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The train-to-ground communications for Hyperloop encounter numerous challenges compared to the previous systems as a result
of ultrahigh velocity, metal confined tube, severe penetration attenuation, frequent handover, etc. Ultrareliable low latency
communication (uRLLC) services are extremely pivotal to the operation of Hyperloops since they are responsible for the
transmission of safety-related messages like train control system (TCS) information. Furthermore, the sporadic generated
uRLLC traffic is strictly latency-sensitive and requires stringent transmission reliability, which is usually realized by
multiplexing with the enhanced mobile broadband (eMBB) traffic when coexisting with heterogeneous traffic. Different from
current multiplexing schemes which handle all uRLLC traffic indiscriminately, we focus on the detailed demands of different
uRLLC services for Hyperloops, including the end-to-end transmission latency and bit error rate (BER). Then, we classify the
safety-related uRLLC traffic into 5 levels according to the metrics and relax the multiplexing latency properly. On this basis, an
optimization problem incorporating minimizing uRLLC power and maximizing the eMBB throughput is formulated. Then, a
particle swarm optimization (PSO) algorithm is proposed to cope with this nondeterministic polynomial- (NP-) hard problem.
Simulation results imply that our proposed service-aware latency-relaxed concept enables a flexible multiplexing of the uRLLC
traffic, and the proposed PSO algorithm can obtain the suboptimal solutions with the constraints of BER and time-frequency
range, which can cater to the demands of uRLLC and improve the passengers’ in-journey communication quality of services to

some degree.

1. Introduction

The worldwide proliferation of high-speed railways (HSRs)
yields great social-economic prosperity, regional develop-
ment balance, user satisfaction, etc. [1]. For example, the
top speed of Japanese Shinkanshen has risen from 210 km/
h to 320 km/h, and it achieves a ridership of 1 million pas-
sengers per day. HSRs in Italy can reach a speed up to
400 km/h, which connect the main cities tightly. China has
built over 40,000 kilometers of HSR lines by 2021 and
expects to promote international development via the belt-
and-road policy [2]. Despite the fastest high-speed train with
a velocity of over 400km/h, passengers are expecting to
experience a more comfortable in-journey with less travel
time. However, the acceleration of HSR is severely subject

to the wheel-track mechanical friction, aerodynamics fric-
tion, and noise especially regarding the velocity over
500 km/h according to [3]. Furthermore, it is reported that
the proportion of aerodynamic resistance in traction force
will reach over 80% as the train speed exceeds 400 km/h,
resulting in a huge waste of energy. Besides, the aerodynamic
noise caused by high speed also rises sharply with the
increase of speed, which is unbearable for onboard
passengers.

Hyperloop, reported to proceed at a speed over 1000 km/
h, is envisioned as the next-generation means of transporta-
tion and attracts numerous interests both from academia
and industries. It is a new type of transportation with pas-
sengers and cargo traveling in pods at a near-sonic speed
through a near-vacuum tube by using the maglev
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technology, which can alleviate the mechanical and aerody-
namic friction as well as the noise greatly [4]. Since first
put forward by Robert Goddard in the 1900s, carried for-
ward by Elon Musk in 2013, and realized by a company
named Hyperloop One in 2017, Hyperloop is evolving from
the prototype to commercial products exponentially nowa-
days with worldwide efforts. In 2017, the U.S. company
Hyperloop One made history on the world’s first hyperloop
test track, which achieved historic speeds of 387 km/h on a
test track of 500 meters. Furthermore, Hyperloop One
accomplished the first passengers’ safe-travel on a hyperloop
in 2020, making transportation history as reported in the
website (https://virginhyperloop.com/). In China, a series
of research has been carried out on this new transportation
way and some landmarks have been completed. In 2014,
Southwest Jiaotong University developed a vacuum pipeline
maglev vehicle test system, which is the world’s first com-
plete vacuum tube test line with a low air pressure close to
the vacuum (0.012 standard atmospheric pressure) and
magnetic levitation system.

To guarantee the safe operation of Hyperloops as well as
to offer Internet connectivity to the onboard passengers, it is
extremely crucial to establish a reliable train-to-ground wire-
less communication link, which is still at its infant stage [5].
The dedicated communication systems for HSRs have evolved
from the global system for mobile communications-railway
(GSM-R) to the long-term evolution for railway (LTE-R),
which enables high-rate wireless voice and data communica-
tions [6]. Meanwhile, the fifth-generation mobile communica-
tion system for railway (5G-R) is widely envisioned to shape
the future of the railways by offering ultralow latency and
ultrahigh reliability based on some technologies like massive
multiple-input multiple-output (MIMO), numerology, net-
work slicing, etc. For Hyperloops, the safety-related uRLLC
services involve traction control-related services, speed
control-related services, sensor monitoring data, emergency
messages, etc. Whereas the enhanced mobile broadband
(eMBB) services mainly refer to onboard passengers’ commu-
nications, like online conferences, games, videos, and emails.
The former generates low data rates, but poses stringent bit
error rate (BER) and latency demands, whereas the latter usu-
ally generates chunks of files, but is much more tolerant for
BER and latency demands.

The numerology technology of 5G enables a flexible config-
uration of the physical frame with multiple types of subcarrier
spacings and time durations [7]. On this basis, the uRLLC traf-
fic is usually assigned physical resource blocks (PRBs) with
short time durations but large bandwidth. In terms of schedul-
ing PRBs, the uRLLC traffic punctures those eMBB users’ PRBs
in the next mini-slot to satisfy the stringent latency require-
ments. Currently, extensive works have been conducted in this
field, typical works like [8-14]. In [10], Yin et al. proposed a
new downlink scheduler for uRLLC multiplexing and aimed
to maximize eMBB utility while guaranteeing uRLLC con-
straints. The resource allocation is formulated as an integer
programming (IP) problem and a two-phase solution is pre-
sented. In [8], Darabi and Lampe considered different types
of uRLLC users with various latency requirements and priori-
tized uRLLC users with looser latency needs, which is similar
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to the proposed latency-relaxed concept in this paper. In [11],
Alsenwi et al. presented a risk-sensitive based formulation to
allocate PRB resources to uRLLC traffic, which aims to mini-
mize the risk of the eMBB transmission and ensure the uRLLC
reliability. The drawback of this method is the time-consuming
iteration when searching for the solution. In [12], Esswie and
Pedersen proposed an enhanced spatial preemptive scheduler
for the joint transmission of uRLLC and eMBB traffics, and it
aims to provide the sporadic uRLLC traffic with an
interference-free subspace for immediate and secured trans-
mission without queuing. In [13], Alsenwi et al. formulated
an optimization problem aiming to maximize the eMBB
throughput while subject to a uRLLC reliability constraint. A
deep reinforcement learning (DRL) based framework is also
proposed to solve this problem. In [14], the authors formulated
an optimization problem aiming to maximize the minimum
expected achieved rate (MEAR) of eMBB users while
guaranteeing the requirements of the uRLLC traffic. The
decomposition trick is used to divide it into two subproblems.

The aforementioned works investigate the multiplexing
problem of uRLLC and eMBB traffic mainly from the aspects
of eMBB throughput and uRLLC reliability and propose
some corresponding effective solutions. Nonetheless, most
of them treat all kinds of uRLLC traffics as a whole and
ignore their diverse demands, failing to provide the dedi-
cated services for uRLLC users consequently. As such, we
proposed a service-aware concept of multiplexing and used
the greedy strategy to solve the issue in [15]. However, this
work only focuses on the optimization of uRLLC power,
and the eMBB performance remains to be investigated.
Besides, the greedy strategy is used to solve the problem,
which can handly obtain the optimal/suboptimal solution.

In summary, our main contributions are presented as
follows:

(1) Regarding the safety-related Hyperloop train-to-
ground communication services, 6 types of uRLLC
traffic are assigned with 5 levels according to differ-
ent latency and BER metrics. Besides, the latency
constraint for each type is relaxed properly, which
means that the corresponding multiplexing task
should be finished no longer than the relaxed latency

(2) We formulate an optimization problem that con-
siders both minimizing the uRLLC energy cost and
maximizing eMBB throughput. The relaxed
latency-frequency limitation range and BER require-
ment are considered as 3 key constraints for this
problem

(3) To solve this nondeterministic polynomial- (NP-)
hard problem, we utilize the particle swarm optimi-
zation (PSO) algorithm. Specifically, the unsolved
multiplexing positions for uRLLC traffic are
regarded as a particle, and the velocity and position
information of particles are updated by iteration.
The corresponding simulation results are presented

The remainder of this paper proceeds as follows. In Sec-
tion 2, uRLLC services for Hyperloops are analyzed in detail
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with the PRB mapping relationship. Section 3 presents the
proposed system model, and we formulate it into a multiob-
jective optimization problem. Then, the PSO algorithm is
introduced to solve this problem in Section 4. Simulation
results and analyses are given in Section 5. Finally, conclu-
sions are drawn in Section 6.

2. URLLC Services for Hyperloop

A 5G-based train-to-ground wireless communication archi-
tecure for Hyperloop is presented in Figure 1. A two-hop
relay strategy is also used to overcome the pod-body pene-
tration attenuation, where the leaky-wave emits and receives
signals via wire cables to the track-side active antenna units
(AAUs). The pod travels inside the vacuum metal tube at an
ultrahigh velocity with an antenna embedded on the top to
assemble all onboard communication services. Related
works have proven that the leaky waveguide system can pro-
vide a steady received signal under this circumstance.
Detailed depicts can be found in our previous work [3, 16].

2.1. Customized PRB Mapping for uRLLC. According to
some research like [4], the communication services for
Hyperloop have some similarities to the LTE-R and 5G-R.
In [3, 16], we have already presented detailed analysis on
communication services with accurate key performance
indicators (KPIs) from the aspects of service type, data rate,
end-to-end latency, and bit error rate (BER), which is pre-
sented in Table 1.

From a safety-related perspective, the train-to-ground
communication services can be classified into 2 types, i.e.,
uRLLC and eMBB services. Generally speaking, uRLLC ser-
vices for Hyperloop involve the traction control system
(TCS), operation control system (OCS), operational voice
communication system (OVCS), train operation status
monitoring (TOSM), video surveillance (VS), and passenger
information service (PIS). As seen in Table 1, each type of
uRLLC service owns a distinct metric when operating. As
such, we classify these services into 5 types according to dif-
ferent latency, and BER demands presented in the last col-
umn in Table 1. Moreover, we assign PRBs with different
time-frequency sizes to each uRLLC traffic by adopting the
5G numerology. As illustrated in Figure 2, we assign PRBs
with short time duration and large frequency bandwidth to
those high-level uRLLC traffic, which are strict with trans-
mission latency and BER. Whereas low-level uRLLC traffic
is allocated with PRBs of long time duration and narrow
bandwidth. This special design enables a flexible PRB
schedule policy, i.e., the core concept of numerology
technology.

As for the eMBB traffic, they are scheduled at the unit of
slot and subcarrier. Since we mainly focus on the multiplex-
ing uRLLC traffic of different levels, we present a brief anal-
ysis of the fairness among the eMBB users. The proportional
fair (PF) algorithm is used to schedule the PRB resources for
this systems with multiple carriers. This algorithm aims to
maximize the sum of logarithmic average user rates [17].
Specifically, user i is assigned a priority p, for scheduling at

time t, which can be calculated as

ri(t) (1)

where r,(t) is the instantaneous transmittable rate at the
current slot, and R,(t) means the average date rate until the
previous slot.

2.2. Latency Relaxation Strategy. In terms of the coexistence
of both uRLLC and eMBB traffic, the already allocated PRBs
for eMBB are usually punctured by uRLLC traffic to guaran-
tee its transmission priority, i.e., the core concept of multi-
plexing scheme. Usually, the conventional multiplexing
concept means that the arrived uRLLC traffic is arranged
to puncture eMBB PRBs at the next mini-slot regardless of
the service type. Herein, we propose a latency relaxation
scheme, i.e.,, relax the latency constraint for each type of
uRLLC service properly.

Figure 3 presents a diagram of our proposed latency-
relaxed uRLLC multiplexing scheme. We can learn from this
figure that 4 kinds of uRLLC traffic arrive sporadically and
they are assigned with PRBs of different sizes. The higher
level is, the shorter time duration of the PRB is. All uRLLC
PRBs are superimposed on 4 eMBB users’ PRBs directly,
which are identified by different colors. Furthermore, the
uRLLC traffic of different levels is expected to be multiplexed
within a relaxed latency margin. Obviously, high-level
uRLLC traffic owns a shorter relaxed margin. For example,
a level-3 uRLLC traffic arrives at the 3rd mini-slot and it
should be handled within 4 mini-slots. Whereas a level-5
uRLLC traffic arrives at the 2nd mini-slot and is processed
at the next mini-slot.

3. System Model

To start with, some important variable notations should be
clarified. A physical frame is assumed to cover a time dura-
tion of T, and a bandwidth of B,. Besides, it can be divided
by N, mini-slots in the time domain and N subcarriers in
the frequency domain, which infers that the PRB scheduling
unit is At x Af, where At =T(/N, is the time duration of a
mini-slot, and Af = By/Ny is the bandwidth of a subcarrier.
(t,f) denotes the ¢-th mini-slot and the f-th subcarrier of
a mini-resource element (RE). Note that a mini-RE is
regarded as the resource scheduling unit for the uRLLC traf-
fic in this paper. On this basis, the channel gain over the (¢
»f)-th mini-RE is denoted as h, ;. Some important variables
and the corresponding definitions are listed in Table 2.

If no uRLLC traffic exists, the allocated uRLLC power at
(t.f) is p‘tﬁ}L =0, and the optimization goal is to maximize
the eMBB throughput. We assume that two different power
controllers are used for eMBB and uRLLC services, and the
eMBB controller operates at a constant power of P,. Under
this case, the water-filling algorithm can be used to obtain
the maximum eMBB throughput [18], and the power
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FIGURE 1: Schematic of the train-to-ground communication system for Hyperloop.

TaBLE 1: Demand analysis of train-ground communication service
for the Hyperloop.

Services Data rate Latency BER Level
uRLLC

TCS 200 kbps 1 ms 1076 5
0CS 400 kbps 40 ms 107 4
OVCS 32 kbps/channel 40 ms 1075 3
TOSMS 1 Mbps 50 ms 107 3
VSS 18 Mbps 300 ms 1073 2
PIS 8 Mbps 300 ms 107 1
eMBB

Multimedia 0.4-4 Gbps — — 0

TCS: traction control service; OCS: operation control service; OVCS:
operational voice communication service; TOSMS: train operation status
monitoring service; VSS: video surveillance service; PIS: passenger
information service.

allocated to N subcarriers at a specific time can be calcu-
lated as

pf}/IB = max (y - noAf/’ht’f

,0), @

Ny
ZP?}){[B =P, 3)
f=1

where p{i'® is the eMBB power at (t, f) to be solved, 1,
denotes the noise power spectral density (nPSD), and y is
an auxiliary solution variable. Then, the maximum capacity
over (¢, f) can be calculated as

CMB = Af log, [ 1+ pf’l}/IBht’f . (4)
W ? nyAf

As for the coexistence case of uRLLC and eMBB services,
the multiplexing scheme is used, and it implies that uRLLC
PRBs puncture eMBB PRBs by preemption. Suppose a
bunch of uRLLC traffic with a number of Q" arrives spo-
radically at the t,. -th mini-slot. Assume the level of the g
-th traffic is s<S (s€ N*), where S means the maximal
uRLLC level number. The corresponding multiplexing relax-
ation latency is denoted as d,At,(d, € N*), and the required
BER is marked as P{*d. The PRB size is expressed as N7 x

N3,(N%, N3 € N*) mini-REs, which can be regarded as a
rectangle with a start position (SP) marked as (tsqo,fsqo). As
such, the preempted PRB area of the g-th uRLLC traffic
can be expressed as
0= [t o Ny = 1] x i S+ N3 1] (5)
For an uRLLC traffic of the s-th level, its corresponding
PRB size can be expressed 25°At x 2°Af considering the
numerology technology. Considering the time-frequency

constraints, i.e., the relaxed latency margin and subcarrier
number, the SP of the g-th uRLLC traffic is given as

1<t —t,, <d, 5 € N7, (6)
L<fig<Np =Ny, fig €N, (7)

where (6) means that for a given g-th uRLLC traffic with a
level of s, the maximum delay range should be considered
when multiplexing. In other words, the multiplexing delay
margin is constrained by the corresponding predetermined
delay setting d,. The meaning of (7) is much similar to (6).
It reveals that the multiplexing frequency range should not
exceed the maximal frequency range. Considering its PRB
size, the maximal frequency range is set to N; — Nj.

Another necessary constraint is the uRLLC BER require-
ments, which are strictly related to the wireless channel sta-
tus. Assume the M-quadrature amplitude modulation
(QAM) modulation is adopted for all uRLLC traffic, and
the corresponding BER over additive white Gaussian noise
(AWGN) channel is expressed as [19].

. VM-1 3log,M _.
P_\/]\_/IlogZ\/MerfC< Z(M—l)y>’ (8)

where ¥ is the estimated signal to interference plus noise
ratio (SINR). Obviously, BER is determined by the parame-
ter M and Y. When multiplexing, the BER of the g-th
uRLLC traffic should satisfy

s s req
P (M, yq> <P, 9)

This constraint involves the BER requirement. Specifi-
cally, the BER of an uRLLC traffic after multiplexing should
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FIGURE 3: A diagram of the proposed latency-relaxation based multiplexing.
TABLE 2: Summary of key parameter definitions.
Variable Definition Variable Definition
B, System bandwidth n, nPSD
Ny, Ny Number of mini-slots and subcarriers within a frame ~ At, Af Mini-slot duration time and subcarrier bandwidth
> ndex of the > annel gain at the (¢, f)-t
tf) Index of the RE h(t, f) Channel gain at th, h RE
pfi\f/[B eMBB power over the (¢, f)-th RE P?}{L uRLLC power over the (¢, f)-th RE
d, Maximum latency of level s P Required BER of level s
N, N3 PRB time and frequency size level s ti0ofq0  PRB start position of the g-th uRLLC traffic with a level of s
/)7; SINR of the g-th URLLC trafhic Pro PRB position center of the g-th traffic

satisfy its predetermined requirement to guarantee high
transmission reliability. For the M-QAM, the corresponding
?; for the g-th uRLLC traffic can be expressed as

2
/)}Sq = Z(tq’fq)Equptq’fq ht@’f;i ’ (10)
cMB
Z(tq’fq)e‘ofzptq’fq htq’fq ‘ N

where Ny = nyN7NpAf is the noise power over PRB (2.
p; s, and pf;’?: denote the allocated power of the g-th uRLLC
traffic and eMBB traffic at the PRB position (f,, f,), respec-
tively. It is noteworthy that the variable ?Sq is calculated for

the uRLLC traffic. When calculating the eMBB capacity/
throughput, similar derivations can be formulated where
uRLLC power is regarded as interference.
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TaBLE 3: Validation layout parameters.
Parameters Settings
Population size 100
Iteration 500
Safety level [1-5]
RB size [16,8,4,2,1]At X [1, 2, 4,8, 16]Af

[30,20,15,10,5] At
[107%,107%,107°,107°,107°]

Relaxed latency
BER metrics

Modulation 16QAM
eMBB power w
nPSD -174 dBm/Hz
Carrier frequency 3.55GHz

Without any doubt, the fact that uRLLC traffic preempts
those eMBB users’ PRBs will inevitably affect the corre-
sponding network throughput. In addition, uRLLC traffic
poses strict BER requirements even if being allocated to
those PRBs of good channel quality. Therefore, two indepen-
dent power controllers are used for eMBB and uRLLC sepa-
rately. Besides, the uRLLC latency and BER requirements
should also be guaranteed. Finally, we formulate a dual-
objective optimization goal incorporating the minimization
of uRLLC power consumption and maximization of eMBB
throughputs, which is expressed as

2 min max {aTM" - BP*%'1, (11)
V;:Piq,fq
sta+pB=1,0a 8€(0,1), (12)
eMB __ eMB
TV =Y cyrar, (13)
(tq’f‘l)éoq
S _ S
Py = > b s, (14)
(tafs) €%
s s _
2N =2, (15)
q#q,q.q9" €{1,2,-,Q™},, (16)

where a and f are two parameters used to tune the
weights of throughput and power consumption with a con-
straint of (12). Note that constraints (6), (7), and (9) should
also be satisfied. Regarding constraint (15), we neglect those
preempted PRBs when calculating eMBB throughput since
that uRLLC traffic requires high SINR values to satisfy the
strict BER demands, which corrupts those eMBB PRBs
severely. p; in (14) represents the total power allocated to
the g-th uRLLC traffic. Constraint (15) implies that multi-
plexing PRB areas of any two uRLLC traffic should not over-
lap with each other. To this end, the multiplexing coordinate
€2, of each uRLLC traffic and the corresponding allocated
power p;q)fq, (tyf,) €2 over each mini-RE remain to be

solved.
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4. Solution Based on PSO

4.1. Reduction of Variables. It is hard to find the optimal/
suboptimal solution for (11), especially involving multiple
variables. To alleviate the analysis complexity, we first
neglect the calculation of the total power of the g-th uRLLC
traffic, i.e, p; and assume its value is known in advance.

Note that the value of p; will be given later. As for the eMBB

power pfj‘,’IB allocated at position (¢, f), it can be obtained

based on (2) and (3). Then, we focus on the uRLLC services
and aim to maximize the SINR of the g-th uRLLC traffic y,
with a goal of

max{y; . (17)

S
Piysy

> P =P
(e 18)

This is a convex problem, which can be solved easily by

the Lagrange multiplier method. The corresponding solution
can be expressed as

2
h s P,
Py = ‘q—qz (19)

) q
Z(z,f)eQ; htq,fq

On this basis, we reduce those variables to be solved p;
T/ q

» (tg f,) over PRB () to one, i.e., p*. Until now, 3 variables
still need to be solved, ie., SP (t;.f},) and p*. Since the
eMBB power allocation and noise PSD are already given,
then p° can be obtained by some manipulations of (10),
which is

—~ 2
h, s,

i

MB
N (Z(t)f)erlpZ,fq

a-Yq

2

(g

(b)ecz,

1 tofy

Z(t,f)e();

q

(20)

From the above formula, we can learn that once the SP
(tfw’ff}o) is determined, and the corresponding p; can be cal-

culated to guarantee its BER requirement.

It is a two-dimensional bin packing issue belonging to
the NP-hard problem, which is hard or even impossible to
search for the optimal solution within a finite time. To this
end, some heuristic algorithms like the genetic algorithm
(GA), PSO algorithm, and artificial neural network (ANN)
are usually adopted to search for the optimal/suboptimal
solution through extensive computational iterations. How-
ever, this kind of algorithm is time-consuming and some-
times is hard to satisfy the stringent uRLLC latency
demands. As such, we can set the maximum iteration time
properly according to the specific scenario to obtain the sub-
optimal or even nonsuboptimal solutions to cater to its
latency demands. Herein, we use the widely used PSO
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F1GURE 4: Schematic of the BER results after PSO initialization.

algorithm with the merits of high efficiency and simple
implementation, which is inspired by swarm behavior such
as bird flocking and schooling in nature.

4.2. PSO-Based Solution. When implementing the PSO, we

first generate M particles. For the m-th particle K, it is
made up of a matrix with a dimension of 2 x Q"RL, where

. P T
the g-th column vector is expressed as K, = [p;, tf;o] . The

fitness value of I?m is calculated by (11). Our proposed
PSO-based solution mainly involves the following steps.

(1) Determine the particle swarm number M, the max-
imum iteration epoch N, channel gain h,, the
corresponding relaxation latency, and BER require-
ments for all types of uRLLC traffic

(2) Pack the unsolved positions into a particle and ini-
tialize its velocity and position. Calculate the corre-

sponding fitness at the initial position, then take it
_pbest

as the personal best position K,, . On this basis,

_,gbest
find the global best optimal particle K , which

can be expressed as

_.gbest — pbest
K =arg min{F(Km )} (21)
m

(3) Update the velocity and position of the m-th particle

_,pbest _gbest
m

based on K and K ,ie,

(22)

=K, +V,(r+1), (23)

where R, R, € (0,1) are two random numbers, and w
€ (0, 1) is a weight to promote local exploitation. ¢;, ¢, mean
two learning factors. Since that multiplexing position is
scheduled at the units of mini-slot and subcarrier, the 2nd
and 3rd dimensions for all column vectors of the updated

K,, are conducted by the rounding operation.

(4) Then, check whether there is any PRBs overlap
between any two uRLLC traffic, i.e., the correspond-
ing column vectors. If so, choose a uRLLC traffic
randomly and move its PRB to make room for the
other one to avoid the multiplexing PRBs coinci-
dence. Specifically, we deal with the uRLLC traffic
within a particle in turns. As for the first uRLLC traf-
fic, its position keeps unchanged. Assume the first (
q—1) traffic has been handled; then, we focus on
multiplexing the next g-th traffic with a level of s.
We calculate the distance between its center to the

center of the g’ traffic. If

1 N 2 N 2
o —p;,)OH < \/(O.SNSB + o.SN;) + (O.SNST + O.SNST) :

(24)

where 1<q’ <q -1, ie., these two PRBs overlap with
each other. If they overlap in the delay domain; then, the
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FIGURE 5: Schematic of the BER results after PSO initialization when o= 3= 0.5, (a) relaxed latency margin, and (b) no latency margin.

position of ¢’ traffic is changed to

tro =y + 80 (f0 £ ) x (05N +0.5N7 -

(25)

Likewise, if they overlap in the frequency domain, the
same operation is performed. Note that the updated position
should not exceed both the delay and frequency boundaries.

(5) Check the constraints of all particles and calculate
the fitness after updating. If any of the constraints
is not satisfied, an additional penalty is added to

s i
tqo—t";,OH).

_pbest

the fitness value. Update K
(23).

— gbest

and K based on

(6) Check if the iteration termination condition is met.
_,zbest
If so, return K

go to Step 3

and terminate the flow. Otherwise,

5. Simulation Analysis

In the simulation, the scheduling unit for uRLLC traffics
takes up the duration of a mini-slot of 0.1 ms and a subcar-
rier of 180 kHz, whereas that for eMBB is set to a slot and a
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FIGURE 6: Power consumption and eMBB throughput of different schemes.

TABLE 4: Results comparison of 4 cases.

TaBLE 5: Comparisons of computational time.

Parameters (a, f) uRLLC power/kW  eMBB throughput/kbit

(0,1) 3.98 37.2
(1,0) 3.86 33.1
(0.5,0.5) 3.97 37.2
[15] 4.0 —

No margin 4.0 36.9

subcarrier based on the 5G settings. Assume N =400 sub-

carriers are used and nPSD n,=-174dBm/Hz, and all
uRLLC traffic adopts the 16QAM modulation regardless
levels. Taking the various uRLLC latency and BER require-
ments into account, we classify these services into 5 different
levels with specific demands according to [16], and the cor-
responding parameters and values are listed in Table 1. To
start with, the predominant task is to find an accurate chan-
nel model to characterize the propagation scenario. We
adopt the leaky waveguide system to realize the pod-to-
ground communication as presented in Figure 1. As
reported in [3], the propagation model can be approximated
as the Rician channel by designing a special leaky-wave sys-
tem that can depress the Doppler effect. The received power
decays as the transceiver distance increases along the central
axis of the pipeline. As such, the corresponding channel can
be expressed as

—yr
Pye™
2
drp

R, (26)

where P, is the transmit power, which is set to 1W. d
means the separation distance between transmitter (Tx) and
receiver (Rx) in the tube cross-section with a value of 0.5 m.
r is the horizontal Tx-Rx separation distance, with a maxi-
mal distance of 50 m. Parameter y denotes the decay factor,

Scheme Computational time/sec
PSO-based scheme 420.5
Conventional scheme 0.55

Greedy strategy in [15] 8.6

and it is set to 0.03 herein. & represents the Rician channel
with a K-factor of 13 dB according to the simulation results
n [20]. Other detailed simulation results are presented in
Table 3.

In [16], the authors take the multiplexing positions and
power as a particle, and the initially generated particles with
different positions are plotted in Figure 4. A bunch of parti-
cles with random positions and velocities is obtained, where
the green dots in the figure indicate uRLLC traffic that fails
to meet the BER requirements after checking all constraints,
whereas those red dots mean the legal particles that satisfy
all constraints. It can be seen that most of the initial particles
fail to satisfy the BER requirement if neglected (20). As such,
(20) can not only be used to reduce the variable number but
also calculate the required power for a given multiplexing
position. Further optimization procedures are conducted
based on this formula.

Figure 5 demonstrates a schematic diagram of our pro-
posed latency-relaxation multiplexing scheme when a=0.5
and B=0.5, where subfigure (a) denotes the proposed
scheme with a relaxed latency margin, and subfigure (b)
means the conventional scheme which adopts no latency
margin. As shown in this figure, 29 uRLLC services with 5
different levels, i.e., different PRB sizes arrive at the 1180th
mini-slot. After 500 times of iterations, the multiplexing
positions of RBs with different levels are obtained based on
the proposed PSO algorithm, and they are plotted as rectan-
gles with different sizes. The background color represents
the normalized channel gain in the unit of a decibel at the
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corresponding PRB location, where the solid yellow line on
the left vertical axis means the arrival time of uRLLC traffic,
and the dotted yellow line on the right vertical axis refers to
the relaxation latency including the time duration of
resource blocks. Obviously, different tunes of a and f3 result
in totally different allocation results.

Since the eMBB throughput deteriorates as uRLLC traffic
preempts its PRBs, we focus on the eMBB throughput of
preempted PRBs and aim to maximize it regardless of other
unoccupied PRBs. Figure 6 compares the throughput and
power results of uRLLC traffic for different a and S values.
3 cases are considered as follows.

(1) Case 1. =0, B =1. This policy tries to maximize the
eMBB throughput regardless of the uRLLC power
consumption. Consequently, the obtained multiplex-
ing positions usually involve those PRBs of poor
channel quality, like the green PRB in Figure 5

(2) Case 2. a=1,B=0. In this case, the optimization
problem aims to minimize the consumption power
of the uRLLC traffic and neglect the eMBB through-
put. The results indicate that it consumes the mini-
mum power of all cases. However, this satisfying
effect is achieved at the expense of throughput

(3) Case 3. «=0.5,=0.5. This case considers both
eMBB throughput and uRLLC power consumption.
The results reveal that this configuration presents a
good tradeoft between the eMBB throughput and
uRLLC power consumption, proving to be a better
option

(4) Case 4. The greedy multiplexing strategy in [15].
Since that [15] focuses on the uRLLC consumption,
we tune a=1 and =0 in this case. As such, the
throughput result is 0. The greedy strategy is used
to obtain the solution, and the results indicate that
it costs the highest uRLLC power of all cases, which
means that the PSO can acquire a better multiplex-
ing solution

(5) Case 5. The conventional multiplexing scheme. It
means that all uRLLC traffic should be processed in
the next mini-slot

Finally, we list detailed numerical results in Table 4.
Compare our proposal («=0.5, $=0.5) with the conven-
tional scheme, ie., multiplexing in the next mini-slot and
the scheme in [15]. It can be seen that the conventional
scheme has few multiplexing positions, and our proposed
latency-relaxed concept provides better performance.
Besides, the PSO-based solution yields a good tradeoft
between the uRLLC consumption power and eMBB
throughput. Furthermore, we compare the computational
complexity of these 3 different schemes. The simulation is
conducted on a MATLAB platform and operates on an x64
system with an Intel Core i7 CPU@2.60GHz, which is pre-
sented in Table 5. Obviously, our proposal consumes more
time to obtain a better multiplexing solution. For further
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communication application in Hyperloops, the maximal
iteration number and particle swarm number can be set
appropriately based on the computational capacity of opera-
tion systems.

6. Conclusion

In this paper, we propose a novel latency-relaxation concept
of multiplexing uRLLC and eMBB traffic for Hyperloop
communications by using the flexibility of 5G numerology
technology. An optimization problem that aims to minimize
the uRLLC power consumption and maximize the eMBB
throughput is formulated, and the latency together with
BER requirements are considered as constraints. Further-
more, a PSO-based algorithm is used to cope with this NP-
hard problem. The simulation results verify the energy-
saving and less interference on eMBB throughput compared
to the conventional scheme.
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