAUs

4,20l The signal

is known over the route of the train!
generated at the control station is distributed to the
RAUs through optical fibers.

e RAU (Radio Access Unit). The RAUs are
spread along the train tracks. They receive data
from the optical network and perform up-conversion
from an optical baseband to a wireless carrier by
seamlessly photomixing the data into any protocol
or modulation format, thus both simplifying the ar-
chitecture and reducing costs. Moreover, the wireless
carrier selection is easily made based on the choice of
the proper wavelength for the tunable local oscilla-
tor light source. After that, the signal is transmitted
wirelessly to the train. Two key features are intro-
duced: transmission at W-band frequencies (75-110
GHz) and beam steering capabilities. Taking ad-
vantage of the fact that each RAU is dedicated ex-
clusively to providing Internet to the train over a
known path along the tracks, a beam steering appli-
cation can be used to focus an RAU antenna’s ra-
diated energy while following the receiver mounted
on the train. Combining this concept with trans-
mission at mm-wave frequencies, both increases the
capacity available and results in a promising method
of overcoming the RoF scenario problems. Long dis-
tance links have previously been demonstrated at W-

(11, Theoretically, cells with radii of

band frequencies
around 100 m can be achieved, both increasing the
cell size and reducing the number of handovers.

e Train access terminal. The train access termi-
nal is the antenna on the train that recovers the

wireless signal, which is subsequently demodulated.



application for W-band data links with moving targets in 5G wireless networks

After that, this terminal serves as a bridge to the
deployed WLAN IEEE 802.11 network, distributing
repeaters to every carriage, as shown in Fig. 1(b). As
a consequence, a passenger travelling on the train can
connect their mobile device to the train’s WLAN net-
work, and the device will be forwarded to the global
Internet through the RoF network described.

control
station

RAUyN

RAU;
RAU,

() () train
( gmccess D ‘ ‘ ( iccess[j access
point, g ‘ terminal
gateway D ey |
gatewa,
T
“eoe® 00" “00 e
(b)

Figure 1 RoF architecture. (a) Centralized control station

optically distributes data to RAUs spread along train tracks;
(b) intra-train WLAN IEEE 802.11 network deployed inside

train

There are two main issues that need to be ad-
dressed by this architecture: the handover process
and train tracking. Dynamic network reconfigura-
tion at mm-wave frequencies is a topic that has been
widely discussed®!). An RoF architecture for seam-
less communication using a carrier frequency of 60
GHz was proposed by Pleros et al.[¥l. They verified
the effectiveness of a handover algorithm operating
between picocells for high mobility users. The an-
tenna on the RAU has to be able to follow the AP
mounted on the train. There is a lot of train-related
information (e.g., position, speed, telematics) that
also gets transmitted. This data can be used to de-
fine an effective algorithm for tracking the moving
vehicle.

Although, for simplicity of exposition, the archi-
tecture has only been described under the considera-
tion that data is transmitted from the control station

to the passengers, communications are actually bidi-

rectional. The antenna systems in the RAUs and
on the train act as both transmitters and receivers.
The remainder of this article will focus on testing and
demonstrating the feasibility of the RAU scheme.

4 Implemented beam steering system

In the broadest sense, the term “beam steering”
refers to the ability to adjust the radiation beam
pointing out of an antenna. Several techniques
have been used to accomplish this over the years!*2!.
Beamforming uses an array of antenna elements with
their radiated fields combined in such a way that the
desired radiation pattern is generated in the far field.
In analog beamforming, this result is achieved by ad-
justing the gains and phases of the signals feeding the
array, whereas in digital beamforming, it is achieved
through digital processing!*3:22].

Although antenna arrays have been widely used
for beam steering in other spectrum regions, the
characteristics of the mm-wave range make using
them complex and costly. Reflectarrays represent
an alternative to these. They consist of an array of
reflecting elements in which the phase shift provided
by each element can be controlled. As a consequence,
the reflected wave can have the desired properties!*!.
This is a more feasible solution for high frequen-
cies, but both the achieved steering speed and ac-
curacy are lower. Another option is the use of an ar-
ray of independent antennas positioned at the focal
plane of a lens, illuminating it from different posi-
tions. Its beam direction can be modified by switch-
ing the radiating element among all the antennas in

(151 The main drawback of this solution is

the array
its inefficiency, since only one element is radiating at
any time.

A trivial solution, which can overcome the com-
plexity constraints of beam steering techniques at
mm-wave frequencies, is mechanical movement of
the radiating elements. Mechanical steering refers
to turning an antenna to face the direction of in-
terest. This method still carries some limiting fac-
tors, such as antenna size and steering speed. How-

ever, mechanical steering is suitable for aiming at
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Table 1 Comparison of beam steering techniques at mm-wave frequencies

technique inserttion loss complexity cost resolution speed frequency dependence
analogue beamforming high moderate high high fast high
digital beamforming high high high very high fast limited by adc
refelctarray medium moderate high high fast high
lens antenna low low medium high fast high
mechanical steering low low low continuous slow none

a moving target with a known path while trans-
mitting at mm-wave frequencies, since the antennas
can be constructed small enough to accomplish this.
The main advantages of mechanical techniques are
reduced cost and the fact that the radiation char-
acteristics are maintained over the whole steering
range. Despite their simplicity, there have not been
many feasibility studies performed on using mechani-
cal steering methods at mm-wave frequencies. Tab. 1
shows a comparison of the aforementioned methods.

The solution proposed for beam steering at W-
band frequencies consists of placing the transmit-
ter antenna on a Stewart platform. This device is
a robot based on a 6-axis (i.e., z, y, z pitch, roll,
and yaw) actuator system arranged in parallel to
two platforms and utilizing direct drive brushless
DC motors (Physik Instrumente PI H-811.D2). The
main advantages of this robot are its high resolu-
tion (40 nm for a single actuator) and its repeata-
bility (0.06 pm). A horn antenna operating in the
W-band is mounted on a Stewart platform, as shown
in Fig. 2, which includes the coordinate system used.
This antenna can be moved with six degrees of free-
dom: three translational axes (z, y, and z) and three
rotational axes (w, or azimuth angle; v, or elevation

angle; and u angle).

5 Experimental setup description

The experimental setup is shown in Fig. 3. At the
transmitter side, a PPG (Pulse Pattern Generator)
provides a 2.5 Gbit/s (2'° — 1)-bit long pseudoran-
dom bit sequence (PRBS15) NRZ signal to a SFP+
The optical output the SFP+ module,

which has an extinction ratio of 9 dB, is launched

module.

into 10 km of standard single-mode fiber, represent-

Figure 2 Stewart platform coordinate system: platform can
be moved with six degrees of freedom inside the train, includ-
ing the standard zyz coordinate system directions and the

rotation coordinates u, v, and w.

Figure 3 Experimental setup. PPG: pulse pattern genera-
tor, SFP+: enhanced small form factor pluggable, SMF": single
mode fiber, LO: local oscillator, VOA: variable optical atten-
uator, PC: polarization controller, EDFA: erbium-doped fiber
amplifier, OSA: optical spectrum analyzer, PD: photodiode,
MPA: medium power amplifier, LNA: low noise amplifier, ED:
envelope detector, BT: bias tee, CLK: clock, BERT" bit-error-
rate tester.



ing an optical link between the control station and
the RAU. At that point, the signal is coupled with
an external cavity laser that is acting as a tunable
LO (Local Oscillator). The frequency of the LO is
modified to create a frequency difference of 81 GHz
with the data signal. The power is controlled by a
VOA (Variable Optical Attenuator), so the optical
power of both branches is approximately the same
before coupling. Next, an EDFA is implemented to
raise the optical power of both the data signal and
the LO simultaneously. Immediately after that, a
second VOA is used to control the optical power in-
cident on the photodiode Ppp to perform real time
measurements of the BER. In the PD, the optical
up-conversion process takes place, and, as a result,
an RF signal is generated with a (W-band) carrier
frequency of 81 GHz[%1%, In the electrical domain,
the signal is amplified to 8 dB by a medium power
amplifier and transmitted using a horn antenna with
a gain of 24 dBi.

Afterwards, the recovered signal is amplified by
an LNA with a gain of 40 dB and then demodulated
with an ED (Envelope Detector) based on a Schottky
diode with a nominal bandwidth of 3 GHz. Finally,
a clock recovery stage provides both the data and
timing signals to a BERT (Bit Error Rate Tester) to
perform real-time measurements.

In the experiment described above, the environ-
mental aspects are limited to the case of a moving
target. There are still aspects of vibrations, wire-
less channels variations, and other phenomena that
are left for matters of further study. In a more re-
alistic deployment, the performance of our proposed
beam steering method depends on the relationships
among the speed of the moving object, the employed
platform’s adjustment speed, and the delays caused
by any feed-back mechanism. However, the scala-
bility of our system can be verified. Stewart plat-
forms that are currently available on the market can
achieve angular velocities of up to 34 °/s. In our ex-
periment, this implies that the maximum velocity of
a moving receiver, disregarding the feedback delay, is
4.3 km/h. W-band wireless links have been demon-

strated for distances of up to 220 m['!), which means

that an antenna unit can be situated 200 m away
from the tracks and cover a 60 m diameter cell. In
this scenario, a Stewart platform could follow a bul-

let train travelling with a speed of up to 340 km/h.

6 Experimental results

To demonstrate the concepts addressed in this paper,
real-time BER measurements are taken in 13 differ-
ent receiver positions along the functional range, as
shown in Fig. 4(c), between +30 cm. For each po-
sition, the lg(BER) is plotted with respect to the
optical power incident on the photodiode Ppp. The
surface containing the results, as shown in Fig. 5, is
compared with the BER limit of 3.8 x 1073 using
a typical FEC (Forward Error Correction) scheme
with 7% overhead.

(c)

Figure 4 Experimental setup. (a) The transmitter antenna

is mounted on a Stewart platform that can be steered with
six degrees of freedom; (b) the receiver antenna is placed on a
platform which allows vertical displacement with respect the

transmitter; (c) overall scenario

In consideration of these results, there are several
conclusions that can be drawn. When the receiver
is at 0 cm, a small BER (close to error-free trans-
mission) is achieved with Ppp = 2 dBm. Even when
reducing the optical power to less than 0 dBm, the
BER remains below the FEC limit. When the dis-
tance increases, a higher power is needed to achieve
the same BER values. There are two main reasons
for this behavior. First, the distance between the an-

tennas increases, so, according to the Friis transmis-
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sion equation, the power received decreases due to
attenuation. Second, directive antennas are used in
both transmission and reception, which means that a
lower gain is achieved because of misalignment, since
the receiver antenna is not pointing directly at the

transmitter.
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Figure 5 Experimental results of BER with respect optical
power incident on photodiode with receiver situated at differ-

ent positions

An important parameter to measure is the sensi-
bility of the system, defined as the minimum optical
power needed for the photonic up-conversion process
to guarantee that the possible errors made will allow
for recovery. Fig. 6 shows the sensibility, calculated
graphically as the curve where the BER surface in-
tersects with the limit determined by the FEC tech-
niques. For a receiver situated close to the center,
values below 0 dBm are achieved with a minimum
of around —0.5 dBm. Although the sensibility in-
creases for larger displacements, successful commu-
nication can still be achieved with an optical power
of 2.75 dBm.

Finally, Fig. 7 shows the BER with respect to the
receiver position for different values of optical power.
In other words, it depicts the range in which the re-
ceiver can be moved depending on the available op-
tical power. With Ppp = 0 dBm, the receiver can be
moved when it is between —5 cm and 410 cm. When
the power increases by 1 dB, the functional range be-
comes £15 cm, +20 c¢m in the case of Ppp = 2 dBm,
and the entire range is covered when Ppp = 3 dBm.
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Figure 6 System sensibility, defined as the minimum optical
power needed before the photonic up-conversion for successful

communication
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Figure 7 Experimental results of BER with respect the re-
ceiver position for a constant optical power incident on the
photodiode

These results confirm that our proposed beam
steering solution can provide foundations for appli-
cations in which the W-band band is used for high
capacity wireless data transmission, such as last mile
broadband access and high-speed wireless connec-
tions to trains, vehicles, or other moving objects.
Moreover, it can provide foundations for applications
in both industrial wireless communications control

systems and robotic communication.

7 Conclusions

In this paper, we presented an architecture for deliv-
ering W-band mobile communications to the mov-
ing receivers of trains. The key features incorpo-
rated in this work are wireless transmissions in the
W-band to increase the capacity and beam steer-

ing capability for the transmitter antenna to follow



the receiver over a known path, increase the cover-
age area, and optimize the power budget. Real-time
measurements for the transmission of a 2.5 Gbit/s
NRZ signal at a carrier frequency of 81 GHz were
taken at different positions of the receiver, with the
transmitter, mounted on a Stewart platform, having
With an optical

power of 3 dBm before the photonic up-conversion,

the ability to track the receiver.

BER values below the FEC limit were achieved over
a range of 60 cm of vertical displacement for the re-
ceiver antenna around a center position situated 2 m
away from the transmitter. Our results serve as engi-
neering guidelines for the design of future communi-
cations systems that provide broadband connections
to trains using an RoF approach at millimeter-waves

frequencies.
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