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Transmit Power Minimization and Base Station
Planning for High-Speed Trains with Multiple
Moving Relays in OFDMA Systems

Hakim Ghazzai, Member, |EEE, Taha Bouchoucha, Sudent Member, IEEE, Ahmad Alsharoa, Student
Member, |EEE, Elias Yaacoub, Senior Member, IEEE, Mohamed-Slim Alouini, Fellow, |IEEE, and Tareq
Y. Al-Naffouri, Member, |EEE

Abstract—High-speed railway system equipped with moving
relay stations placed on the middle of the ceiling of each train
wagon is investigated. The users inside the train are served in
two hops via the orthogonal frequency-division multiple access
(OFDMA) technology. In this work, we first focus on minimizing
the total downlink power consumption of the base station (BS)
and the moving relays while respecting specific quality of service
(QoS) constraints. We first derive the optimal resource allocation
solution in terms of OFDMA subcarriers and power allocation
using the dual decomposition method. Then, we propose an
efficient algorithm based on the Hungarian method in order
to find a suboptimal but low complexity solution. Moreover,
we propose an OFDMA planning solution for high-speed train
by finding the maximal inter-BS distance given the required
user data rates in order to perform seamless handover. Our
simulation results illustrate the performance of the proposed
resource allocation schemes in the case of the 3GPP Long Term
Evolution-Advanced (LTE-A) and compare them with previously
developed algorithms as well as with the direct transmission
scenario. Our results also highlight the significant planning gain
obtained thanks to the use of multiple relays instead of the
conventional single relay scenario.

Index Terms—High-speed railway communication, moving re-
lays, planning, resource allocation algorithm.

I. INTRODUCTION

With the growing technology of the smart phone, the
passenger transport industry is witnessing a high demand
to ensure Internet access, high-quality voice and/or mobile
video broadcasting all the time inside the train. In addition
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to that, there is a pressing need to improve the coverage and
handover process in high-speed communications to ensure safe
information exchange between trains and terrestrial control
centers such as information on the location of the train, its
state, level crossings, permitted speed, etc. All these services
require advanced technologies and techniques providing per-
formance that meets the users’ quality of service (QoS) [1].
Recently, high-speed railway networks have attracted an exten-
sive research attention. The latest research progress, systems
architecture, and future challenges and tradeoffs of this field
are presented in [2]-[4]. In general, when the user equipment
(UE) communicates directly with the base station (BS), it
will suffer from a severe degradation of the QoS due to the
path loss (PL) and shadowing effects as the wireless signal is
traveling through the train. As an alternative solution to cope
with this, the 3rd Generation Partnership Project (3GPP) has
supported relay communications in the Long Term Evolution-
Advanced (LTE-A) release-10 standard [5]-[7].

In line with standardization effort [8], research studies using
a mobile relay (MR) placed on top of the train are proposed.
In [9], it is shown that MR-assisted transmission greatly
outperforms transmission assisted by fixed relays as well as
direct transmission for vehicular communications. Indeed, us-
ing MRs within the high-speed railway mobile communication
helps in enhancing the cellular coverage and overcoming the
moderate to high vehicle penetration loss (VPL) [10], [11].
VPL can be negligible by introducing two antennas connected
together by a cable; outside and inside the vehicle. The outside
antenna communicates with the BS, while the inside antenna
communicates with the UEs inside the vehicle [12]-[14].

Many of the works dealing with high-speed railway commu-
nications are tackling the issue of resource allocation [15] and
[16], particularly for orthogonal frequency division multiple
access (OFDMA) systems either for direct links or with relay-
assistance [17]-[19]. Indeed, OFDMA system with relaying is
considered as a fundamental solution for emerging cellular
systems to ensure coverage and maintain connectivity [20],
especially with MRs for vehicular communications. In [15],
the authors investigated a utility-based power allocation prob-
lem at a BS communicating with a MR in high-speed rail-
way wireless networks, while jointly considering the power
allocation along the time and the packet allocation among
services. In [16], a two-hop architecture where multiple BSs
communicate with the train via a unique access point is stud-
ied. An optimal uplink power allocation policy which satisfies
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the delay constraint and minimizes the power consumption is
provided. In [18], the author considered the constraint of bit
error rate in the resource allocation process. A recent work
is proposed in [19] investigating the resource allocation in
an OFDMA relaying framework. The objective is to allocate
power and subcarriers such that the capacity of the MR is
maximized while guaranteeing that the sum capacity of local
users inside the train is no less than a threshold. Another
subcarrier allocation scheme with uniform power distribution
has been investigated in [21]. The authors proposed an iterative
resource allocation approach in order to maximize the total
sum-rate of the UEs.

The cellular handover constitutes another major problem
in high-speed railway systems. Communication interruption
caused by handover failures can considerably degrade the
users’ experience. This issue has been investigated in literature
by proposing various handover schemes. For instance, in [22],
a power allocation scheme for a distributed antenna system
is implemented to enhance the handover failure probability
in a two-link architecture is proposed. Another soft handover
scheme based on multi-radio access technology is proposed
in [23]. The idea is to keep multiple heterogeneous network
links of the relay at the same time and maintain the relay
connection through one link during the handover process of
the other link. The authors in [24] investigated the handover
signaling process for multiple MRs in LTE networks while
using control MR placed in the front of the train in addition
to several general MRs to serve the users inside the train. The
role of the control MR is to perform measurement and decide
with the BS if a handover is needed or not. If the handover
is required, the MRs perform a group handover procedure. It
shown that this process helps in reducing the handover process
time and the conservation of connectivity.

In this study, we contribute to the aforementioned previ-
ous works by investigating the resource allocation problem
for two-hop high-speed railway communication assisted by
multiple MRs in the generic case of OFDMA model from a
power minimization perspective. As the number of users inside
the train is limited, we formulate an optimization problem
that aims to minimize the total transmit power consumption
of the system, taking into account the power budget and
respecting a certain QoS for each UE. More specifically, the
data rate of each UE is restricted to be greater than a pre-
defined data rate threshold. This leads to a more challenging
problem compared to other investigated frameworks, limited
to single relay scenario only, that consider the total sum-rate
in either their objective functions or constraints [15], [16],
[19]. In fact, meeting the target rate per UE while minimizing
the transmit power consumption requires additional constraints
that make the feasibility of the problem sensitive to various
system parameters such as the target rate per UE, number
of connected UEs per wagon, the train traveled distance, the
power budget, etc. Furthermore, the proposed framework is
more practical and fair since the sum-rate metric could be
beneficial for some users with good channel quality at the
expense of others.

A backward induction method is employed: first, we solve
the optimization problem for the access link between each

MR and UEs, then, the problem is solved for the backhaul link
between the BS and the MRs. Hence, the achieved rates of the
backhaul link are automatically dependent on the performance
of the access link. Two algorithms are proposed to solve
the resource allocation problem. The first algorithm achieves
optimal performance based on the dual decomposition method
where we jointly optimize the power levels and the subcarriers
allocation. A closed-form expression of the optimal power
allocated to each receive antenna is also derived for fixed
subcarrier allocation. The second method is based on a practi-
cal and low complexity algorithm that achieves sub-optimal
solutions of the resource allocation problem. We compare
the performance of both proposed approaches with those of
a previously proposed iterative algorithm in addition to the
direct transmission scenario. We show via simulations that our
proposed methods maintain the system QoS for long-range
distance compared to the other studies proposed in literature.

Next, based on the proposed power allocation scheme, we
propose a planning method to determine the inter-BS distance
in order to perform a seamless handover between neighbor BSs
while serving the multiple MRs given the required data rate
per UE. In this case, the handover is treated from a planning
and physical layer perspective to identify a separation distance
that maintains the desired QoS per UE. This is performed to
avoid any communication interruption in the handover zones
that are determined by introducing a tolerance parameter to
the problem. Finally, a Monte Carlo simulation is performed
in order to verify the effectiveness of the proposed planning
scheme.

The rest of this paper is structured as follows. Section II
presents the system model. In Section III, we formulate the
resource allocation optimization problem and describe the dual
decomposition and the proposed algorithm solutions, then, we
propose the planning method for multiple BSs scenario. Sim-
ulation results are discussed in Section IV. Finally, Section V
concludes the paper.

II. SYSTEM MODEL

We consider a high-speed train consisting of L wagons with
M UEs inside the train distributed randomly over the train
wagons. The UEs are communicating with the BS, placed at a
distance denoted by dp, via MR stations located at the top of
each wagon. Each MR station is composed of two antennas
connected together by a cable and placed outside and inside
the train wagon as shown in Fig.1.

The available spectrum is divided into K subcarriers having
a bandwidth denoted by Bgc. In the first hop, which is also
known as the backhaul link, the BS transmits different signals
over different subcarriers to the outside antennas of the MRs.
Consequently, in the second hop, which is known as the access
link, the i MR serves the M; UEs inside the i*" train car
such that ZZ.LZI M; = M. The transmitter ¢ (e.g., BS or relay
depending on the considered link) power vector is denoted
by P, = [Pt(l), ...,Pt(k)7 ...,Pt(K)]. In our study, we propose
to compare this high-speed train communication model using
MRs with the direct high-speed train communication scenario
where the users inside the train are communicating directly
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44.2 +21.51log,(dp_r,) + 201og,o(f* [GHz]/5), 10m < dp_r, < dpp,

PLY , (dp_r,) =

10.5 +40.0log, o (dp—r,) — 18.51log,(hp)— (1)
18.51og1o(hr) + 1.51log,(f*)[GHz]/5),

dpp < dBfRi < 10km,
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Fig. 1 High-Speed Train System Model.

with the BS. Notice that most of the studies about high-speed
train communications are focusing on the downlink direction
as the BS has limited power which will be shared among
many UEs, unlike the uplink direction where each UE can
use independently its power to perform the transmission to
achieve the target data rate. Furthermore, thanks to MRs, the
UEs inside wagons are subject to a short range communication
that does not require sophisticated power optimization scheme
in the uplink direction. In our study, we adopt the WINNER II
channel model [25] to characterize the PL in order to benefit
from its novel parametrization which allows the consideration
of outdoor-to-indoor scenarios and the adaptation of the model
to different environments.

A. Path Loss Analysis for Relay Transmission (BS-Relay and
Relay-User)

The PL used in the backhaul link between the BS and the
i" MR (BS-MR link) over the k*" subcarrier under D1 line of
sight (LoS) propagation scenario [25] is denoted by PL(;)_ R
and given in (1), where dp_p, is the distance from the BS to
the i*» MR in meter, f(*) is the center frequency over the k"
subcarrier in Hz, hp and hr are the height of the BS and the
train in meter, respectively, and dgp = 4hphrf (k)/ ¢ is the
breaking point distance, where ¢ = 3 x 10® m/s is the speed
of light in vacuum.

The PL used in the access link between the i*” MR and the
m!" UE (MR-UE link) belonging to the i’ wagon over the
K" subcarrier under A1 indoor LoS propagation scenario [25]
is given by

PLY  (dp,—v,) =46.4 + 18.71og o (dp,—v,, )+

2
20log, o (™ [GHz]/5), @

where dp,_p,, 1is the distance from the i*" MR to the
belonging m!" UE in meter.

B. Path Loss Analysis for Direct Transmission (BS-User)

In this section, the PL of the direct link between BS and
UE without relay assistance under outdoor-indoor propagation
scenario [25] is given by

PLgBk)—Um (dUm,ouladUm,in) :PLSB]ClR(dUm,ouI>+

(k) (3)
PLRfU(dUm,in) + PLouteh

where dy,, o and dy,, in are the distance between the BS
and the closest point of the train wall to the m!" UE and the
distance from train wall to the m!"* UE in m, respectively.
PLoyer = We + WG (1 — cos(6))? is the PL through the
outer wall, where W, is the loss through the train wall
for the perpendicular penetration, while WG, is the loss
through the train wall for the parallel penetration, and € is the
angle between the normal of the train wall and the outgoing
(incoming) ray.

All the aforementioned formulas are generalized for the
frequency range 2 — 6 GHz (for more details, refer to [25]).

C. Channel Mode

The channel model in [dB] over the k' subcarrier is a
function of the PL between transmitter ¢ and receiver 7,
shadowing, and fading as follows

Ht(,li'),dB = —PLff,.) — &+ 201ogy (Ft(,li)) ; “4)

where &, is the log-normal shadowing between ¢ and r
with a standard deviation equals o and Ft(,li) corresponds to
the fast Rayleigh fading power between ¢ and r such that
E [la[?] = 1, where a is a Gaussian random variable and
E[.] is the expectation operator. In this case of fast Rayleigh
fading, we consider that the channels between BS and UEs
are constant during the channel de-correlated time 7.

In (4), under the spatial log-normal shadowing assumption,
the shadowing correlation is taken into account where the
spatial correlation can be, indeed, used to measure how fast
the local mean power evolves as the vehicle moves along a
certain route [26]. Therefore, the shadowing correlation model
for moving transmitter ¢ and receiver r can be given by an
exponential function [26], [27] as follows

Ady + Ad,
— = (log, 2)>, (5)

where exp(.) denotes the exponential function, Ad; and Ad,
represent the movements of the transmitter and receiver, re-
spectively, and [, is the decorrelation length which depends
on the environment (equal to 20 meters in the vehicular test
environment [28]). Consequently, we can use (5) to determine
the shadowing values as follows

gt,'r(dt + Adt, d'r‘ + Adr) :g(dt, dr)Ag(Adh Adr)+
(1 =& (Ady, Ady)) 5

t,r

A¢(Ady, Ad,) = exp (

(6)
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where the shadowing value at positions (d; + Ady,d, +
Ad,) has a component equal to the shadowing value at
positions (dy,d,.), with the amount of similarity determined
by A¢(Ad;, Ad,), in addition to an independent shadowing
component corresponding to the new location 5. In our
system model, we assume that Ad; = 0 since the BS has
a fixed position.

Note that accurate channel estimation can be obtained for
high-speed train communications thanks to the use of the
predictor antennas concept [29]-[31]. A predictor antenna is
placed on the top of the train followed by one or several
separate receive antennas. The train is assumed to move
through a stationary electromagnetic standing wave pattern
which means that the BS creates a time-invariant pattern, and
the train simply moves through it. Hence, receive antennas
replace the predictor antenna and observe the same channel
after a certain delay. With the knowledge of pilot signals,
channel predictions can be performed at the receive antennas.

D. Doppler Shift

Doppler shift has been introduced as one of the important
problems in high speed communications due to its negative
impact on the system performance. For example, in OFDM
systems where data is transmitted at a high speed over fre-
quency selective channels, the longer duration of the OFDM
symbol will be affected by the rapidly time-varying channel re-
sulting from severe Doppler frequency shift which introduces
intercarrier interference (ICI). Although the investigation of
the Doppler effect is out of the scope of this paper, we present
in this paragraph some techniques proposed to mitigate the
Doppler effect for high-speed railway systems [32]-[34]. Note
that the Doppler in the case of BS-MR links is easier to
mitigate in the particular scenario of railway communications
than other high-speed vehicular scenarios, since the speed and
track of the train are known and predictable, in addition to the
locations of the BSs along the rail track.

In [32], a sectorised antenna architecture is proposed to
mitigate the Doppler effect in OFDM systems. It is shown
that the signals received from different directional antennas
are uncorrelated and after the approximated Doppler frequency
compensation, the scheme reduces the ICI power by reducing
the Doppler spread and mitigating the error floor under high
mobility condition. In [33], Doppler spread compensation
algorithms based on the dedicated radio environment map for
railway are proposed. The radio environment map is employed
as a spatial-temporal database consisting of the radio channel
parameters along a given railway. With all these information
that can be pre-determined and predicted offline, the REM-
based Doppler spread compensation algorithms significantly
improve the link performance of OFDM-based broadband
mobile communication systems under various high-speed rail
scenarios. An overview on the tracking of dynamic Doppler
shift for LTE-based communication systems on high speed
railway is presented in [34]. Algorithms dealing with the
Large scale dynamic and fast time-varying Doppler shift for
predictable route of a train are discussed.

The advanced techniques can be applied both at the BSs
and MRs levels to reduce the impact of the Doppler shift.

The effect of the Doppler shift will be more significant on
the backhaul link in the absence of MRs. Hence, the use of
Doppler shift compensation algorithms with MRs represents a
promising solution to reduce the negative impact of Doppler
spread in OFDMA systems.

ITI. POWER MINIMIZATION-BASED RESOURCE
ALLOCATION AND BASE STATION PLANNING

The objective of this study is to ensure a seamless railway
communication with minimum power consumption. Therefore,
we proceed by solving an optimization problem aiming to find
the optimal resource allocation in terms of subcarriers and
power levels at the BS and MRs in order to minimize the total
transmit power consumption while respecting the UE QoS. In
other words, the optimization problem purpose is to serve all
users inside the L wagons of the train with minimum power
consumption. In Section III-A and Section III-B, we formulate
the optimization problem and propose two approaches to solve
it, respectively. The first one is optimal but complex, and the
second one is sub-optimal but with low complexity. The nature
of the system implies that the problem could be infeasible and
hence, impossible to solve due to limited BS power budget.
Hence, we propose, in Section III-C, a BS planning approach
to cope with this issue. The aim is to determine the BSs’
maximum range after which the QoS will be deteriorated and
there is no more possibility to serve all MRs and hence, all
UEs, with the same BS.

A. Problem formulation

A receiver r (i.e., a MR or UE depending on the link) is
considered successfully served if its data rate R, > Rj, where
R, is given by

K
R (Py) =" el r)Bsclog, (14445 (PP)), )
k=1

where € is either a matrix of size X x L such that K > L if
we consider the backhaul link or K x M; such that K > M,
if we consider the access link inside wagon i. Binary variables
e(k,r) refer to the status of the k" subcarrier whether it is
allocated to receiver 7 or not and it is given as follows

1, if k™ subcarrier is allocated to receiver r,

e(k, 1) = . 8)
0, otherwise.

R}, corresponds to the data rate threshold of the receiver r. In
), %(,If) is the received signal-to-interference-plus-noise ratio
at the receiver over the k*" subcarrier and is given as follows

(k) (k)
NG (P(k)> _ B H, GiGy
t,r t I + NOBSC

where G; and G, are the transmitter and receiver antenna
gains, respectively. I and Ny are the average co-channel
interference caused by other BSs and/or other MRs and the

©))
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noise variance, respectively. Thus, the optimization problem
for each backhaul or access link can be formulated as

M;,L

. k
e Y i) a0
subject to:
(C1: Power budget constraint at the transmitter ¢):

K M;,L
STPPS T ehr) < P, (11)
k=1 r=1
(C2: Receiver r rate constraint):
R, (Py) > Ry, Vr, (12)
(C3: Subcarrier selection constraints):
M;,L K

> e(k,r) <1,Vk, and Y e(k,r) <K, ¥r,  (13)
r=1 k=1

where P, is the peak power at the transmitter .

Constraint (12) ensures that the QoS of the receiver r is
satisfied, while constraint (13) indicates that each subcarrier
can be allocated to only one UE and, at maximum, one UE
can be served by K subcarriers. Note that constraint (12) is
written as Ry, (Pg,) > RY™, Ym = 1,---, M, for the
access link inside wagon i, and as Rp, (Pp) > Rtfi, Vi =
1,---, L, for the backhaul link between the BS and MRs.
The challenge now is to enhance the performance of the
system by optimizing the power levels simultaneously with
the subcarriers allocation.

B. Problem Solution

In this section, we propose two solutions in order to solve
the optimization problem formulated in (10)-(13): the dual
decomposition method that achieves the optimal solution but
requires a high computational complexity, and a practical and
low complexity algorithm that reaches a suboptimal solution.
The loss in terms of performance and gain in terms of
complexity are discussed in Section IV. In order to solve the
resource allocation problem for high-speed train communica-
tion, we proceed as follows: First, we focus on the access link
to find the optimal resource allocation at each MR station.
Depending on the number of UEs M; per wagon ¢ and the
corresponding target data rate Rfﬁ , we can compute the target
data rate per each MR station denoted by Rﬁ" Vi=1,--- L,
which is equivalent to the sum of the target rates of the UEs it
is serving. Once Rl}lf" becomes known for each MR 7, we can
then focus on the backhaul link and find the optimal resource
allocation at the BS. By doing this, in the backhaul link, we
assign few resources to MRs that have low Rﬁi and assign
more resources to MRs that have high Rtfff‘.

Note that in extreme scenarios, e.g., high rate threshold per
user, train at the cell edge, and/or limited power budget, the
problem (10)-(13) becomes infeasible as the power budget
becomes insufficient to serve all UEs. For instance, for a given
subcarrier allocation and using (11) and (12), the problem is
infeasible if:

K r

—~ Ht(k)GtG

"U I

(14)

In this case, the problem can be relaxed by iteratively elimi-
nating some users at the farthest MRs and hence, reducing the
target data rate per MR, till the problem becomes feasible. By
this way, the problem aims to serve the maximum number
of users given the available power budget. However, this
approach could have a negative impact on the global QoS
of the system. Therefore, in Section III-C, we focus on
determining the best locations of neighbor BSs to avoid such
QoS deterioration.

1) Dual Decomposition Method and Optimal Solution: The
problem in (10)-(13) satisfies the dual time sharing condition
investigated in [35]. Thus, the duality gap of this non-convex
resource allocation problem in OFDMA multicarrier system
is negligible as the number of subcarriers is sufficiently large
compared to the number of users. Therefore, we solve it by
exploiting its dual problem that is expressed by

maxi}\mize g(N), (15)

13),

where A = [Ag, A1,y Abgyy ooy Aasy ] s the vector that
contains the Lagrange multipliers associated to constraints (11)
and (12). The dual function g(\) is given as follows

subject to:

é . . . 1
g(A) minimize L(N), (16)
subject to:  (13).
where £(A) is the Lagrangian expressed as
K M;,L K M;,L
£=3"3" PMelk,r) + X ZZP(k) k,r)— P,
k=1 r=1 k=1 r=1
M;,L K
+ 3" A |Rh =Y ek, r)Bsc log, (1 + (P(k)))]
r=1 k=1
(17)
Thus, the dual problem in (16) can be rewritten as follows
K M;,L
A) = mini k (P(k)) ~ AP,
g(A) melfgtrgl()ze; ; e(k,r)D
M;,L
+ D AR, (18)
r=1
subject to:  (13),

where

D (PP) = (14 20) P = A Bsclogy (14415 (A7)

The steps to solve the dual problem are given as follows:
o Step 1: Initialize the Lagrange multipliers values .
o Step 2: Find the optimal value of Pt(k) for each value of
k by solving the following problem
minimize D (Pt(k)> .
P >0

19)

The corresponding optimal power (Pt(k)> is given by

+
<P(k)> A rBsc _ I + NyBsc (20)
(log.2)(1+X)  mMGG, )
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where (x)T corresponds to the maximum between x and
zero, and \,, is the Lagrange multiplier associated to re-
ceiver r served by subcarrier k since from constraint (13),
each subcarrier serves only one receiver. In order to solve
this analytical expression based on A, we can employ the
subgradient method or other heuristic approaches to find
the optimal Lagrangian multipliers of this problem [36].

o Step 3: Substitute the optimal power levels derived in
(20) into (18). Thus, the dual problem becomes

K M;,L .
(7))
o) = minimize ) D (k) (P
M;,L
— P+ Y ARy,
r=1

13),

It can be shown that (21) is a linear assignment problem
with respect to €(k,r) and can be solved efficiently by
using standard integer programming [37]. The solution
obtained by the dual method is an asymptotically optimal
solution [35]. i}
o Step 4: After finding the optimal solutions (Pt(k))
and e(k,r)* corresponding to the initialized Lagrange
multipliers in Step 1, we employ the subgradient method
to find their optimal values and thus the optimal solution
of the problem [36]. Hence, to obtain the solution, we can
start with any initial values for the Lagrange multi*pliers
( Pt(k)
€(k,7)*). We then update the Lagrange multipliers at the
next iteration (i + 1) as follows

21

subject to:

and evaluate the optimal solutions (i.e., and

M;,L

ATTD = N0 _ s (P ZP(k) S ek )), (22)
r=1

A = A0 4 ' (R, (Py) — RL), Vr, (23)

where 0° and o’ are the updated step size according
to the nonsummable diminishing step length policy (see
[36] for more details). The updated values of the optimal
solution and the Lagrange multipliers are repeated until
convergence.

2) Low Complexity Algorithm and Suboptimal Solution:
The steps of the proposed approach for the resource allocation
algorithm can be described as follows:

o Step 1: Simplify the optimization problem by distributing
the peak power of the i*" MR uniformly over its belong-
ing subcarriers (i.e., P( ) = =) where P( ) is the peak
transmit power at the kth subcamer of the zth MR. This

means that constraint (11) becomes as follows
PP <P vk =1,..K. (24)

Thus, the solution of the optimization problem becomes
as follows:

. —Aw o gp g >
P =4 o, R 23 o)
' 0, otherwise,

R
where Ay = 2375}‘c -1 The obtained

(I + NoBsc) .

solution derived in (25) means that the UE m served by
the i MR over subcarrier k can achieve its data rate
only if the correspondlng channel is relatively good.

o Step 2: Compute P( ) for all possible (subcarrier, UE)
combinations (i.e., K x M; possibilities) inside the it"
wagon.

o Step 3: Employ a combinatorial optimization approach
such as the Hungarian algorithm [38] to find the best
(subcarrier, UE) combinations that maximizes the total
number of served UEs with minimum power consumption
inside the it wagon. However, in some cases due to the
modification of constraint (13), this method is not enough
to serve the maximum number of UEs. Indeed, after
allocating the subcarriers, some UEs may not achieve the
required rate because of the power limitation as expressed
in (24).

o Step 4: If for the wagon i, the number of served UEs is
less than M, redistribute uniformly the remaining power
over the remaining subcarriers (Pr, = Pg, —Zszl Pz(:a]:))
and repeat Steps 1 to 3 for the non-served UEs in wagon
1. In fact, the peak power per subcarrier may increase
comparing to Step 1.

o Step 5: Repeat Step 4 until serving all UEs or the
remaining power per subcarrier is not enough to achieve
the UE target data rate. In the latter case, try to serve at
least one UE among of the remaining UEs by allocating
the total remaining power to the UE having the best
channel gain.

Note that the proposed approach is applied for the L wagons
simultaneously. At the end of the algorithm, Rﬁi,Vi =
1,---, L, becomes known and the BS applies the same ap-
proach but for the backhaul link. However, if at least one
of the MRs is not served, we eliminate some UEs in the
corresponding wagon in order to decrease the target data rate
of the MR and thus try to serve the maximum number of
UEs in that wagon. Details of the proposed algorithm are
summarized in Algorithm 1 by replacing ) and ¢ either by
M; and R; for the access link or by L and B for the backhaul
link, respectively. Once we find the allocation matrix €* and
the corresponding total power consumption using our proposed
approach, we compare the obtained results with the optimal
analytical solution obtained using the dual decomposition
method. As it will be shown in the simulation results section,
the proposed low complexity approach achieves very close
performance comparing with the optimal solution.

C. Base Sation Planning for High-Speed Trains

In the case of multiple BSs separated by a distance dgs
along a high-speed railway, the QoS may not be maintained
to the desired level while the train crosses the different cells
due to possible handover failure as illustrates Fig. 2 where we
consider a scenario where 3 BSs are placed next to the railroad
and separated by a distance of 3800 meters. We assume that
the train is moving from the cell of BS-1 to the cell of BS-
3. Fig. 2 plots the total consumed power of the BS versus
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Algorithm 1 Resource Allocation Algorithm for High-Speed
Train Communication with Moving Relays

I: Initialize Q@ = {1,...,Q}, K = {1, ..., K}, Qservea = 0.

2: repeat

3:  Compute the transmit power levels Pfk) as it is given in (25)
for each (k,r) € (K, Q) pairs.

4:  Find (k*, r*) combinations by employing an standard integer
programming approach (e.g., Hungarian algorithm) in order
to serve the maximum number of UEs with minimum power

consumption.
5:  Mark (k*, ) combinations as occupied (i.e., update €).
6: Q=09\ {r*’s} IC K\ {k"’s} and Qserveda = Q — | Q).
7: Pt Pt Z
keKk
8: until (Qservea = @ || Pr remains constant).
9: if (Qserved < Q) then
10:  while 3(k,7) € Q x K such that H") > 44 do
11: Hﬁi) max Hskr).
(rp,kp)E(QXK)
12: Find the transmit power Pt(kb) corresponding to 7, by
computing (25).
13: Mark (ky, 7p) pair as occupied (i.e., update €).
14: Q=0\ {rbg, K=K\ {kp} and Qervea = Q — |Q|.
ke

16: end while
17: end if

the train traveled distance and shows that the total consumed
power exceeds the available power resources assumed to be
46 dBm for a macrocell BS (the horizontal red line) in the
handover zones. In other words, the optimization problem is
infeasible in these regions. Therefore, based on the closed-
form expression of the allocated transmit power given in (20),
we aim to optimize the choice of the inter-BS distance dpg
to avoid communication interruption and ensure a seamless
handover between the different BSs.

50

Consumed power (dBm)

8 10

4 6
Train traveled distance (km)

Fig. 2 Total consumed power in a high-speed railway with
unoptimized planning (blue), total power available: 46 dBm
(red).

1) Proposed Planning Method: In this section, we provide
a study of the inter-BS distance choice. We look for the
maximum distance which maintains the desired QoS. We
start by solving the following equation which ensures the
consumption of the total power available by one BS to serve

the L MRs.
L
S PM(dp_r,) =P, (26)
k=1
where P (dB Rr,) is the optimal power assigned to the k'"

MR and 0 < 7 < 1 is a coefficient controlling the overlap in
the handover zones. 7 = 1 is the case of non-overlap and 7 < 1
is the case where an overlap between the BSs’ coverage areas
is allowed in order to provide some milliseconds to perform
the handover process and ensure a seamless communication.
P (dp_p,) is the solution of the power minimization-based
resource allocation problem studied in Section III-A and it is
given by the expression (20) which depends on the distance
dp_r, between the BS and the MR located at the first wagon
of the train. Note that the distance dp_, between the BS and
the MR located at the 7" wagon, where ¢ = 2,..., L can be
written in function of dp_p, as follows

2
dBfRi :\/dZB‘i‘( d2BfR1_d2B (2—1) ) 5 (27)

where L, is the length of the wagon of the train.

The problem (26) corresponds to a non-linear equation that can
be numerically solved using the Newton method [39]. Once the
solution df;_p is obtained, we can directly find the planning
distance using the following relation:

(dB Ry ) 7d2B

Note that in the proposed planning method, we are considering
PL only in the channel model since we are determining the
distance for average channel statistics. However, the channel
model in the Monte-Carlo simulations presented in the follow-
ing Section III-C2 includes both shadowing and fast fading to
verify that the planning methods outcome is able indeed to
meet the target performance requirements for instantaneous
channel realizations.

Generally, for traditional cellular networks, two approaches
could be considered to determine the BS locations: a worst-
case scenario-based approach assuming maximum data rate
and load per each BS and may lead to an excessive num-
ber of BSs, and a load-predictive approach which is more
realistic [40]. In the case of railway communications, it is
easier to predict the system requirement and, the worst-case
scenario becomes somehow very close to the predictive case
since the users’ location and distribution in addition to the
train trajectory are known. Also, it is known that the number
of users cannot exceed the train capacity. Hence, the only
requirements will be the target rate to provide to all users
and the number of wagons per train. Consequently, mobile
operators need to perform their planning for long-term periods
such that major adjustments, like new BSs placement, are not
required to ensure seamless communications.

2) Performance Evaluation Method: After determining the
optimal distance for a given target data rate per UE and a
given tolerance parameter 7, we run a Monte Carlo simulation
in order to investigate the impact of the proposed planning
approach on the downlink direction. Thus, we measure the
efficiency of the proposed scheme in realistic scenarios. In

diys =2 (28)
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each realization, we consider L MRs in a train which is
moving in the railway line covered by three BSs. Then,
we verify whether a relay r is served successfully or not
by comparing its achieved data rate, denoted by R, to the
target data rate threshold, denoted by Ryy,. The objective is to
determine the average outage rate which has to be extremely
low mainly in the handover zones determined thanks to the
proposed planning method. In order to compute the data rates,
we employ the channel gain given by (4) where, we take into
account the propagation loss, the shadowing and the fading
effects.

IV. SIMULATION RESULTS

In this section, we investigate and discuss the performance
achieved by the proposed resource allocation schemes pre-
sented in Section III-B while comparing them to multiple
approaches used in Literature. Then, we analyze their compu-
tational complexity in terms of total number of operations and
CPU running time. Finally, we provide some numerical results
of the performance obtained using the proposed planning
approach.

A. Smulation Parameters

We consider a high-speed train scenario where the train is
constituted of L = 10 wagons, unless otherwise stated, of 10
m length, 5 m width, and 2.5 m height. We adopt the LTE-A
transmission mode as an example of an OFDMA system. In
LTE, the available spectrum is divided into resource blocks
(RBs) consisting of 12 adjacent highly correlated subcarri-
ers [41]. Each RB has a bandwidth of Brg = 180 kHz while
each subcarrier has a bandwidth of By, = 15 kHz [42]. In
our simulations, we consider an orthogonal LTE transmission
where the total bandwidth of By = 20 MHz is subdivided
into three blocks. The first block of 10 MHz (equivalent to
50 orthogonal RBs) is owned by the eNodeB (eNB), while
the other blocks, each of 5 MHz (equivalent to 25 orthogonal
RBs), are owned by two MRs ¢ and ¢ +1,Vi =1,--- L —1
[42], [43]. Hence, the same frequency blocks are reused with
two consecutive MRs. In this case, we can assume that all
UEs in wagon ¢ are protected from the co-channel interference
caused by MRs in wagons ¢ — 2 and ¢ + 2 due to the
wagon penetration loss and to the distance separating two
wagons using the same frequency. For subcarriers allocation,
we employ the Hungarian algorithm.

Each UE communicates with the eNB via one MR placed
on the middle of the ceiling of each wagon. We assume
that accurate channel state information can be available at
the transmitters, even at high-speeds, using for example the
predictor antenna method described in [29]. The resource al-
location algorithms proposed in Section III are applied in both
access and bakchaul links using the parameters summarized in
Table 1. Also, it is assumed that the de-correlated time 7; = 1
ms [44] and the target data rate (RY) is the same for all UEs.
Initially, the distance separating the eNB and the railway is
equal to dg = 100 m while the end of the train is located
at the distance dy = 0 m as shown in Fig. 1. Furthermore,
we apply the proposed algorithm to the direct transmission

where each UE communicates directly with the eNB without
assistance from the relay.

TABLE I: Simulations parameters

l Parameter ‘ Value ‘
Train speed 350 km/hr
Carrier frequency 2.6 GHz
Total system bandwidth (Br) 20 MHz
eNB and MR i transmit antenna gains (G, GR,) (14,0) dBi
MR i and UE m receive antenna gains (Gr;,Gu,,) (0,0) dBi
Total number of UEs (M) 250

Total number of UEs per wagon (M;) 25

Transmit peak power at each i*" MR (Pg,) 20 dBm
Transmit peak power at the BS (Ppg) 46 dBm
Shadowing standard deviation (o) 8 dB
Perpendicular penetration train loss (We) 18 dB
Parallel penetration train loss (WG.) 15 dB
Average co-channel interference (1) —110 dBm
Average noise power variance at room temperature (Ng) | —174 dBm

B. Performance of the Proposed Resource Allocation Schemes

In all the following simulation results, we compare the
proposed low complexity algorithm to the Hungarian method
which corresponds to Steps 1 to 3 only of the proposed method
given in Section III-B2 and to an iterative algorithm proposed
in [21] which is based on a rate maximization approach. The
latter method consists in allocating RBs to destinations such
that backhaul performance is maximized by selecting the best
RB for each destination iteratively (i.e., best channel gain).

25
—&— Proposed algorithm
oal —6— Hungarian algorithm i
8 —— [terative algorithm
) g 0.1 T T T T Y
o - ~
o2
[
s 183
o %.Q
322rg37 |
€ |oE
5 |23
=z =
21+--8 —
0.5 1 15 2 25 3
/ Rate threshold RY (Mbps) / !
20 i i i i i i i
0 0.5 1 1.5 2 25 3 35 4

Rate threshold RY (Mbps)
Fig. 3 Average number of served UEs versus the Rf}{ Mbps in
the access link.

Fig. 3 plots the average number of served UEs versus the
target data rate Rfﬁ for the access link (MR-UE link). It can
be shown that, for all algorithms, the MRs can successfully
serve the 25 UEs up to a certain R} = 3 Mbps. It is noticed
that the proposed and Hungarian approaches outperform the
iterative algorithm in terms of power consumption. The figure
shows that the whole system performance essentially depends
on the backhaul link rather than the access link as the distances
between transmitters and receivers are very small in this link.

In the sequel, we investigate the performance of the pro-
posed algorithm for full system operation (i.e., backhaul and
access links). Fig. 4 illustrates the total power consumption
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Fig. 4 Performance of the MRs versus the distance d, for

RY = 0.4 Mbps.

and the number of served UEs as a function of the distance
dy for a fixed UE target data rate Rfﬁ = 0.4 Mbps. Note that,
when all users in a wagon i are successfully served, the i'” MR
target data rate becomes equal to 10 Mbps. Fig. 4 shows that
the performance of our proposed algorithm outperforms the
other algorithms in terms of both power consumption for trav-
eled distance and number of served UEs. As the train moves
away from the eNB, the advantages of our proposed algorithm
appear clearly: the algorithm maintains the system QoS for
long-range distance, e.g., for dyp = 2500 m where it still serves
all the 250 UEs while the Hungarian and iterative algorithms
can only serve around 248 and 240 UEs, respectively. This
gain of number of served UEs is obtained at the expense of
additional power consumption. Notice that for low values of
traveled distance the proposed approach consumes the same
amount of power as the Hungarian method (Step 1 to Step 3
of Algorithm 1). But, as the distance increases the proposed
approach consumes more power to maintain the required QoS.
This shows the impact of Step 4 and Step 5 that are added
to efficiently manage the available power budget and meet the
QoS. Compared to the sum-rate maximization approach, i.e.,
the iterative one, we deduce that an important gap in terms of
both power consumption and number of served UEs is reached.
In fact, the iterative approach allows the renouncement of
serving some of its users in order to maximize the total sum-
rate by serving UEs with good channel conditions.

Fig. 5 depicts the impact of the RY on the number of
served UEs for fixed values dy = {100,2000} m. It is noticed
that all algorithms can serve all UEs up to a certain R .
For instance, for dy = 100 m, RY" = {0.8,0.7,0.5} Mbps
using the proposed approach, Hungarian method and iterative
algorithm, respectively. This can be justified by the fact that
the power budget is only enough for low RY. As the required
RY increases, the benefit of using our proposed algorithm is
noticed. For instance, for Rf{l = 0.6 Mbps and dy = 2000 m,
the proposed algorithm can serve around 240 UEs while the
other algorithms can only serve 190 and 175 UEs as shown
in Fig. 5(b). On the other hand, it is clear that the relay
transmission (solid lines) outperforms the direct transmission
(dashed lines). We notice the importance of the introduction
of relays at the top of the train. Relays can not only help
in coping with the PL increase but also in serving more
UEs as they offer more available RBs. Indeed, with direct

25 R

& 200+ |
>
3
2 150 i
Q
172}
ks
» 1008 —W = & = = -0o N
3 %
€
3 50- E

ob—! ke — KA

0.2 1.4 1.6 1.8
25 i T T T T T
—&— Proposed algorithm — with relays

& 200F —e— Hungarian algorithm — with relays -
g —*— lterative algorithm — with relays
2 50l - 8 - Proposed algorithm — without relays |
2 - © - Hungarian algorithm — without relays
5 100L - % - |terative algorithm — without relays
I}
Qo
5
> 50; N N

* 2" 0- o

il - o TB-8-g- e - -

i — R H—
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Rate threshold RY (Mbps)

h

(b)
Fig. 5 Total number of served UEs versus Rfﬁ for (a) distance
do = 100 m, (b) distance dy = 2000 m.

40

351

W
I=]
T

N
o
T

Total power consumption (W)
& S
T T

o
T

o
T

08 | I
0 500 1000 1500 2000 2500 3000

(a)
25008ttt & 0090990000 o )
(%] U X
% 200 || —=— Proposed algorithm — with R‘h=0.7 Mpbs il
3 -a-- Optimal ~ with RY/=0.7 Mpbs
& —— Proposed algorithm — with R‘L:|=O.6 Mpbs
k]
5 =%~ Optimal - with R=0.6 Mpbs
Qo
E 150-| —6— Proposed algorithm — with R::‘:O.F)Mpbs .
=
-0~ Optimal - with RY/=0.5Mpbs
—e— Proposed algorithm - with R::1=0'4 Mpbs
-o-- Optimal - with R?=0.4 Mpbs
100 N N N 1 1
0 500 1000 1500 2000 2500 3000
Traveled distance d0 (m)
(b)

Fig. 6 Performance of the proposed algorithms for the relay
transmission versus the distance d for different values of Rfﬁ s
(a) Total power consumed by the eNB, (b) Total number of
served UEs.

transmission and with By = 20 MHz, the proposed algorithms
can at maximum serve 100 UEs while thanks to the relays,
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the eNB is able to communicate with 250 UEs. However, a
significant decrease of the slope of the number of served UEs
with the relay transmission compared to the direct transmission
is obtained. Indeed, if one relay is not served, this means that
the 25 UEs in the corresponding wagon are not served even
after employing Step 5 of the proposed approach while with
the direct transmission the increase of the target data rate per
UE eliminates UE by UE. The increase of the distance dy
implies a decrease of the system performance, for instance
with RY = 0.8 Mbps and using the proposed algorithm, the
number of served UEs goes from 250 with dy = 100 m
to 100 with dyp = 2000 m. This means that starting from a
certain distance, a handover to another closer eNB becomes a
necessity to maintain the required QoS.

In Fig. 6(a), we show that the proposed method (solid
lines) consumes a total power almost similar to the optimal
power obtained using the dual decomposition method (dashed
lines) given in Section III-B1. Also, in Fig. 6(b), we plot the
corresponding number of served UEs as a function of the
distance dy for different values of Ry = {0.4,0.5,0.6,0.7}
Mbps. We notice that power consumption directly depends on
the target data rate and increases with the distance.

C. Complexity Analysis of the Proposed Resource Allocation
Schemes

In order to compare the complexity of the proposed and the
optimal methods, we suppose hereafter that we work in the
backhaul level. Note that the same analysis can be performed
for the access link. For the low complexity algorithm presented
in Algorithm 1 while using the Hungarian method, in the worst
case scenario, the maximum number of iterations that can be
reached is L assuming that at each iteration only one pair of
user and RB is allocated (line 4). Note that, in general, we can
have multiple relay-RB associations per one iteration and thus
the size of the resource allocation matrix € is reduced every
iteration as indicated in line 6. Therefore, the Hungarian algo-
rithm complexity as well as the number of operations needed
to compute the power expression given in (24) depend on the
size of € which is decreasing as the relay-RB associations are
made. Thus, the complexity of the low complexity algorithm

is of the order of Z (L= i) (K =) + (L — i)(K — 9

operations for the worst case scenario. Concerning the dual
decomposition method given in Section III-B1, for a given
maximum number of iterations of the subgradient method
Imax, the algorithm is executed for I = min(lpay, 1/€?)
iterations where ¢ represents the accuracy-guarantee which
is defined by the difference between the best value and the
iterate value [39]. We can easily see that the number of
operations at each iteration is of the order of ~ (K L)*+13K L
operations where (K L)? is the number of operations for the
Hungarian method and ~ 13K L is the number of operations
for expressions (20), (22), and (23). Thus, the total complexity
of the dual decomposition is ~ I x ((KL)* 4+ 13K L). Hence,
we deduce the considerable gain in terms of number of
operations provided by the low complexity approach since the
allocation matrix size is decreased every iteration unlike the

dual composition method, where at each iteration of the sub-
gradient method, the same matrix size is considered.

For illustrative purpose only, we present, in Table II, a
comparison between the proposed algorithm and the optimal
algorithm based on the dual decomposition in terms of CPU
time and the number of operations. For 100 realizations,
results show that the optimal method requires, on average,
more time to converge. We can clearly see that the computa-
tional complexity is considerably reduced using the proposed
low complexity algorithm due to the dynamic size reduction
performed at each iteration. Recall that the latter algorithm
achieves close performance to the optimal solution as it is
shown in Fig. 6. All tests were performed on a desktop
machine featuring an Intel Xeon CPU and running Windows
7 Professional. The clock of the machine is set to 2:66 GHz
with a 48 GB memory.

TABLE II: Complexity of the Algorithms

l H Dual Decomposition [ Proposed algorithm

CPU times (L = 4) 0.0885 0.0005
Operations (L = 4) 9 x 10% 8 x 102
CPU times (L = 10) 0.1172 0.0017
Operations (L = 10) 2.1 x 107 9.8 x 10°

D. Performance of the Proposed Planning Method

Next, we present the performance of the BS planning for
high-speed train with moving relays studied in Section III-C.

In Fig. 7, we plot the optimum distance as a function of
the number of relays and for different RY values. Note that
the total shared data rate by one relay is given by 25 RY (For
RY = 0.144 Mbps, the target rate per relay is 3.6 Mbps, thus
per train is 3.6L Mbps). As it is expected, for a fixed RY,
value, the optimum distance separating the BSs is inversely
proportional to the number of relays because when the latter
increases more power is needed to maintain the desired QoS.
We also notice that we can increase the distance by setting
low values of Rf{l, i.e., low QoS. Also, in this figure, we
compare the performance of our proposed approach (denoted
by “indep. MRs”) to those of the ideal case where relays
cooperate together to serve users, denoted by “Coop. MRs”.
In this scenario, relays are assumed to be connected to each
other via an optical cable that allows users belonging to wagon
i to be served via a relay placed on the top of wagon j # i.
Although this scenario requires a more developed problem
formulation and a more sophisticated algorithm, we present
in Fig. 7 a suboptimal solution based on a meta-heuristic
algorithm that optimizes the inter-BS distance in addition to
the number of users associated to each relay. We notice that
the proposed scheme closely achieves the inter-cell distance
of the ideal case: a difference of 200-300 meters. This can be
explained by the fact that at cell edge, the BS uses its full
power. Hence, the coop. case will need to reduce the number
of users of the wagons in outage, in order to serve them by
other relays closer to the BS. This will lead to an increase
of the power consumption allocated to the supporting relays
which does not offer large flexibility to the system. Note that
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this increase follows an exponential function equivalent to Ay,
given in (25).

Fig. 8 shows the advantage of using moving relays over the
traditional single relay scheme adopted in [15]. In fact, for the
same total number of users, we plot the total consumed power
as a function of Rfﬂ for both single and 4 MRs networks by
adopting the optimal inter-BS distance obtained for the 4 MRs
case. We can clearly see that by using MRs, we do not exceed
the total power budget fixed at 46 dBm while the single relay
scheme requires an enormous power consumption even if it is
using 4 RBs for the transmission. Hence, in contrast with our
proposed scheme, the single relay scheme cannot be applied
in practical scenario with high rates.

In Fig. 9, we test the LTE planning scheme in two different
scenarios with L = 5 and L = 7 relays with the presence of
fading and shadowing effects. Each network is composed of 3
eNBs placed at Om, djq m and 2 dig m and 25 users per wagon
with RY = 0.128 Mbps. The optimal inter-BS distances are
presented in Table III in km. For each network, we apply the
proposed LTE planning and plot the percentage of non-served
users as a function of the train position after averaging over
1000 independent Monte Carlo runs. We clearly notice that the
percentage of non-served users is less than 0.5% in the zone
covered by the eNBs. We can also see that the percentage
of non-served users decreases in the case of overlap (7 =

@
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Fig. 9 Percentage of non-served users with and without over-
lapping.
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0.8) compared with the non-overlap case (7 = 1). Indeed, the
introduced tolerance provides more reliability to the railway
communication and reduces the risk of handover failure.

TABLE III: Optimal inter-BS distances in km

[ [r=1]=058]

5 3.8 3.4
=7 32 2.8

L
L

V. CONCLUSION

This paper studied the problem of resource allocation for
high-speed train equipped with multiple moving relays in
OFDMA systems. The objective is to minimize the total
transmit power consumption while serving the passengers
by meeting their requested throughput. Optimal solution is
derived using the optimal decomposition method in order to
optimize both power and subcarriers allocation. Moreover, we
proposed a practical algorithm to find a suboptimal resource
allocation solution. Interestingly, it has been shown that the
performance of the proposed scheme using moving relays
achieves close performance to those of the dual decomposition
method and outperforms the performance of some previously
proposed algorithms as well as the direct transmission. We
also proposed a planning method to optimally determine
the inter-base station distance according to given quality of
service parameters. Its efficiency is verified using Monte Carlo
simulations. Finally, simulation results show that our proposed
algorithm maintains the system quality-of-service even for
long-range distance with near optimal power consumption.

The investigation of the cooperation among moving relays
for high-speed train communications represents an interesting
extension of this work where the objective is to develop
optimized mechanisms in order to enhance the system per-
formance and ensure seamless handover with larger inter-base
station distances. In addition to the power and subcarriers
allocation, another challenging dimension can be introduced
to the framework: the user-relay association.
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