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Abstract —Millimeter wave (mmWave) communication is one
of the technologies to meet the ever increasing demand of high
quality entertainment services inside the passenger car. In
accordance with the gigabit class backhaul technology for the
high speed trains, the target is to achieve gigabit class link
throughput at almost all (99%) the seats inside the passenger car
of high speed trains (PCoHST). However 60GHz band
mmWave communication suffers from huge human blockage
besides severer propagation loss than the 2.4GHz band, hence
the area of gigabit class link throughput that one mmWave AP
(MAP) can support is smaller. We have shown that at least 4
MAPs are necessary to meet the above target. This paper
proposes two topographic allocation types for the 4 MAPs
taking into account of the physical structure of the PCoHST, the
propagation characteristics and human blockage in the
mmWave band. We evaluate the allocation types by ray tracing
simulations under 4 typical human blockage scenarios with 3
typical occupancy rates. Simulation results show that the
straight in-line allocation type on the ceiling at the center of the
vehicular width is more feasible.

Index Terms—Millimeter wave, IEEE802.11ad, mmWave
access points, allocation passenger car, high speed train

I. INTRODUCTION

Gigabit class communications in the passenger car of
high speed trains (PCoHST) are expected for future
railway communication so that the passengers can enjoy
high quality video contents etc. [1]. Research works on
gigabit class backhaul transmission technologies such as
[1-2] have been published. In accordance with the gigabit
class backhaul technologies, it is necessary to investigate
gigabit class communications inside the PCoHST [3]. In
this paper the target is to achieve gigabit class link
throughput at almost all (99%) the seats inside the
PCoHST.

MmWave systems such as IEEE802.11ad/WiGig [4]
are promising to provide gigabit class communication.
The design technologies of indoor Wireless LAN
(WLANS, hereinafter referred to as Wi-Fi) have been
established [5]. And the propagation characteristics of
2.2GHz, 2.4GHz as well as 5.2GHz band wireless system
inside the PCoHST have been investigated [6]-[9].
However, these methods are not applicable to mmWave
access point (MAP) deployment in the PCoHST because

Manuscript received November 15, 2018; revised July 8, 2019.
This work was supported by the MIC of Japan.

Corresponding author email: lu@kddi-research.jp.
doi:10.12720/jcm.14.8.647-655

©2019 Journal of Communications

in mmWave band, e.g., Channel 2 (60.48GHz) of WiGig,
the propagation attenuation in free space is, about 28dB,
higher than that of 2.4GHz band, and mmWave
propagation can be easily blocked by obstructions
including human bodies (the attenuation of human body
is up to 35dB [10]), seats and luggage rack etc. compared
to the lower frequency systems. The higher propagation
loss and severer human blockage attenuation in mmWave
band result in smaller coverage and severer performance
degradation to the mmWave communication systems.

60GHz band systems initially operate in indoor, line-
of-sight (LOS) domestic environments [11]. Since there
are up to 100 seats inside the ordinary PCoHST [3], up to
100 MAPs are needed if only LOS paths are used for
every seat. The more the number of MAPSs, the more
stable the mmWave communication between the MAP
and the user terminal (UT(s)). On the other hand the more
the number of MAPs, the higher the overall system cost
and the severer the co-channel and inter-channel
interference issues become. Therefore, it is important to
determine the proper and minimal number of MAPs and
find the topographic allocation types (TATs) for the
MAPs in order to satisfy the mmWave coverage target in
the PCoHST. We have shown in [12] that, with the
introduction of beamforming antennas and in the human
blockage scenarios that no person or only one person
walking along the aisle in a fully occupied PCoHST, 4 is
the minimal number of MAPs in order to satisfy the
coverage target in the PCoHST. This paper deals with the
remaining issue: where to deploy the 4 MAPs inside the
PCoHST?

We propose two TATs and then compare the
performance with 10 other possible TATs considering the
physical structure of the PCoHST to achieve gigabit class
link throughput target inside the PCoHST. All the TATs
are evaluated under 4 typical human blockage scenarios
with 3 typical occupancy rate by ray-tracing simulations.
The propagation characteristics of mmWave band,
obstruction of both standing and sitting human bodies, the
LOS and non-line-of-sight (NLOS) relation between the
UT and MAPs are taken into consideration.

The rest of this paper is organized as follows: Section
Il addresses the MAPs deployment issues in the PCoHST.
Section 11l states the evaluation methods, TATs, human
blockage scenarios and other simulation parameters. The
simulations results and discussions are presented in
Section 1V. And finally, Section V concludes this paper.
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Il. MAPS DEPLOYMENT INSIDE THE PCOHST

A. Definitions and Premises

The “coverage” of one MAP is defined as an area of
seats in PCoHST where gigabit class link throughput is
guaranteed. The “coverage rate” of all the MAPs in the
PCoHST is defined as the ratio of the number of gigabit
class link throughput achievable seats over the total
number of seats in the PCoHST.

We have shown that 4 is the proper and minimal
number of MAPs in order to achieve the at least 99%
mmWave coverage rate target inside the PCoHST under
two scenarios [12]. This is because when the number of
MAPs is 3, there are 6 seats at which the received signal
strength indicator (RSSI) from all the MAPs fall below -
64dBm, the minimal RSSI level to achieve Gigabit level
link throughput according to the IEEE 802.11ad standard
[4]; and when the number of MAPs is 4, the RSSI at each
of the 100 seats is not smaller than -64dBm. So the first
premise is that the number of MAPs is 4. The second
premise is that the antenna of both the MAPs and the UTs
is high gain beamforming antenna with narrow beam
width. The remaining issue is where to deploy the 4
MAPs with high gain antennas in order to meet the target
coverage rate inside the PCoHST.

B. Current Wi-Fi AP Deployment Methods and the
Problems to Apply Them to MAPs Deployment.

As the relevant study of MAPs deployment, this
section first introduces current Wi-Fi AP deployment
methods, and then lists up several problems to apply them
for MAPs deployment. The planning methods for indoor
Wi-Fi have been established and were surveyed in [5].
The Wi-Fi deploy methods aim at selecting the locations
for the reduced number of APs and their channel
assignments while keeping low transmission power levels
[5]. Enterprise Wi-Fi systems deployed in stadiums and
airports etc. use the AP controller to control the
transmission power, assign or modify the channel
numbers to overcome co-channel or adjacent channel
interferences among co-existing APs. Wi-Fi area
simulation tools [13] can help to determine how many
APs are necessary and where deploy the APs to cover a
certain place. The tool and other enterprise level centrally
controlled Wi-Fi systems take consideration of the
relation between APs to provide Wi-Fi coverage.

However, the above Wi-Fi AP deployment methods
cannot be applied to MAPs deployment in PCoHST
because of the following problems.

Problem 1. Traditional 2.4GHz or 5GHz band Wi-Fi
systems do not suffer from the path loss degradation as
severe as mmWave band, so the LOS or NLOS relation
of each AP and each UT was not taken into full
consideration in the lower frequency bands. But the free
space path loss at 60GHz is about 28dB bigger than that
of 2.4GHz, therefore, the LOS and NLOS relation
between the MAPs and the UTs cannot be ignored in the
60GHz band.
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Problem 2. Wi-Fi deploy methods do not take full
consideration of the degradation due to human blockage
because at 2.4GHz it is relatively small, up to about 10dB
in the full blockage scenario [14]. But the degradation
due to human blockage can be up to 35dB in 60GHz band
[10], i.e., 25dB severer than the 2.4GHz band so it shall
be considered.

Problem 3. The antenna adopted in Wi-Fi deploy
methods usually are either Omni antenna or directional
antenna with wide beam width. But these antennas can no
longer support enough coverage in mmWave band due to
the larger path loss and severer human blockage.
Therefore in mmWave band high gain beamforming
antenna with narrow beam width are necessary to
enhance the mmWave coverage.

C. Points to Ponder for MAPs Deployment

This subsection addresses the following 3 points need
to be pondered from the perspective of MAPs
deployment. Point 1 and Point 2 arise from the 3
problems listed in Section I1-B when trying to apply the
Wi-Fi AP deployment methods to MAPs deployment.
Point 3 originates from the need to satisfy the mmWave
coverage in the PCoHST by 4 MAPs.

Point 1. In order to solve Problem 1 and Problem 2 in
Section 11-B in 60GHz band, i.e., bigger path loss and
severer human blockage degradation, the LOS and NLOS
relations between each MAP and UT at every seat and the
relative position of the standing passengers to each MAP
and UTs should be considered. Otherwise the coverage of
one MAP may differ greatly due to the positions of the
MAP.

Point 2. The antenna with sharp beams for both the
MAPs and UTs shall also be considered corresponding to
Problem 3 in Section 11-B. Otherwise, the mmWave
coverage of one MAP is small, and hence more than 4
MAPs will be required.

Point 3. How to deploy the 4 MAPs so that the UTs at
all the seats in the PCoHST are in the mmWave
coverage? Besides the above Point 1 and Point 2, the load
of each of the 4 MAPs shall be properly balanced so that
every MAP can provide gigabit class mmWave coverage
to about 25 seats with strong enough LOS and NLOS
paths. And it is desirable for the UTs at those seats 2 or 3
seat rows apart from the seat row right beneath the MAP
to have LOS relation or strong NLOS relation with at
least one of the other 3 MAPs. Otherwise the RSSI at
those UTs may drop below -64dBm and cannot provide
Gigabit level link throughput especially when the
communicating path between an MAP and a UT becomes
degraded by human blockage.

Il. EVALUATION METHODS, THE TATS AND THE HUMAN
BLOCKAGE ISSUES AND SIMULATION PARAMETERS
This section comprises of 4 parts. We first introduce
the evaluation methods in Section IlI-A. Then, we
explain the following simulation parameters: the two
proposed TATs as well as 10 TATs for comparison in
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Section 111-B; human blockage issues in Section I1I-C;
and the other simulation parameters in Section 111-D.

A. Evaluation Methods

We investigate where to deploy the 4 MAPs by the
following 3-step evaluation methods.

Step 1: Propose TATSs for the 4 MAPs based on the 3
points of pondering for MAPs deployment in Section I1-C.

1) In order to cope with Point 1 in Section 11-C, propose
the TATs that are potential to provide as many as
possible LOS relation between the MAPs and UTs and
achieve strong NLOS paths for other seats even when
some passengers are standing. The suitable position of
each MAP shall be investigated from possible choices
in both the direction of sleeper and the travel direction,
such as at or close to the center of the vehicle width,
or over each seat of a certain seat row (please refer
Section 1l1-B for detail seat arrangement in the
PCoHST) up to the ceiling or luggage rack in the
direction of the sleeper, and the ceiling between seat
rows or the terminal wall above or near the automatic
door in the travel direction.

2) Point 2 in Section 11-C has been reflected in Section
11-A as the second premise of the simulation so that it
is used as common parameter for evaluating all the
TATSs.

3) In corresponding to Point 3 in Section 11-C, all the 4
MAPs should be evenly or quasi-evenly distributed
with a proper interval in the travel direction of the
train.

Step 2: Evaluate the performance of each TAT by
changing the parameters in Section Il1-B, Section 111-C
and Section I11-D one by one to calculate the RSSI of
UTs at each seat for each TAT so as to find TATs that
can satisfy the at least 99% coverage target. In detail,
locate the MAPs according to each TAT, set the antenna
pattern and then calculate the RSSI at every seats in the
PCoHST by simulation considering the human blockage
degradation of both sitting and standing passengers under
4 typical human blockage scenarios and 3 typical
occupancy rates.

Step 3: Compare the performance of the proposed
TATs with the other possible types in terms of the
cumulative distribution function (CDF) of RSSI and
mmWave coverage rate. The TATs that can achieve at
least 99% coverage rate target are feasible allocation

types.

B. The Topographic Allocation Types

First, this subsection states the key point of the
evaluation, i.e. the TATs used in the computer
simulations. The layout of the PCoHST is introduced
before the TATS.

e The layout of the PCoHST:

The PCoHST for our simulations is the ordinary 100-
seat passenger car of a high speed train [3]. As shown in
Fig. 1 (a) and (b), the ordinary car is 21,410mm long and
filled with 20 rows of seats. The seat arrangement of each
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row is 2 and 3 connected seats, separated by the aisle,
hence each car can accommodate up to 100 passengers.
The (X, Y, Z) coordinates of the PCoHST is illustrated in
Fig. 1. The other cross-section views of the ordinary type
passenger car and the side view of the seat can be found
in [3].
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Fig. 1 (a). A top view of the 100-seat ordinary type car
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Fig. 1 (b). A cross-section drawing of the ordinary type car

Some topographic allocation types

From the perspective of MAPs allocation, and taking
consideration of the layout of the PCoHST as in Fig. 1
and other figures in literature [3], we propose the
following 1-1 type and I-2 type as shown in Fig. 2
because they can provide more balanced LOS paths and
stronger NLOS paths between the MAPs and the seats.

The TATs can be classified into the following two
categories: I-category and N-category. Fig. 2 and Fig. 3
respectively depicts some I-category and N-category
TATSs. The category name is taken from the letter formed
by connecting the adjacent MAPs of the top view figure
of the PCoHST. I-category TATSs are viewed from the
travel direction of the PCoHST, while the N-category
ones are viewed from the both the direction of the railway
sleeper and the travel direction. It is impossible to set up
antenna poles for the MAPs inside the PCoHST because
the poles will not only bring troubles for the passengers
in motion but also affect the beauty of design. So the
MAPs are needed to be imbedded either in the wall, in
the ceiling, or in the luggage rack above the seating
height of the passengers so as to achieve as many as
possible LOS relation between at least one MAP and the
UTs.
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I-1 type and I-2 type as shown respectively in Fig. 2
(@) and Fig. 2 (b) are proposed in order to find the proper
positions for the MAPs to satisfy the mmWave coverage
target in the PCoHST with 4 MAPs. The 4 MAPs of I-1
type and -2 type are evenly allocated in the direction of
moving to the ceiling along the center of vehicular width
and that of the aisle width so that each MAP can have
almost the same number of LOS UTs and balanced
number of strong NLOS UTs. In order to guarantee the
RSSI of the UT at any seat is strong enough for gigabit
class link throughput, both the LOS and NLOS relation
between MAPs and UTs are considered besides the
TX/RX beam gain, beam direction, and the transmission
power. I-2 type differs from I-1 type in that the Y axis
positions are at the center of the aisle width instead of the
center of the vehicular width.

The candidate positions of MAPs, (X, Y, Z) for all the
TATSs are chosen based on the considerations of MAPS
deployment. For instance, Table I lists the set of the
typical X axis positions of the 4 MAPs of I-1 type as
shown in Fig. 2 (a). For I-1 type, Y=0 and Z=2090mm
because the 4 MAPs are attached to the ceiling along the
center of the vehicular width of PCoHST.

TABLE |: TABLE OF MAP POSITIONS

X-axis positions of MAPs in the travel
Number direction (mm)
of MAPs
MAP1 MAP2 MAP3 MAP4
4 2676 8028 13381 18733

I-3 type as depicted in Fig. 2 (c) is one of the allocation
options of the 4 MAPs. Like I-1 type, the 4 MAPs of 1-3
type are also evenly allocated to the ceiling along the
center of aisle width, but 1-3 type differs from I-1 type in
that the X-axis positions as shown in Fig. 2 (c) and Fig. 2
(@): the MAP1 and MAP4 of 1-3 type locate at the both
ends of the PCoHST above the front and back gates,
while MAP2 and MAP3 at the 7th and 14th seat row
respectively. The distance between two adjacent MAPs of
[-3 type is about 7137mm and that of 1-1 type is about
5353mm.

Travel

N Y N A I I
I fel [ 1 1

[T T lel T TT1
[T T T T T 11

12 3 45 67 8 910111213 14151617181920

(a). BD-1 type

Travel

n
E

y
:

i
°f
R

3 45 67 8 910111213 1415 16 17 18 19 20

(b). BD-3 type

4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20

(c). AE-1 type

©2019 Journal of Communications

650

cCT T T T T T T T 7T

B I
6 e

12 3 4567 8 910111213 14151617 181920

(e). T2T2 type

Fig. 3. Five of the nine N-category TATs. Blue MAPs: 2m, Yellow
MAPs: 1.6m.

Fig. 3 shows 5 of the 9 N-category TATSs for the 4
MAPs. Fig. 3 (a) and Fig. 3 (b) show that 4 MAPs are
evenly distributed along the travel direction and are
allocated to the ceiling (2090mm high) alternatively
above certain B seats and certain D seats in the direction
of the railway sleeper. Fig. 3 (c) and Fig. 3 (d) show that
4 MAPs are evenly allocated along the travel direction to
the bottom plane of the luggage rack (1600m high)
alternatively above certain A seats and certain E seats
along the sleeper. The positions on the X axis, i.e., the
travel direction of the train are the same as those in Fig. 2
(@). Fig. 3 (e) shows that T2T2 type where the 4 MAPs
are allocated to the ceiling at both ends of the PCoHST
above the doors.

C. Human Blockage Issues

Next, this subsection treats human blockage issues that
greatly affect the mmWave propagation characteristic
inside the PCoHST. Human body model used in the
simulation is introduced before the 4 human blockage
scenarios.

Human body model and human skin parameter:
The size for passengers on the train is based on the
human size data [15] by METI (Ministry of Economy,
Trade and Industry of Japan). The permittivity of the
human skin is referred from the corresponding mmWave
band data [16].

4 human blockage scenarios:

We classified human blockage scenarios into the
following 4 based on the statistics of passenger boarding
rate in the PCoHST [17]. In the following human
blockage scenarios, we assume that every passenger sits
in his/her seat in the PCoHST except those who stand in
the PCoHST.

Scenario 1: when the boarding rate is more than 120%
during the busy holiday seasons [17] up to 20 passengers
stand on the aisle. We assume that they are standing on
the aisle near the C seats, one person per seat row.

Scenario 2: Some passengers are waiting in line along
the aisle before getting off at a midway station. For this
scenario, we assume that 10 passengers are waiting and 5
passengers near each of the two gates of the PCoHST.

Scenario 3: Several passengers are standing between
two adjacent rows in front of or behind a certain seat row,
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e.g. in the scene that some passengers are putting their
luggage on the luggage rack after boarding the PCoHST.
We assume that 6 passengers are standing, 3 in front of
and the other 3 right behind the target seat row.

Scenario 4: every passenger in the PCoHST is sitting
in his/her seat and there is no person on the aisle.

The occupancy rate and the boarding rate in the
PCoHST are respectively defined in Eq.1.

Occupancy rate = ——

Ns (1)

. Np Nss
Boarding rate = — = Occupancy rate +—
N N

where N is the number of seats occupied by passengers,
N is the total number of seats, N, is the number of all
total number of passengers in the PCoOHST and N is the
number of standing seats in the PCoHST.

Besides the most severe case in Scenario 1, where 20
passengers standing on the aisle, corresponding to the
120% boarding rate in the PCoHST, the statistical
passenger boarding rate 100%, 80% and 60% [15] are
also considered. When the boarding rate is below 100%,
everyone can take a seat, so the above Scenario 1 does
not exist. If there is no standing seats then boarding rate
equals to occupancy rate. So for the sake of brevity,
hereinafter occupancy rate is mainly used to emphasis the
sitting pattern.

We assume that all the D seats are vacant when the
seat occupancy rate is 80%, and that all the B and D seats
are vacant when the seat occupancy rate is 60%.

D. Other Simulation Parameters

Finally, this subsection states some other simulation
parameters besides those described in previous sections,
as well as how the RSSI of the UTs are simulated.

e The dielectric parameters of the floor, walls, ceiling,
luggage racks, seats etc.:

The parameters are based on ITU-R P.1238-7 [18]

* Transmission power of the MAPs and UTs:

10mW is adopted following the Radio Regulation of

Japan.
e Antenna of the MAPs and the UTs:
The antenna of each MAP or UT is an 8 by 8

directional beam switching antenna as shown in Fig. 4 (a).

The half power bandwidth (HPBW) of the MAPs and the
UTs are respectively set as 15 and 60 degree. The 3D
pattern of the antenna beam is illustrated in Fig. 4 (b).
The gain of the each antenna beam of the MAPs and UTs
is respectively about 21.8dBi and 11dBi. The HPBW of
antenna beam of the UTs is set as 60 degree so that the
RX antenna can receive multiple paths.

&

(b)

Fig. 4. Antenna pattern and beam direction
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The directive pattern of each beam is shown in Eq. 2.

sina@\”
G(6) :( af ) @)
131.8
a[rud‘l] = W

where Bw stands for the 3dB beam bandwidth and b=3.
* Number of reflection and diffraction paths:

NLOS paths exit for most of the seats. The NLOS
paths comprise of both the reflected and diffracted waves.
Besides the LOS path, up to 8 time reflection/diffraction
or a combination of reflection and diffraction paths are
calculated during the raytracing simulations.

* How to simulate the RSSI of the UTs

During the computer simulation, the RSSI for each
receiving location of the UTs at every seat in the
PCoHST is determined as the maximal one among the 4
MAPs. The RSSI from each MAP is calculated by
applying every beam of the UT to all the transmitting
beams of the MAP considering the beam gain, as well as
the azimuth and elevation angles of each beam. The pair
of TX beam of the MAP and the RX beam of the UT that
leads to the maximal receiving power at the UT is
adopted as the RSSI of the MAP.

For each seat, the observation or the receiving area of
the mmWave enable UTs is 50cm by 50cm square and
there are 4 by 4 evenly distributed observation planes, as
shown in Fig. 5. The RSSI of each observation plane is
chosen as the maximal RSSI from all the MAPs. At each
seat, both the minimal and median RSSI of all the 16
observation planes are calculated. The better the RSSI
distribution above the RSSI threshold at each seat, the
more likely the TAT bring higher performance.

1|5/|9/13
2| 61014
371115
48 1216

Fig. 5. An example of observation planes at each seat

The evaluation objects are each of the TAT, and the
minimal and median RSSI of all the 16 observation
planes.

The main evaluation criterial is the median of RSSI at
multiple (i.e., 16) points shown in Eq.3:

Median (RSSI(i))> -64dBm, i=1,2,..,16 3)

I1l. SIMULATION RESULTS AND DISCUSSIONS

This section summaries the simulation results
corresponding to the 3 problems described in Section I1-C.
The results of Problem 3 is not shown separately because
the solution of it has been reflected as the narrow antenna
beam in simulation parameters. The following
subsections first show that the proposed TATS, taken into
consideration of the LOS and NLOS relation between the
MAPs and the UTs in Section IV-A, and both the sitting
and standing human blockage degradation in Section V-
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B, bring better performance under all the 4 typical human
blockage scenarios. We further show that the
performance difference of the TATs due to occupancy
rates in Section IV-C before summaries and discussions
in Section IV-D.

A. Performance Difference of the TATs Due to the LOS
and NLOS Relations between the MAPs and UTs.

Table Il shows the simulation results of 12 different
TATs under the 4 typical human blockage scenarios
defined in Section 111-C when the occupancy rate is 100%.
The 4 columns at left are respectively the condition in
terms of the view direction, category and type the MAPs
as well as the height of the MAPs. The 4 columns at right
are the simulation results corresponding to the 4 scenarios
in terms of the number of seats where the link throughput
is below 1Gbps. The smaller the number, the better the
performance.

TABLE Il: PERFORMANCE OF THE 12 TATS UNDER 4 SCENARIOS

Number of seats where link

Occupancy rate=100% throughput is below 1Gbps

View of |Category | Type |Height| Human blockage scenarios
direction |of TATs | of TATs | (m) 1 2 3 4
I-1 0 0 0 0
Moving | 1-2 2.0 0 0 0 0
1-3 15 | 10 7 5
BD-1 0 0 1 0
BD-2 20 3 3 1 0
BD-3 ' 0 2 1 0
. BD-4 3 0 1 0
venedar N [CAEL 9 [ 6 | 5 | 4
AE-2 16 14 9 3 4
AE-3 ' 11 8 2 3
AE-4 11 7 3 4

T2T2 20 | 69 | 69 59 53

The 12 values under the each of the 4 human blockage
scenarios in Table 1l show the performance of the
corresponding TAT from the viewpoint of the LOS and
NLOS relations between the MAPs and UTs. Table Il
shows that the performance of those TATs taking
consideration of the relations, such as I-1 and 1-2 type,
are better than those not taking enough consideration of
the relations such as 1-3 type and T2T2 type. For example,
under Scenario 1 in Section I11-C, the number of seats
below 1Gbps for I-1 and 1-2 type is 0, while that for 1-3
type (which takes some consideration of the LOS and
NLOS relations) is 15, and that for T2T2 type is 69.

B. Performance Difference of the TATs from the
Viewpoint of Sitting and Standing Human Blockage
For each of the 12 TATs in Table I, the right 4
columns under the 4 scenarios show the performance
difference of the TAT from the viewpoint of sitting and
standing human blockage. As stated in Section I11-C, the
number of standing passengers for Scenario 1, Scenario 2,
Scenario 3 and Scenario 4 is respectively 20, 10, 6 and 0.
Results in Table Il show that the more the number of
standing passengers, the more likely the number of seats
below the mmWave coverage target. For example, the
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number of seats below 1Ghps for I-3 type under the 4
human blockage scenarios is respectively 15, 10, 7 and 5.
This is because the about 7136mm distance between
adjacent MAPs of -3 type is too large to cover the
degradation to those NLOS UTs more than 3m apart from
the MAPs due to the standing and sitting human
blockages.

Fig. 6 shows the bar graph simulation results of 4
human blockage scenarios of the three “I” type TATS
depicted in Fig. 3 and summarized in Table Il when the
occupancy rate is 100%. As shown in Fig. 6 for all the 4
human blockage scenarios, the mmWave coverage rates
of I-1 type and I-2 type are all 100%, satisfying the at
least 99% coverage target, while the coverage rates of 1-3
type for the 4 scenarios are respectively 85%, 90%, 93%
and 95%, failing to satisfy the coverage target.

Coverage rate of the 3 I-type allocation patterns

100100 100 100 100100 100 100
__ 100 55
£ o5 93
2 20
£ 90
o 835
g8
5 I
z 80
O

I-1 2 13 TAPs

M Scenario 1 ™ Scenario 2 ™ Scenario 3 M Scenario 4

Fig. 6. Performance of the 3 I-category TATs

C. Performance Difference Due to Occupancy Rates

Scenario 1 is chosen because it is the most severe
human blockage scenario where 20 passengers stand on
the aisle. When the occupancy rate is respectively 100%,
80% and 60%, the boarding rate is respectively 120%,
100% and 80%. (Fig. 7)

Difference of CDF of RSSI due to the occupancy rate
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Fig. 7. Performance difference due to the occupancy rate

The three solid curves at the right side are the median
RSSI, while the three dotted curves at left are the minimal
RSSI among the 16 observation planes of each seat. The
results show that although the minimal RSSI and median
RSSI differs about up to 15dB, the difference due to the
occupancy rate is less than 3dB. Furthermore, human
body blockage at the sitting posture to the observation
plane is not as severe as the standing posture.

The results corresponding to Table Il when the
occupancy rate is respectively 80% and 60% are omitted
here for the sake of brevity and space. The conclusions
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are that all the 4 BD type TATs also satisfy the RSSI
criteria besides I-1 type and 1-2 type.

Occupancy rate and human postures also affect the
performance, and the standing posture causes worse
influence to the RSSI value of the UT than the sitting
posture.

D. Summaries and Discussions

This section first summarizes and then discusses the
above simulation results in Section IV-A, Section 1V-B
and Section 1V-C.

This paper investigates where to allocate 4 MAPS so as
to achieve the at least 99% gigabit class coverage rate in
the PCoHST. We proposed I-1 type and I-2 type and
evaluated their performances together with 10 other
TATs. Fig. 8 summarizes the performance of the
proposed I-1 type, 1-2 type and other types by the CDF of
the RSSI at the 100 seats of the PCoHST with the human
blockage Scenario 1 in Section 1lI-C (the busiest
scenario). The performance curves of BD-3 type, BD-4
type, AE-3 type and AE-4 type are omitted for the sake of
brevity because they are similar to the corresponding
performances of BD-1 type, BD-2 type, AE-1 type and
AE-2 type.

Performance comparison of different TATs
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g. 8. Performance difference of different MAP TATS

Any TAT whose CDF performance is less than 1%
when RSSI=-64dBm satisfy the coverage target, gigabit
class link throughput at almost all (at least 99% of) the
100 seats. Fig. 8 shows that the RSSI at each of all the
100 seats in I-1 type, 1-2 type and BD-1 type meet the
coverage target. Furtherly Table Il shows that only 1-1
type, 1-2 type can meet the target at 100%, and BD-1 type
meet the target at 99%. Reviewing all the results in Fig.
8, for all the 4 human blockage scenarios and all the 3
occupancy rates and among the 12 types, the proposed 1-1
type and 1-2 type satisfy the link throughput target better
the other 10 TATS.

Discussions of all the above simulation results are
carried out from the viewpoint of the relation of
performance the TATs and the distance between 2
adjacent MAPs in both the travel direction and the sleeper
direction.

In order to guarantee that there is not more than 1 seat
at which the link throughput is below 1Gbps, the MAPs
need to be deployed with adequate intervals in the travel
direction so that there is at least one strong LOS or NLOS
path to almost every seat in the PCoHST. Simulation
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results show that evenly distributed TATs with suitable
intervals between adjacent MAPs such as I-1 type and 1-2
type are fine while the non-evenly distributed type like
T2T2 fails. Although 1-3 type is also evenly distributed,
but the about 7.1m interval of 1-3 type is too large to
provide strong LOS or NLOS path to some seats 2 or 3
rows apart from the MAPs.

Then in the sleeper direction, although AE-1 type and
AE-2 type can provide stronger LOS path to some of the
window side A or E seats but they cause weaker LOS and
NLOS path to some other seats, hence unbalanced and
worse performances. I-1 type allocated at the center of
vehicle provide strong and balanced LOS or NLOS path
to all the seats. As shown in Fig. 8, the order of the
performances of I-1 type, 1-2 type, BD-1 type, BD-2 type,
AE-1 type and AE-2 type is listed in Eq. 4:

I-1>1-2 >BD-1>BD-2 > AE-1 > AE-2 4)

While the order of the distance from the MAPs of the
corresponding TATs in Fig. 3 to the center of the vehicle
is listed in Eq. 5:

AE-1(=AE-2) > BD-1(=BD-2) > 1-2 > I-1 (5)

Eg. 4 and Eq. 5 indicate that the farther away the
MAPs are from the center of the vehicle, the worse the
performance of corresponding TAT.

Therefore, the proposed I-1 type and I-2 type are better
TATSs than the others types because they have the above
topographical allocation advantages in both the travel and
sleeper direction, and the intervals between two adjacent
MAPs are also proper. Moreover, as confirmed in the
above summaries and discussions, the MAPs in I-1 type
can offer more balanced LOS and NLOS relations with
the A and E seats than I-2 type. Overall, I-1 type gives
better RSSI performance in all the 4 typical human
blockage scenarios regardless of the 3 different
occupancy rates.

1V. CONCLUSIONS AND FUTURE WORKS

This paper proposed and evaluated the TATs of the
MAPs taking into consideration of the physical layout of
the PCoHST, the propagation characteristics of mmWave
and obstruction of both standing and sitting human
postures in 4 typical human blockage scenarios in
PCoHST and 3 occupancy rates by a ray-tracing method.

The results show that the two straight in-line types, 1-1
type and I-2 type, with the MAPs on the ceiling above the
aisle give better RSSI performance than the other 10
TATs. Boarding rate and human body blockage also
affect the performance, and the standing human body
posture causes worse influence to the RSSI value of the
UT than the sitting posture. Over all, 1-1 type gives better
RSSI performance in all the 4 typical human blockage
scenarios regardless of the occupancy rates.

Further works include testing and evaluating the TATs
in actual PCoHST.
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