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Abstract— Wireless systems operating in the 60 GHz band
are promising for achieving broadband connectivity to/from
high-speed trains. However, the high mobility creates new
challenges on the physical and medium access control (MAC)
layer and requires a dedicated infrastructure of closely-
spaced base stations near the train tracks. We develop an
optimization framework for selecting the pairs between in-
frastructure stations and the antennas on the train to achieve
sum rate maximization. We investigate the maximum spacing
between base stations that allows Gigabit/s transmission. We
then evaluate a MAC protocol similar to IEEE 802.11ad and
find that the overhead enforced by sector scanning can be
greatly reduced by exploiting the fact that the train position
can be approximately predicated by a mobility manager.

Index Terms— 60 GHz, Millimeter-Wave, Gigabit Wireless,
Mobility Support, High-Speed Train Networks

I. INTRODUCTION

Broadband wireless communications capabilities are an
important convenience on high-speed trains. The sum-
rate requirements from a train compartment can easily
reach Gigabits/s, exceeding current cellular capacities, and
suggesting dedicated train communications systems.

For general high-speed communications systems,
millimeter-wave (mmWave) wireless transmission are an
attractive solution. In particular, radios operating in the
60 GHz band are considered because more than 7 GHz
of bandwidth are available without license [1]. Therefore,
several wireless standards have been developed for this
frequency range, such as IEEE 802.11ad [2].

High-speed train communications differ in several re-
spects from the applications for which 802.11ad was orig-
inally developed, namely indoor wireless video distribution
systems: (i) it is operating outdoors, over much larger
distances, (ii) it has to deal with velocities that are two
orders of magnitude higher, (iii) it does not encounter
non-line-of-sight situations. We therefore first investigate
the link budget and determine the maximum distances that
infrastructure base stations (BSs) are allowed to be placed
apart. Antenna gain through beamforming is required to
obtain reasonable coverage ranges. In particular, direc-
tional antennas whose main beam can switch between a
set of discrete directions (sector switching) provide a good
compromise between cost and performance. Furthermore,

since we assume that each compartment has its own trans-
mission/reception antenna, we investigate the optimum
pairing of BS antennas and sectors with train antennas.
We formulate the optimization problem, which has to be
solved frequently due to the rapid train movement.

Our second contribution lies in the optimization of the
MAC protocol. 802.11ad foresees a sector sweeping in
order to find the best combination of transmit and receive
sectors. In a naive approach the sweeping would have to
be done at intervals shorter than the coherence time of
the channel, which is not a problem for indoor environ-
ments, but prohibitive for high-speed train applications.
We therefore suggest a mobility manager that predicts the
train position (and the associated optimum sectors. If the
position prediction is perfect, then no sector sweeping is
necessary; if the velocity is known only approximately,
we determine the optimum repetition time of the sector
sweep from the variance of the velocity estimate. While in
60 GHz mobility support research, there are several papers
which try to support mobile services in terms of adaptive
beamforming [3], none has yet - to our knowledge - sug-
gested using this kind of network information which can
be very useful in this kind of quasi-predictable systems.

II. A REFERENCE NETWORK ARCHITECTURE

A. 60 GHz IEEE 802.11ad Beamforming

Wireless communications in the 60 GHz range suffers
from high pathloss. To compensate, adaptive beamforming
is one of essential techniques [4]. The working principle
is that the main lobes of high-gain antennas at transmitter
and receiver are continuously pointed towards each other,
thus providing for a higher link gain. Among the beam-
forming techniques, we can distinguish between (i) beam
switching and (ii) fully adaptive beamforming. While the
latter provides better performance in particular in NLOS
situations [5], it is also more expensive to implement. This
paper thus concentrates on beamswitching.

The beamforming procedure of IEEE 802.11ad is de-
scribed in [6] and it has three phases: (i) sector sweep-
ing, (ii) beam refinement, and (iii) beam tracking. In
the first phase, i.e., sector sweeping, the initiator of the
communication transmits training frames for every single



Fig. 1. Link Budget Analysis for 60 GHz IEEE 802.11ad

sector it wants to train. The sectors are defined based on
the antenna gains and IEEE 802.11ad normally considers
13 dBm antenna gain, in turn, 8 sectors (beamwidth: π/8)
are created in this configuration [6]. The responder of the
communication receives the training frames and configures
its antenna to get a quasi-omni directional antenna pattern.
This is followed by the responder sending a set of training
frames for each sector it wishes to train. After that, sector
sweep feedback information is exchanged between both
of initiator and responder, in turn, both sides can finally
obtain the sectors which give the highest SNR. This is
performed by adding training fields to packets. These
fields contain channel measurement information which
are used for feedback. The beam refinement and beam
tracking phases are only relevant if adaptive beamforming
(instead of sector switching) is used, and thus will not be
considered further in this paper.

B. Link Budget Analysis

For the link budget [7], Shannon’s capacity is used:

L = B · log2 (1 + SNR) (1)

where SNR is Psignal/Pnoise, Psignal and Pnoise mean the
signal power and noise power. B is the bandwidth, set to
2.16 GHz [1]. Psignal, dB is computed as:

Psignal,dB = E +Gr −W −O(d) + F (d) (2)

where E stands for EIRP, which is limited to 40 dBm
(average in USA), 43 dBm (peak in USA), or 57 dBm
(in Europe). Gr means the receiver antenna gain and is
set to 13 dB [6]. W is the shadowing margin, assumed
conservatively as 10 dB. F (d) represents the path loss:

F (d) = 10 log10 (λ/(4πd))n (3)

where d is a distance and n is the path loss coefficient, set
to 2.5 for LOS scenarios, according to [8]. The wavelength
(λ) is 5 mm at 60 GHz. O(d) is the oxygen attenuation and
O(d) = 0.015·d and is ignored for d < 200 [8]. Pnoise,dB is
computed as the thermal noise power, plus receiver noise
with 6 dB noise figure. This analysis concludes that the
distance is the distance (denoted as dl) for successful de-
coding is around 30 m (for the maximum EIRP admissible

Fig. 2. A Reference Network Model: A Bird View

in the USA) when the data rate is 1 gigabit/s as shown in
Fig. 1, and around 150 m for the EIRP in Europe.

C. Architectural Descriptions

Fig. 2 shows the reference model of the proposed
infrastructure-to-vehicle high-speed train systems. In this
figure, all BS (Bi, ∀i ∈ {1, · · · , |B|} are connected to
a mobility manager (MM) via optical fibers. Each BS has
802.11ad capable RF and covers its sectorized areas. When
a train runs besides a BS, each compartment can receve
signals from the BS. If the distances between BSs and
compartments are less than dl, then gigabit service can be
achievable.

III. PROPOSED SCHEME

For the optimum pairing and sector assignment, we
assume that we know the capacity for all the links and sec-
tor combinations between infrastructure and train. Based
on this information, the MM computes the optimal (in
terms of sum-rate maximization) matching between BSs
and the multiple antennas on the train (we assume one per
compartment) as follows:

max

|C|∑
i=1

|B|∑
j=1

L (Bj → Ci) · I (Bj → Ci) (4)

s.t.
∑
i∈Tp

L (Bj → Ci) ≥ G,∀k, ∀j(5)

|C|∑
i=1

I (Bj → Ci) ≤ 1,∀j (6)

|B|∑
j=1

I (Bj → Ci) ≤ 1,∀i (7)

where ∀i ∈ {1, · · · , |C|} and ∀j ∈ {1, · · · , |B|}. Assume
that the MM has enough resources to compute the given
formulation without time overheads. Here, i and j are
the indices for all sectors on all compartments (Ci) and
BSs (Bj), respectively and L (Bj → Ci) stands for the
function that computes the data rate from Bj to Ci, see
Sec. II-B. Tp is the set of sectors on one compartment,
and I (Bj → Ci) is a boolean index for indicating the
connection, i.e., if it is 1, Bj and Ci are connected.



Otherwise, i.e., I (Bj → Ci) = 0, they are not connected.
Using (6) and (7), each BS sector can be associated with at
most one compartment sector and vice versa, respectively.
Eq (5) implies that the data rate of every compartment
(i.e., summed over the compartment sectors) should be
more than G which ensures a minimum (compartment)
transmission rate. After having the solutions of this optimal
matching framework, the MM predicts which sector of
each BS can serve the matched compartment. Note that
for the case that the distance of the compartment antennas
is equal to the distance between BSs, the link pairing and
the sector assignment can be done in two separate steps,
which reduces the computational effort.

A naive implementation of the system would require
a sector sweep (as described in Sec. II) whenever the
channel has changed appreciably, i.e., within the coherence
time of the channel, leading to an enormous overhead.
However, (perfect) knowledge of the train position allows
us to change the pairing and sector assignment without any
training frames, purely based on the geometry - we just
need to recompute the assignment once every ∆t ≤ k · dl

v
where k is a constant that trades off precision with compu-
tational burden. While this still imposes a computational
burden as we have to recompute the assignment whenever
the channels change, it avoids the physical-layer overhead
of actually measuring the best pairing sector assignments.

Due to the velocity estimation error, there is an un-
certainty in the train position that can be assumed to be
linearly proportional to the value of (tservice + tsector)×σv2

where tsector is the time for one sector sweep and tservice is
the time of the length of the block between two sweeps. If
the uncertainty becomes too large, the sector assignments
will become suboptimum, and the signal-to-noise ratio will
decrease unacceptably. Thus, to deal with uncertainty, a
sector sweeping step is required, though with much smaller
repetition rate than in the “naive” system. Thus, the overall
spectral efficiency depends on how often we sweep sector:

S(t) = log (1 + SNR(t, tservice)) ·
tservice

tservice + tsector
(8)

where tservice should be chosen to maximize the average
spectral efficiency, Et{S(t)}.

IV. SIMULATION RESULTS

For simulation, the speed of train is assumed to be
constant (v = 360 km/h (i.e., 100 m/s) and the standard
deviation of the estimation error is set to σ2

v = 3.6 in
Fig. 3(a). For link budget analysis, we consider EIRP limits
for the USA, i.e., 40 dBm, in turn, dl = 30 m. The BSs
and compartments are aligned and the distances between
BSs as well as the ones between compartments are all set
to dl = 30 m. Thus, ∆t should be less than 0.2885 second,
thus it is set to 0.01 second in this simulation.

The achievable capacities are simulated depending on
the various distances between the BSs and the train tracks,

(a) Achievable Capacity (b) Tradeoffs

Fig. 3. Simulation Results

i.e., 15 m, 20 m, and 25 m in Fig. 3(a). As shown in
Fig. 3(a), the achieved capacity per compartment exceeds 1
gigabit/s when the distance between BS and compartment
is less than 25 m. Fig. 3(b) plots the spectral efficiency
as a function of the ratio ( tservice

tsector
) is plotted. For small

ratios, the sector sweeping overhead leads to a small
spectral efficiency, while for very large ratios, the error in
the position estimate results in wrong sector assignments,
which in turn lead to low capacity. Consequently, there is
an intermediate ratio that is optimum; this optimum can
depend on the velocity error.

V. CONCLUSIONS

This paper proposes an optimization framework for
supporting Gigabit/s mobile services in high-speed train
networks with dedicated infrastructure. We found optimum
pairings between BSs and compartments sectors, and im-
proved the efficiency of the MAC protocol.
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