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Intelligent Reflecting Surfaces Assisted
Hyperloop Wireless Communication Network

Wafa Hedhly, Osama Amin, Mohamed-Slim Alouini, and Basem Shihada

Abstract—Hyperloop or evacuated-tube transportation is a groundbreaking technology that can reach aircraft-like speeds. Its
uncommon configuration of a steel-made tube isolates the moving pod from the outside wireless world. In this work, we propose an
inner tube network architecture that can provide the moving pod with a seamless and reliable connection. The proposed network
consists of successive access points (APs) and intelligent reflecting surfaces (IRS) strategically positioned along the tube and
connected to a control station (CS) through wired links to improve the wireless cell coverage. The subsequent entities of the proposed
design are intelligently placed along the movement path, steering the transmitted beam towards the receiver, while a soft handover is
achieved between consecutive cells. First, we optimize each IRS’s positioning and phase shifts to maximize cell coverage thanks to the
IRS scanning abilities while keeping a minimum quality of service. Afterward, we exploit the centralized operation at the CS and design
a soft handover scheme for the inner-tube wireless network. The numerical results show that the proposed approach provides good
cell coverage and spectral efficiency with different IRS scanning ranges.

Index Terms—Hyperloop communications, vacuum tube communications, high-speed flying train, vactrain, intelligent reflecting
surfaces, reconfigurable intelligent surfaces, metasurface, beam steering.
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1 INTRODUCTION

THE flying train concept is shaping up, enabling super-
sonic speed transportation. Hyperloop is a novel solu-

tion that breeds immense advantages for people and freight
transportation. The overall design aims to reach speeds
of over 1000 km/h by integrating magnetic levitation and
propulsion in a pressurized environment [1], [2]. The Hy-
perloop system exhibits a complex structure, incorporating
various technologies to move at tremendous speeds. Under
these exceptional circumstances and unique scenarios, the
employed communication system should provide reliable
connectivity under several challenges. The adopted sealed
steel-structured tube in the Hyperloop prevents signal pen-
etration, isolating the inner world from the outside and
creating a highly scattering environment for electromag-
netic (EM) waves. Also, the exceptionally high speed of
the traveling pod results in severe Doppler shifts and fre-
quent handovers, leading to increased transmission errors
and delays. In addition, applying conventional high-speed
rail wireless communication solutions to Hyperloop hits a
bottleneck because of the high-speed traveling pod and the
lack of appropriate channel models and system designs [3].

Intelligent reflecting surfaces (IRSs) or reconfigurable
intelligent surfaces are being recognized as a revolution-
ary technology that provides a new perspective on future
wireless systems and addresses several design challenges
through the generalization of the conventional laws of EM
waves [4]. IRSs offer a new degree of freedom, with a wide
variety of functionalities allowing wavefront manipulation
via an ultrathin and compact structure [5]. An IRS-based
system can achieve fast and efficient beamsteering, which
supports tracking-based systems with a good accuracy [6]–
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[8]. Different from the conventional beam-steering approach
achieved through phased array antennas and digital beam-
forming, the IRS-based steering system cope with the lim-
itations of the conventional systems. Specifically, the IRS-
based system is less expensive than the phased-array an-
tenna system [9] as the latter requires a high number of
phase shifters with their control circuitry along with the
feeding network that is very complex [6]. On the other hand,
digital beamforming systems need a separate RF chain per
antenna element [10], [11]. Hence, the IRS-based system can
provide a promising simple structure beamsteering solution
that can achieve high beamforming gain, similar to massive
MIMO but with a reduced energy and hardware cost [12].
Along this line, the performance of wireless systems can
be optimized through the design of the IRS passive beam-
forming through an adaptive tuning of the phase-shifts. The
objective varies between maximizing rate performance [13],
reducing power consumption [14], or proposing energy-
efficient schemes [15]. In order to reduce channel state
information (CSI) overhead, a novel scheme based on the
illumination of the mobile user within a certain area was
proposed in [16].

Traditional communication systems face significant chal-
lenges when deployed inside tubes for high-speed pod com-
munication. For example, bouncing signals and multipath
interference can degrade link performance. Moreover, the
tube’s small radius (around 2 m) results in limited trans-
mission ranges of wireless signals. Hence, a customized
solution is needed for Hyperloop communication to ad-
dress these challenges. We propose a novel architecture
for the Hyperloop downlink communication network using
IRS beamsteering. The system exploits the IRS’s tuning
capabilities and antenna/IRS configuration to mitigate the
harsh tube environment. The IRS reflects and steers signals
towards moving pods. Their compact profile and recon-



2

figurability suit the tight tube space. Our proposed IRS-
based solution avoids multipath interference and improves
performance. It directs a focused beam at the pod receiver,
effectively avoiding reflected signals. The contributions are
summarized as follows:

• We propose a system architecture that can avoid the
multipath, overcome Doppler effect and improve the
cell coverage of the communication network insider
the limited space inner-tube. The system comprises
successive APs mounted on the tube wall, each
with a highly directed transmit antenna radiating to-
wards its corresponding IRS. The antenna transmits
a narrow beam to avoid interference from reflections
inside the tube and increase the coverage of each
AP. Hence, it is necessary to address this limitation
to reduce the implementation cost of Hyperloop
communication network. A promising solution is
to track the receiver using automatic adjustment of
the IRS phase shifts while avoiding multipath and
compensating for the Doppler effect.

• We tune the IRS positioning parameters to increase
cell coverage for the network inside the tube while
keeping a minimum quality of service. The system
employs millimeter wave technology because lower
frequency technologies require bulky components,
which is inconvenient for the limited space of the
tube. Moreover, lower-frequency signals have wide
beam angles leading to increased scattering events
and reduced transmission ranges. We formulate and
solve the corresponding optimization problem with
the objective of cell coverage maximization while
maintaining a minimum DL data rate.

• We design the multi-cell configuration considering
a soft handover between successive wireless cells to
ensure a smooth transition with reliable communi-
cation links quality. We tune the overlap distance
between successive cells to minimize the system
handover rate while maintaining a minimum DL
data rate. The simulation-based evaluation considers
realistic parameters for the tube and pod dimensions
based on HyperloopTT technology prototype [17].

The rest of the paper is organized as follows. Section
II provides a detailed description of the proposed system
and the benefit of using an IRS. In section III, we present
the IRS parameters and system model. Section IV provides
the single-cell design that can maximize cell coverage. Then,
section V offers the multi-cell design based on a minimum
overlap area between successive cells to ensure handover
execution. In section VI, we provide the simulation results.
Finally, we conclude the work in section VII.

2 RELATED WORK

Recently, Hyperloop communication started drawing the at-
tention of the vehicular communication research community
to cope with its particular communication requirements.
The related research investigated appropriate system solu-
tions to address the associated unique challenges, where
the research directions covered antenna designs [18]–[20],
channel modeling [21], [22] and network architectures [20],

[23]–[25]. Several attempts focused on characterizing the
channel inside the tube using deterministic approaches [21],
[22]. However, real-field measurements are still required
to validate and adjust the proposed model in order to
consider it for the communication system design. Regarding
the network architectures design, Han et al. adopted a dis-
tributed base-stations wireless network to reduce handover
failure by creating redundant remote radio and baseband
units [23]. On the other hand, a centralized cooperative
cloud radio access network is utilized to address the fre-
quent handover using the moving-cell scheme and optical
switching with a primary focus on tube-to-ground com-
munications [20], [24], [25]. The objective was to benefit
from the moving-cell scheme to lower the frequency of con-
nections/disconnections when moving between successive
cells. Although the moving-cell approach has promising
merits in addressing frequent handoffs in high-speed sce-
narios, it is still an evolving technology and not mature
enough to be implemented in real-life systems. Also, it
imposes higher cost and complexity on both the APs inside
the tube and the network controlling stations [26]. So far,
the available research efforts lack in-depth analysis and
simulations, which are insufficient to address the peculiari-
ties and strict requirements of Hyperloop communications.
Thorough justifications of the system’s choices are necessary
to ensure a robust communication system. Interestingly,
dealing with the peculiarities of the Hyperloop environ-
ment can be achieved through intelligent technologies and
innovative solutions. Herein, we utilize smart surfaces to
propose and evaluate a downlink (DL) inner-tube network
solution capable of overcoming the harsh communication
environment inside the tube.

3 IRS-ASSISTED WIRELESS SYSTEM FOR INNER-
TUBE COMMUNICATIONS

This section proposes an adaptive IRS-based wireless com-
munication system suitable for the Hyperloop inner tube
architecture. The system consists of successive transmitters,
or APs mounted on the tube’s ceiling and connected to a
control station (CS) through an optical fiber that works as a
backhaul link, as shown in Fig. 1. The CS can execute com-
plex, expensive signal processing algorithms to minimize
the operations conducted at each AP. The tube is divided

Figure 1: Inner-tube wireless network.
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into successive sections/cells along its axis, where each cell
is covered by at least one AP, as depicted in Fig. 1. Each
transmitter is composed of an optical-to-electrical converter,
a single highly directive transmit antenna, and an IRS to
steer the beam towards the receiver mounted on the top of
the moving pod, which acts as a mobile relay (MR). All user
equipment (UE) inside the pod connects with the MR to
communicate with the core network. The directive transmit
antenna mounted on the tube can generate a pencil beam
directed towards the IRS mounted on the ceiling, as shown
in Fig. 2. These positions guarantee visibility, i.e., a direct
link between each antenna and its corresponding IRS.

The proposed configuration operation is managed cen-
trally by the CS to guarantee fast execution times. Prompt
decisions and efficient traffic management are crucial for
the Hyperloop system performance to handle the data-
hungry services considering the pod’s speed that results
in frequent handovers. Therefore, the network inside the
tube comprises successive partially overlapped wireless
cells to ensure a smooth transition between the cells. We
first describe the intracell and intercell configurations before
modeling the Hyperloop system and designing the related
parameters.

Figure 2: Proposed system setup.

3.1 Intracell System Configuration
The IRS angle range determines the cell coverage along
the tube axis. We consider symmetric IRS, i.e., the beam
scanning is between −θ and +θ, θ ∈ [ 0, π/2] allowing a
horizontal coverage distance of dm in a tube with a cross-
section radius of Rm. The IRS scans the cell with a specific
switching time to track the pod movement with a speed of
vm/s. To meet the cell coverage limitations due to limited
IRS scanning range, we place the IRS in a tilting position
with angle θt below the tube wall by hm, as depicted in Fig.
2. The proposed configuration extends the distances range
of each cell from d = 2R tan(θ) to

d=(R−h)
(

1

cos2(θ−θt)
+

1

cos2(θ+θt)
− 2 cos (2θ)

cos(θ−θt)cos(θ+θt)

)1
2

.

(1)
The cellular coverage range depends on the constrained

scanned angular range. For example, when the maximum
IRS scanning angle is θ = ±50◦ and R = 1.75m, then,
the cellular coverage range is d = 4.17m. However, with
our proposed setup depicted in Fig. 2, we can overcome the
distance limitations and increase the coverage of each cell.
For instance, if θt = 39◦ and h = 5 cm, the range increases to
d = 97.72m; as can be computed from (1). It is worth noting

that we impose θ + θt < π/2 to avoid the IRS radiating
towards the ceiling and creating undesirable reflections.
Hence, the parameters θt and h introduce two extra degrees
of freedom to the design, which can relax the IRS scanning
requirements. According to the distance expression in (1),
the radius of the tube R contributes to the limited transmis-
sion ranges inside the tube. Fortunately, the cell coverage
depends also on the IRS positioning parameters, providing
further variables to adjust the distance, which helps miti-
gate the tube space limitation. It is important to mention
that the proposed tilting position is particularly convenient
with IRSs because they are thin, simple structures requiring
limited space, with no RF chains or bulky components.

The receiver arrival angle varies with the distance be-
tween the IRS and the receiver, which changes with the pod
movement. Although omnidirectional antennas can avoid
connection disruption, they have low gain, limiting data
rates-hungry services. Hence, we opt to use a multi-sector
planar antenna operating at the millimeter-wave band to
cope with visibility and data rate requirements. For exam-
ple, a multi-sector antenna can divide the radiation pattern
into eight sectors covering 22.5◦, allowing it to cover 180◦

over the azimuth plane and 66◦ over the elevation plane
with a possible gain per sector of 13 dBi [27], as depicted in
Fig. 3. Hence, the multi-sector planar antenna is promising
for this specific system setup. In order to prevent the deterio-
ration of the communication signal-to-noise ratio (SNR), we
consider that a partial area of the receiving antenna surface
is illuminated by the IRS. Therefore, multipath components
are avoided because the transmitted signal is entirely cap-
tured by the receiving antenna.

Figure 3: Multi-sector antenna at the receiver.

The temporal transmission scheme of the proposed sys-
tem adopts a burst transmission, where high-bandwidth sig-
nals are transmitted over short periods. Such a transmission
scheme is necessary due to the interruption caused by the
switching time dedicated for the IRS phase shift adjustment
according to the pod’s position, as illustrated in Fig. 4.
The parameters tData and τswitch are the two-time intervals
characterizing the transmission over time, which represent
the data downloading interval and the silence interval
dedicated for the IRS switching process, respectively. Since
the pod is in constant motion, tData depends on the time
during which visibility between the transmitter and receiver
is guaranteed, which we call tvis. Several parameters control
tvis such as the antenna size and profile area. To avoid pack-
ets loss caused by beam misalignment, we use tData < tvis,
which allows downloading data for η = tData

tData+τswitch
of the

total time.
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Figure 4: System behavior in time.

3.2 Intercell System Configuration

The considered system architecture adopts group handover,
where all UEs inside the pod connect to an MR in the pod,
in order to alleviate the handover process and reduce the
probability of handover failure and dropped connections.
The group handover system is illustrated in Fig. 5.

Figure 5: Group handover.

The movement pattern of the Hyperloop pod is deter-
ministic, unlike most general dynamic scenarios where the
movement direction, velocity, and other factors are random
variables [28]. Hence, the CS has prior knowledge of the
exact instantaneous location of the pod due to its predefined
velocity and movement trajectory inside the tube. Therefore,
we employ a soft handover process during the intercell
movement, where the receiver maintains its connection with
the serving cell while establishing a new connection with
the target cell. The transmission is transferred from an
AP to the next one in the overlap area between adjacent
cells according to the received SNR to avoid connection
disruption during the travel journey.

Since frequent handovers are one of the major challenges
for Hyperloop, the proposed multi-cell system design is
established based on the handover rate Hr performance
metric, which is defined as in [28], as the number of han-
dover per unit time,

Hr =
Number of handovers

Journey Duration
. (2)

If we consider DT the total length of the tube and Nc the
number of cells, the journey (travel) duration is equal to
DT/v. Thus, Hr reduces to

Hr =
Nc − 1

DT
v. (3)

If we denote the separation distance between two successive
APs by Ds, and the overlap distance between successive
cells by δ, we can prove that Nc satisfies the following
equation 1,

Nc − 1 =
DT − d

d− δ
. (4)

1. where d = δ +Ds and the total distance DT = (Nc − 1)Ds + d.

Hence, the handover rate can be written as,

Hr =
DT − d

(d− δ)DT
v. (5)

Undesirable communication interruptions and signaling
overhead occur when the handover rate increases, leading
to a reduced throughput [29]. Although the very high speed
of the pod drastically increases the handover rate, signaling
overhead is less influential in the case of Hyperloop commu-
nications because of prior knowledge of the pod’s location,
speed, and movement direction. The CS efficiently exploits
this information to simplify the handover procedure, which
is initiated at the CS before reaching the overlap area be-
tween two cells.

4 SYSTEM MODELING

In this section, we present the mathematical model of the
proposed Hyperloop system to characterize the IRS oper-
ation, followed by the proposed system configuration and
ending with the achievable rate as the adopted performance
metric.

4.1 Intelligent reflecting surface characteristics

The general IRS concept is based on introducing phase
discontinuities along its surface, which results in a modified
or anomalous angle of reflection. Hence, we can create a
desired phase gradient over the IRS surface by configuring
individual elements. The transmitted wave undergoes a
phase shift adjustment for each element to create the desired
field distribution. Hence, we need to find the appropriate re-
flection coefficient that steers the signal towards the receiver.
The whole operation is mainly based on Snell’s Generalized
law of reflection. Figure 6 depicts an example of the IRS
reflection process, where the surface is discretized into sub-
wavelength elements, each with a constant phase shift to
realize a target phase gradient.

The adopted IRS consists of an N ×M planar array of
electrically controllable identical unit cells Unm, 1 ≤ n ≤ N
and 1 ≤ m ≤ M each with dimensions a and b that are
in the order of sub-λ [ λ10 ,

λ
2 ] [30]. The whole operation is

mainly based on Snell’s Generalized law of reflection in
terms of the IRS phase gradient dΦ/dx along the x−axis,
where the relationship between the angle of incidence θi
and angle of reflection θr is expressed in terms of a spe-
cific wavelength λ and a medium refractive index ni as
sin (θr) − sin (θi) = λ

2πni

dΦ
dx [31]. The reflection coefficient

of Unm is denoted by Γnm = Anme
jϕnm , where Anm is the

amplitude of the reflection coefficient, Anm < 1 and ϕnm is
the phase shift introduced by the unit cell, 0 ≤ ϕnm < 2π.
Here, we assume that the IRS does not affect the amplitude
of the reflected signal, i.e., Anm = |Γnm| = 1. The phase
ϕnm can be controlled through the IRS controller to shape
the scattered field and therefore focus the reflected beam
towards the direction of the receiver.

The propagation model when using controllable meta-
surfaces is different from traditional scenarios, where it
involves additional parameters characterizing the IRS, such
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Figure 6: IRS reflection process.

as the phase shifts. According to [32], [33], the pathloss be-
tween the Tx and Rx, through a single unit cell, is expressed
as follows,

α =
GtGr

(4π)2

(
ab

dsdr

)2

cos2(θi) cos
2(θr), (6)

where Gt and Gr are the antenna gain of the transmitter
and receiver, respectively, dr is the distance between the Rx
and the IRS and ds is the distance between the Tx and IRS.
We consider a linearly polarized incident wave. The general
model can be found in [34].

4.2 System Model
We consider a DL IRS-assisted wireless communication sys-
tem where both Tx and Rx are equipped with an antenna,
with respective gains of Gt and Gr. We assume a highly-
directive pencil beam transmit antenna to beat the rich
scattering environment inside the sealed tube. On the other
side, the multi-sector receive antenna has a wide reception
area to avoid beam misalignment between the Tx and Rx.
The Tx antenna directs the transmitted beam towards the
IRS placed on the tube. Then, the IRS reconfigures the
transmission angle of the beam and steers the reflected
signal towards the moving Rx. Hence, the transmit antenna
and the IRS form an efficient and less complex beam steering
system.

The deterministic channel enabled by a closed environ-
ment and known pod path allows pre-configuring the IRS
with the analytically computed path loss, focusing beams
toward the receiver pod. With fast reconfigurability of IRS
materials, the IRS system can track the pod receiver despite
its high speed.

In this setup, the AP is the source connecting the pod
to the network, while the IRS is a reflector that tracks the
moving pod. This proposed setup is a suitable solution to
establish a reliable and stable wireless link in the line-of-
sight (LoS) direction. The adjustment of the IRS pattern to
achieve the desired beam direction is performed by a con-
troller connected to the IRS. The receiver is assumed to be
moving in the z-direction as the axis of the tube. For simpler
notations, we consider the IRS elements arranged from 1 to
NM . Then, instead of using Unm, 1 ≤ n ≤ N, 1 ≤ m ≤ M ,
we use the notation Uℓ, where 1 ≤ ℓ ≤ NM . Thus, the
received signal is expressed as [32],

y =
√
α hH

s Φ hrx+ w, (7)

where hs = [ejψ
s
1 , . . ., ejψ

s
n , . . ., ejψ

s
NM ]T represents the

phase shifts of the LoS channels between the source and
IRS elements, hr = [ejψ

r
1 , . . ., ejψ

r
n , . . ., ejψ

r
NM ]T represents

the phase shifts of LoS channels between the IRS elements
and receiver, Φ = diag(ejϕ1 , . . ., ejϕn , . . ., ejϕNM ) is a diag-
onal matrix representing the phases added by each surface
element, x is the transmitted signal with power pt and w is
an additive white Gaussian noise (AWGN) with zero mean
and variance σ2. Thus, the received signal can be rewritten
as,

y =
√
α
NM∑
n=1

ej(ψ
s
n+ψ

r
n+ϕn)x+ w. (8)

The transmitted signal has a central frequency fc = c/λ,
where c is the speed of light. The phase shifts ψs

n and ψr
n

capture the Doppler effect due to the motion of the receiver,
where they are expressed as,

ψs
n = −2πfcτ

s
n and (9)

ψr
n = −2π(fc − fn)τ

r
n, (10)

where τ sn denotes the delay of the path between the Tx and
the element Un of the surface, and τ rn denotes the delay
of the path between Un and the Rx. If dsn and drn are the
distances between the Tx and the element Un and between
Un and Rx, respectively, then τ sn = dsn/c and τ rn = drn/c. The
Doppler frequency experienced by the signal propagating
between Un and the Rx is expressed as,

fn = fc
v

c

⟨dr
n,vp⟩
drn v

, (11)

where ⟨., .⟩ represents the inner product operator, vp is the
pod speed vector, and dr

n is the distance vector between
the element Un and the Rx. According to the adopted
system configuration, the communication fading channel is
dominated by deterministic path loss coefficients, which can
be estimated with prior knowledge of the pod’s speed and
trajectory.

We consider the Cartesian coordinate system as (x, y, z)
with origin O as depicted in Fig. 7. For the handover study,
we consider two successive cells Cell1 and Cell2 intersecting
over a distance δ. Let S1(0, R, 0) be the position of the source
antenna of Cell1 and M1(R − h, 0, 0) and M2(R − h, 0, Ds)
be the positions of the IRSs serving Cell1 and Cell2 suc-
cessively. Also, assume B(0, 0, zB) be the position of the
boundary of Cell1 and P (0, 0, zP) be the position of the pod
when it first leaves the overlap area between the two cells.
The z-coordinates zB and zP can be expressed as,

zB = (R− h) tan (θ + θt) (12)
zP = (R− h) tan (θ + θt)− δ. (13)

4.3 Achievable Rate Performance
The SNR between the Tx and Rx through the IRS at a
location z along the axis of the tube is expressed as,

γ(z) =
α(z)β(z)pt

σ2
, (14)

where the factor β incorporates the aggregate effect of the
wireless channel phase shifts and is expressed as,

β(z) = |
NM∑
n=1

exp (j (ϕn(z) + ψs
n(z) + ψr

n(z)))|2. (15)
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Thus, the DL achievable rate can be expressed as [13],

RD(z) = log2 (1 + γ(z)) . (16)

The rate can be further expressed as a function of time t,
where t = z/v, equivalently to the expression in (16), as long
as the pod is moving. One can deduce that γ depends on θt
and h, which further motivates tuning them to improve the
data link performance of the proposed system.

Figure 7: Coordinates of the system components.

5 SINGLE CELL DESIGN

The proposed system configuration relies on a strategic
design of the IRS parameters that maximizes the cell range
coverage while maintaining a minimum DL rate. The elec-
trical design parameters are ϕn(z), and the positional-based
parameters are h and θt. It is worth noting that ϕn(z)
varies with the pod’s location, or in other words, with each
instant resulting from the pod movement. On the other
hand, the IRS positioning parameters are independent of the
pod’s location. We consider two design phases throughout
the design process: phase-shift design and IRS positioning
design. In the former, we tune ϕn(z) to maximize the
instantaneous rate, which is necessary to define the IRS
operating conditions and increase the DL rate along the cell;
hence, the cell coverage can increase. Afterward, the IRS
positioning parameters are optimized to maximize the cell
coverage considering the tuned ϕn(z) values. We provide
the necessary details of the design problem and optimized
solutions in the following subsections.

5.1 Phase-Shift Design

First, we optimize ϕn to improve the DL rate. For fixed h
and θt, the optimization problem is defined as,

max
ϕn

RD (ϕn(z))

subject to 0 ≤ ϕn (z) < 2π, n = 1, . . . , NM,
(17)

where the constraint defines the ϕn(z) range in the continu-
ous set [ 0, 2π[ .

Hence, the optimal ϕn(z) maximizing RD (ϕn(z)), be-
comes

Φ∗(z) = argmax log2

(
1 +

α(z)|hH
s Φhr|2pt
σ2

)
. (18)

Since the summation in (18) is maximum when the expo-
nential terms are equal to 1 for every n ∈ {1, . . . , NM}, the

optimal IRS phase shifts when the receiver is at position z
along its trajectory are expressed as,

ϕ∗n(z) = ϕ− (ψs
n(z) + ψr

n(z)), (19)

where ϕ is an arbitrary value that can be set to 0. Hence, the
corresponding optimal rate is expressed as follows,

R∗
D(z) = log2

(
1 +

(NM)2α(z)pt
σ2

)
, (20)

which is in accordance with Snell’s Generalized Law. In
the following, we derive the necessary conditions for the
proposed Hyperloop system to meet the performance con-
straint.

In order to satisfy the QoS requirements in terms of
DL rate, the solution is feasible if it satisfies the following
condition:

RD (ϕ∗n(z)) ≥ Rmin. (21)

Lemma 1. The optimal design of the IRS-based Hyperloop system
(17) exists if and only if the ratio between the IRS area and the
corresponding tube cross-sectional serving area, (ρ), satisfies the
following condition,

ρ ≜
NMab

π(R− h)2
≥

√
16σ2(2Rmin − 1)

GtGrpt cos(θi)4 cos2(θ) cos(θ + θt)2
.

(22)

Proof. The solution in (19) satisfies the rate constraint if and
only if,

R∗
D(z) ≥ Rmin, ∀z ∈ Cell. (23)

The DL rate is minimum at the cell edge, i.e., when the
receiver is at position B, being the furthest position from
the IRS. The signal is subject to a higher pathloss across the
cell. Therefore, the condition in (23) is satisfied across the
entire cell if and only if

R∗
D(zB) ≥ Rmin. (24)

After defining ds and dB as the distances between the Tx
and IRS and between the IRS and the Rx at the cell edge,
respectively, then,

ds =
R− h

cos(θi)
(25)

dB =
R− h

cos(θ + θt)
. (26)

Then, we can derive the condition (22) after replacing the
distance expressions in the rate expression R∗

D(zB) and
simplifying the rate expression constraint.

One can observe from Lemma 1 that the problem feasi-
bility depends on the IRS choice and serving dimensions.
Specifically, one can define the minimum IRS area range,
NMab, for a given cross-sectional serving area parameters,
i.e., R and h.
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5.2 Cell-Coverage Enhancement

To maximize the cell coverage, we optimize the IRS posi-
tioning parameters, i.e., θt and h. We consider the optimal
phase shifts ϕ∗n derived in the previous section in order to
maximize the DL data rate and, thereby, promote wireless
coverage expansion. The IRS positioning parameters θt and
h are fixed and independent of the position of the receiver.
Moreover, RD(z) ≥ Rmin,∀z ∈ Cell, ⇐⇒ RD(zB) ≥ Rmin,
where RD(zB) is the minimum value of the rate, reached
at the boundary of the cell. Therefore, we should find the
parameters θt and h at the cell boundary to guarantee
meeting the QoS at the entire cell. As such, the problem
becomes independent of the receiver’s location and can be
defined as follows,

max
h,θt

d (h, θt)

subject to C1 : RD (h, θt, zB) ≥ Rmin,

C2 : hmin(θt) ≤ h ≤ hmax,

C3 : 0 ≤ θt < θt,max,

(27)

where θt,max = π/2 − θ, hmin(θt) = 1
2Mb sin (θt) is the

minimum allowed distance h to ensure physical (geometric)
feasibility of the problem. The maximum value of h is
hmax = R − HP

2 , where HP is the height of the pod,
assuming that the pod is centrally positioned inside the
tube to account for the suspension of the pod. The condition
on the tilt angle θt + θ < π/2 must be satisfied in order
to avoid the IRS radiating towards the ceiling of the tube
and creating reflections. It is worth mentioning that the
constraint (C2) cannot be valid unless hmin ≤ hmax which
is equivalent to sin (θt) ≤ 2R−HP

Mb . Therefore, in order to
ensure hmin ≤ hmax, the following condition has to be
satisfied,

Mb ≤ 2R−HP. (28)

First, we need to write the expression of the rate
RD (h, θt, zB) as a function of the optimization parameters
θt and h to study the problem (17) the feasibility. The
distance ds between the Tx and IRS satisfies the following
equation,

d2s = (SM)2 = (R− h)2 +R2. (29)

Considering that cos θi = R−h
ds

as can be seen in Fig. 7, we
can simplify the rate expression by assembling the system’s
constants in one constant Ω. The rate is thus re-expressed as,

RD (h, θt, zB) = log2

(
1 + Ω

cos (θ + θt)
2

(R2 + (R− h)2)
2

)
, (30)

where Ω is a constant defined as,

Ω =
GtGr

(4π)2
(NMab)2 cos2(θ)

pt
σ2
. (31)

Then, by using (30), we can express the rate constraint (C1)
in Problem (27) can be transformed in terms of h as follows,

h ≥ g(θt) ≜ R−

√√√√√ Ω

2Rmin − 1
cos (θ + θt)−R2. (32)

The inequality (32) is valid and does not contradict the
system feasibility since g(θt) is always less than the tube

radius R. In the following, we define the rate feasibility
problem in terms of conditions on the design parameters.

Lemma 2. The rate constraint RD (h, θt, zB) ≥ Rmin is valid if
and only if θt ≤ θth, where,

θth = arccos

R2

√
2Rmin − 1

Ω

− θ. (33)

Proof. The expression under the square root in (32) must be
positive. Therefore,√

Ω

2Rmin − 1
cos (θ + θt)−R2 ≥ 0

⇐⇒ cos (θ + θt) ≥ R2

√
2Rmin − 1

Ω

⇐⇒ θt ≤ arccos

R2

√
2Rmin − 1

Ω

− θ. (34)

The condition derived at Lemma (2) implies that rotating
the IRS more than the threshold θth results in long trans-
mission distances and thus low SNR, which can not fulfill
the required data rate. Therefore, the system is incapable
of keeping the minimum required QoS under the given
conditions in terms of transmit power, antenna gains, and
IRS parameters.

Lemma 3. The maximum rate that can be supported at the cell
boundary is expressed as,

RmaxB = log2

(
1 +

Ω

R4

)
. (35)

Proof. The argument of the function arccos in (33) is condi-
tioned as follows,

R2

√
2Rmin − 1

Ω
< 1 ⇐⇒ Rmin < log2

(
1 +

Ω

R4

)
. (36)

As a result, from the inequality Rmin ≤ RmaxB, we
can deduce that there is a tradeoff between the cell range
and minimum rate regarding the radius dimension of the
tube. Increasing the radius of the tube R increases the cell
range linearly, as can be seen in (1). However, the maximum
possible rate RmaxB decreases, leading to a reduced feasible
space.

Therefore, after the reformulation of the constraint in
(32), problem (27) can be rewritten as,

max
h,θt

d

subject to f(θt) ≤ h ≤ hmax

0 ≤ θt < min (θt,max, θth) ≜ θF,

(37)

where the function f is defined as,

f (θt) = max (hmin (θt) , g (θt)) . (38)

The distance d is increasing in θt and decreasing in h.
According to the last problem formulation, the choice of
h does not affect the parameter θt. Therefore, the optimal
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choice for h is h∗ = f(θt). In this case, the problem (37) can
be rewritten as,

max
θt

d (f(θt), θt)

subject to 0 ≤ θt < θF.
(39)

The problem (27) is reduced to a one-dimensional optimiza-
tion problem (39) easier and faster to solve. The function
d (f(θt), θt) is a non-smooth function with possibly multiple
maxima. First, one can prove the increasing characteristics
of both functions hmin(θt) and g(θt) by studying their
behavior in the θt interval, i.e., since θt ∈ [ 0, π/2[ . Then, the
problem can be solved over different intervals according to
the relative positions of hmin and g. To this end, there are
three possible scenarios defined as follows:

• Case 1: g(θt) ≥ hmin(θt),∀ 0 ≤ θt < θF if g(0) ≥
hmin(0) and g (θF) ≥ hmin (θF)

• Case 2: g(θt) ≤ hmin(θt),∀ 0 ≤ θt < θF if g(0) ≤
hmin(0) and g (θF) ≤ hmin (θF)

• Case 3: The functions g and hmin intersect at
a point θ0 ∈ [ 0, θF] if

{
g(0) ≥ hmin(0) and

g (θF) ≤ hmin (θF)
}

or
{
g(0) ≤ hmin(0) and g (θF) ≥

hmin (θF)
}

When the problem is identified under Case 1 or Case
2, the problem is solved over the interval [ 0, θF] . On the
other hand, if the problem is identified under Case 3, the
problem is solved over [ 0, θ0] and [ θ0, θF] . Therefore, over
each interval, Problem (39) is a single variable minimiza-
tion problem with a differentiable objective function and
boundary constraints. If the system setup falls under Case
1 or Case 2, the stationary points of the objective function
d (f (θt) , θt) are determined (if existent). The objective func-
tion is then evaluated at these stationary points and at the
boundary of the interval [ 0, θF] . Otherwise, if the system
setup falls under Case 3, the objective function is further
evaluated at the intersection point θ0. The stationary points
are determined over both intervals [ 0, θ0] and [ θ0, θF] . The
optimal tilting angle is the angle θt that maximizes the
objective function. This part is summarized in Algorithm
1.

Algorithm 1 Solution of Problem (39)

Require: θF, g, hmin

if Case 1 or Case 2 then
f = max (g, hmin)
θs = {θt ∈ (0, θF), d

′ (f(θt), θt) = 0}
else if Case 3 then

θ0 = {θt ∈ (0, θF), hmin(θt) = g(θt)}
f = max (g, hmin)
θs = {θt ∈ (0, θ0), d

′ (f(θt), θt) = 0} ∪ {θt ∈
(θ0, θF), d

′ (f(θt), θt) = 0}
end if
θ∗t = argmaxθt d (f(θt), θt) , θt ∈ {0, θ0, θs, θF}

6 MULTI-CELL SYSTEM

After providing a design framework for a single cell, we
now focus on the multi-cell configuration, which considers
the overlap between successive cells and its effect on the

Figure 8: Successive cells intersection.

handover process. The objective of the handover process is
to achieve continuous service delivery to the moving pod
during cell-crossing with sufficient QoS. Although handover
decision criteria such as the appropriate target cell or mo-
ment of connection are determined beforehand at the CS, we
focus on addressing the high number of handovers during
travel as one of the particular limitations of Hyperloop
communication system. Since handover performance is one
of the main challenges in high mobility scenarios, the system
should limit the handover rate to minimize communication
errors. Although the handover process in Hyperloop is de-
terministic, it is important to provide an optimized network
planning.

In order to avoid confusion of terms during the design
approach, a cell corresponding to an AP is defined by
the area that this AP can cover based on the single-cell
design, even if there is no signal broadcasting. In Fig. 8,
two successive cells are depicted, Cell1 and Cell2 and their
corresponding IRSs, M1 and M2. The overlap distance δ
is the design parameter representing the boundary of the
handover phase.

6.1 Problem Formulation
In this section, we tune the range of the overlap area
δ in order to minimize the handover rate while keeping
the rate at position P greater than a threshold, where P
corresponds to the position of the pod when it first leaves
the overlap area. The corresponding optimization problem
can be written as,

min
δ

Hr(δ)

subject to RD(δ, zP) ≥ Rmin

δmin ≤ δ ≤ δmax.

(40)

The first constraint of Problem (40) is used to maintain the
rate RD(δ, zP) at position P greater than a minimum value
Rmin, where RD(δ, zP) = log2 (1 + γP) and γP is the SNR.
The second constraint ensures that the distance dedicated
for handover δ is restricted by two limits δmin and δmax.
The lower bound δmin = vtO ensures a minimum overlap
between successive cells to guarantee a minimum time in-
terval tO for handover execution. The value of δmin depends
on the handover algorithm adopted by the CS and can be set
accordingly. The upper bound is δmax = (R−h) tan (θ + θt).
The upper bound of the overlap distance is here set to
δmax, where P would be superimposed with position O of
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Fig. 8. At this position, the signal coming from Cell1 has
the maximum SNR across the cell coverage area. Therefore,
increasing δ beyond δmax would increase the handover rate
with lower signal quality.

The choice of position P is mainly based on the fact
that no communication interruption or signal deterioration
should occur between successive cells. During handover, the
receiver is served simultaneously by the APs of Cell1 and
Cell2 and connects to the signal with maximum SNR. In
order to ensure a sufficient QoS when the pod leaves the
overlap area and can no longer acquire a link from Cell2,
the receiver will only be served by Cell1. Since the handover
phase is complete at this point, the receiver cannot rely on
signal diversity to keep an acceptable QoS. For this reason, it
is necessary to keep the rate at the transition point P greater
than a threshold Rmin.

6.2 Multi-Cell Design

In order to solve problem (40), we investigate the behavior
of the objective function and constraints as a function of the
optimization parameter δ. The handover rate as expressed
in (5) is increasing in δ. Thus, minimizing the handover rate
is equivalent to minimizing the overlap distance δ. Conse-
quently, the pod stops receiving signals from the serving
cell when the handover phase is complete. The DL signal
is coming from the source of the target cell, Cell1 of Fig. 8.
Therefore, the SNR of the signal at position P is expressed
as γP = γ1, where γ1 is the SNR of the signal coming from
Cell1. Let ds1 be the distance of the direct paths between S1

and M1, and dP the distance of the reflected paths between
M1 and P , as depicted in Fig. 7. These distances can be
expressed as follows,

d2s1 = (R− h)2 +R2 (41)

d2P = (R− h)2 + z2P. (42)

Using the SNR expression in (14) and the expression of the
coordinate zP found in (13), the SNR γ1 can be expressed as
function of δ as,

γ1(δ) =
ΩA

(R− h)2 + ((R− h) tan (θ + θt)− δ)
2 (43)

and ΩA is a constant expressed as,

ΩA = Ω

(
R− h

R2 + (R− h)2

)2

. (44)

Hence, the achievable rate at location P is expressed in
terms of δ as,

RD(δ, zP) = log2

(
ΩA

(R− h) tan (θ + θt)− δ

)
. (45)

As a result of the rate expression in (45), the rate constraint
in (40) can be transformed to a constraint on the distance δ
as follows,

δ ≥ δth, (46)

where δth is the limit distance defined as,

δth = (R− h) tan (θ + θt)−

√
ΩA

2Rmin − 1
− (R− h)2. (47)

Lemma 4. The rate constraint in (40) is valid if and only if
Rmin ≤ RmaxB that is defined as follow,

RmaxB = log2

(
1 +

ΩA

(R− h)2

)
. (48)

Proof. The threshold δth on the distance δ exists if and only
if the expression under the square root is positive, i.e.,

ΩA

2Rmin − 1
− (R− h)2 ≥ 0. (49)

The minimum rate requirement Rmin is constrained
by a maximum value that cannot exceed RmaxB for the
considered system parameters. Similarly to the conclusion
drawn in the previous section, when the radius decreases,
the limit RmaxB increases, leading to an expansion of the
feasibility space of (40). However, according to (1), the cell
coverage decreases, leading to more frequent handovers. As
a result of the constraint re-evaluation in (46), (40) can be
reformulated as,

min
δ

δ

subject to max (δmin, δth) ≤ δ ≤ δmax.
(50)

Therefore, the optimal solution is,

δ∗ = max (δth, δmin) . (51)

7 SIMULATION RESULTS

In this section, we evaluate the benefits of implementing
the proposed system configuration through different simu-
lation examples. The objective is to study the impact of the
optimized system parameters and the IRS specifications on
both the cell coverage and the handover rate. The simulation
parameters2 are summarized in Table. 1.

Parameter Value Parameter Value
R 2 m pt 1 W
HP 1.10 m σ2 -80 dBm
a,b λ/3 Gt 35 dB
N 50 Gr 15 dB
M 34 θmax π/2− θ − ϵ
fc 60 GHz ϵ 1o

Table 1: Simulation parameters

7.1 Single-Cell Design
We start by studying the single-cell coverage performance,
the impact of system parameters on its performance, and
the design benefits. Specifically, we study the variation of
optimized parameters θt, h and d versus the QoS constraint
Rmin for different possible ranges of IRS scanning abilities
as shown in Fig. 9, Fig. 10 and Fig. 11, respectively. Firstly,
we observe a constant maximum coverage between 109 m
and 114 m that can be obtained for Rmin is less than a
certain threshold. This threshold depends on the angle θ.
This maximum distance is achieved when θt = θt,max and
h is at its minimum values, as shown in Fig. 9. At low
Rmin range, θt and h are tuned to maximize the distance

2. The parameters of the metasurface are acquired from [35] and the
tube dimension is the same as HyperloopTT technology prototype [17].
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Figure 9: Cell range versus Rmin.
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Figure 10: Distance h versus Rmin.

without violating this rate constraint given a minimum h
and a maximum θt. As Rmin increases, the system tunes the
parameters to satisfy the increasing required rate at the ex-
pense of decreased cell coverage, considering the increasing
behavior of RD(zB) with h and decreasing behavior with
θt. Hence, θt keeps decreasing, and h keeps increasing to
maintain Rmin as can be depicted in Fig. 10 and Fig. 11.
For instance in Fig. 10, for θ = 15◦, h increases to maintain
Rmin, when Rmin ≥ 13 b/s/Hz. The behavior of the optimal
elevation distance h changes after a certain minimum rate
is required. When Rmin < 13 b/Hz/s, the optimal distance
is hmin(θt) and is constant for all Rmin. Then, when the
minimum rate exceeds 13 b/Hz/s, hmin(θt) is incapable of
meeting these higher requirements, the distance h starts
increasing to reduce the transmission distance and therefore
increase the rate. For θ = 35◦, the distance h increases to
maintain Rmin then starts decreasing to increase the cell
coverage since the decreasing behavior of θt is capable of
maintaining Rmin. The difference in the behavior between
IRSs with different scanning angles is explained by the
fact that a higher θ requires a smaller tilting angle θt and,
therefore, a shorter distance h since it is increasing in θt.

Second, Fig. 9 shows that the angular scanning range
of the IRS θ does not significantly impact the system’s
performance in terms of cellular coverage. In fact, the cov-
erage distance d increases with the scanning angle θ, with a
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Figure 11: Tilting angle versus Rmin.
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Figure 12: Benchmark comparison between the proposed
design, the straight positioning and the unoptimized

positioning.

maximum gain of 5 m when θ = 55◦ compared to θ = 15◦,
corresponding to a 4 % increase in distance, for small values
of Rmin. On the other hand, when Rmin is higher, the
performance gain achieved for smaller scanning angles θ
is slightly more significant than for lower Rmin. This can
be explained by the increased channel gain proportional to
cos(θ)2; with smaller θ, the system can better satisfy the
rate requirements. Therefore, an IRS with lower scanning
capabilities is preferred. Smaller θ increases the channel
gain, while the tilting position is capable of compensating
for the coverage loss. We can deduce that the proposed
system architecture and the corresponding design do not
rely on the high specifications of the IRS since different θ
values can achieve the same performance in terms of cell
coverage. Low IRS angular scanning ranges can achieve
significantly large cell coverage distances. The design of the
proposed architecture relying on IRS tilting does not need
unrealistic metasurface parameters and does not impose
heavy constraints on the IRS to maintain a proper operation.
The system can be designed to achieve the required perfor-
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mance while keeping certain flexibility on the metasurface.
To better evaluate the benefit of the system choice, we

provide in Fig. 12, a comparison between the proposed
positioning, the straight positioning, i.e. θt,st = 0, hst = 0
(horizontal IRS) and an unoptimized setup using θt,unop =
θt,max/2 and hunop = hmin (θt,unop). In fact, the straight
positioning of the IRS also represents the typical setup
of APs assisted with beam-steering capabilities to avoid
multipath and signal reflections. The minimum rate is set to
10 b/s/Hz. Firstly, as previously observed, the variations of
the proposed positioning design are not significant because
the effect of the IRS scanning angle has a negligible effect
on the cell range for θ < 60◦. Specifically, we observe that
the variation in d does not exceed 10 m across the range
of θ, [ 10◦, 50◦] . Higher values of θ lead to a significant
decrease in the channel gain that can be compensated by
a decrease in the transmission distance. Secondly, the cell
coverage ranges achieved by the proposed IRS positioning
are significantly higher than the straight positioning and
the unoptimized positioning, with a difference that can
reach 100 m. The regular positioning reaches 20 m cell
range at most with very wide scanning angles that can-
not be achieved in practical scenarios. Since the objective
of this work is coverage maximization rather than rate
improvement, the lower spectral efficiency achieved with
the proposed setup is not considered a limitation as long
as the minimum required QoS is guaranteed. Moreover,
the straight and the unoptimized setups reach comparable
performances implying that without an appropriate design
of the IRS parameters h and θt, the system cannot achieve
cell coverage performance.

In this simulation example, we compare our proposed
setup to using only the AP for communication, as shown in
Fig. 13. To provide a fair comparison, we assume a wider
transmitted signal beam for the benchmark to cover the
same cell coverage as our system. However, the benchmark
setup is susceptible to signal degradation from multipath
interference caused by signal bounces on the tube wall. To
further emphasize the value of our proposed architecture,
we assume that the benchmark is able to perform ideal
interference cancellation. Fig. 13 shows the superiority of
our proposed setup, which is due to the signal degradation
resulting from widening the beam to maintain the same
cell coverage. Therefore, our proposed AP-IRS setup can
provide relatively wide coverage by steering a narrow signal
beam to track the moving pod, while maintaining high
signal quality and avoiding multipath interference.

7.2 Multi-Cell Design

In this section, we study the Hyperloop multi-cell perfor-
mance and design while considering the same simulation
parameters of the previous section and θt = 55◦.

In the first simulation example, we investigate the rate at
position P and the handover rate versus the optimal overlap
distance, as shown in Fig. 14. We assume two different
cell configurations; first, when the cell range is d = 94m
with a minimum rate Rmin = 12b/s/Hz and second, when
d = 45m with a minimum rate Rmin = 14b/s/Hz. The
results show that lower rates are achieved at position P for
the same overlap distance when the cell range increases,
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Figure 13: Benchmark comparison.
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Figure 14: Rate at position P and handover rate versus δ.

causing the rate deterioration. Although the rate RP in-
creases with δ, this profit is achieved at the expense of more
frequent handovers. Therefore, there is a tradeoff between
the minimum required rate and the number of handovers
executed along the traveled path.

In the second simulation example, we study the number
of wireless cells versus the total path distance traveled
by the pod for two different overlap distances δ = 7m
and δ = 30m assuming d = 94m, as shown in Fig. 15.
The increasing behavior of the curve is expected because
covering longer distances requires deploying more wire-
less cells to ensure uninterrupted communication between
the Tx and Rx. Additionally, the number of cells is less
when δ = 7m and the distance gap between the two
cases becomes more significant when the total distance
DT increases. For instance, when DT = 9km, the total
path requires 40 additional cells when δ = 30m compared
to the case δ = 7m. However, this deployment cost is
compensated by increased spectral efficiency. In fact, when
δ = 7m, the rate at position P is RP = 11.9 b/s/Hz while
RP = 12.9 b/s/Hz when δ = 30m.

The previous simulation results indicate that increasing
the overlap distance increases the cost of the system due to
the higher number of APs required to ensure full network
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coverage. However, at the same time, expanding the over-
lap distance helps reduce the complexity of the handover
process at the CS because the system can tolerate longer
handover delays. Therefore, if the system can ensure a fast
handover execution technique at the CS, we can tolerate
deploying fewer APs along the tube length. To sum up,
depending on the design and available resources, higher
complexity and/or cost are either imposed on the network
inside the tube or the network outside the tube.
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Figure 15: Number of deployed cells versus the travel distance.

Considering that data transmission between the Tx and
Rx is interrupted during the switching of the IRS phase
shifters, we evaluate the effect of the IRS switching time
on the system performance. If the size of the antenna is
w = 13.8mm as in [27], the visibility time is tData =
w
v = 50µs. Fast switching is possible for IRSs operating
in the millimeter band [36]. Therefore, if the silence time is
τswitch = 40ns, the percentage of time when data down-
loading is occurring is η = 50

50+40.10−3 = 99.92%. Thus,
data transmission between the core network and the train
happens 99.92 % of the time. It is worth mentioning that
using electric field stimuli, shorter switching intervals can
be achieved [37] such as 2 ns as in [38] and 4.5 ns as in [39].
In this case, quasi-real transmission can be carried out.

8 CONCLUSION

In this paper, we proposed a novel wireless network ar-
chitecture and design for the inner tube communication
system of Hyperloop, where IRS-beam steering is adopted
to track the moving pod and avoid signal reflections inside
the steel-made tube. Moreover, the successive IRSs are ar-
ranged in a tilting position in order to maximize the wireless
cell coverage. Adopting this architecture ensures significant
flexibility over IRS choice since IRSs with different scan-
ning angles achieve similar performance. In terms of cell
coverage, it outperforms the regular architecture with the
straight positioning of the IRS on the tube wall. Moreover,
the optimized design of the overlap distance dedicated to
the handover process between successive APs contributes
to reducing the deployment cost in terms of the number of
APs, without violating QoS constraints. On the other hand,

the switching time of the IRS is an important factor that
affects the system’s performance, especially in the case of
Hyperloop, which moves at very high speeds. As future
work, channel estimation techniques could be explored to
adapt the IRS system to uncertainties and discrepancies.
The overall system design helps reduce the deployment
cost and the complexity of its components. The optical
backhauling, centralized operation and appropriate APs in-
stallation inside the tube are key steps towards minimizing
the handover delay and coping with other challenges arising
from the extremely high speed of the pod and the unique
tube environment.
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