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Abstract: Millimeter Wave (mmWave) communications are among the enabling technologies for Gigabit class
communications. This paper applies the 60GHz band IEEE802.11ad/WiGig in the passenger car of high-speed trains 
(PCoHST) as an example of the mmWave communication for future railway communication so that the passengers can enjoy 
the high quality video contents etc. while travelling. However, blockages including human bodies decrease an mmWave 
communication performance due to the straight path characteristics of mmWave. For example, the bodies of the passengers 
standing along the aisle may block the radio paths between the mmWave access points (MAPs) and the user terminal. The 
blockage may cause the coverage of the MAPs concerned to become smaller. If almost every seat in PCoHST locate in the 
mmWave coverage is required, it needs more number of necessary MAPs. Since the number of MAPs affects the cost of 
system deployment, it is important to estimate the proper number of MAPs. This paper investigated the necessary number of 
MAPs in PCoHST by simulating the coverage of each MAP or a set of MAPs using a ray tracing method with three
characteristic scenarios. 
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1. INTRODUCTION 

Gigabit class communications are expected in the passenger 
car of high-speed trains (PCoHST) for future railway 
communication so that the passengers can enjoy the high 
quality video contents etc. while travelling [1]. In order to 
fulfill the target, several research works on Gigabit class
backhaul transmission technologies have been carried out 
[1-2]. Accordingly, it is necessary to investigate Gigabit 
class communications inside the PCoHST in comparable to 
backhaul communications.
Wireless communication systems inside PCoHST have 
been adopted a Wi-Fi system. It is shown that the 
propagation loss is smaller than that of free space, the 
microwave band Wi-Fi signals propagate as stationary 
wave and that the propagation characteristics varies as the 
changes of number of persons on board [3-4] inside the 
passenger car. It is not feasible for one Wi-Fi access point 
to provide Gigabit class communication for each of the up 
to 100 seats in the PCoHST because of the limitation of 
available bandwidth. 
Millimeter Wave (MmWave) systems such as 
IEEE802.11ad/WiGig [5] are promising to provide Gigabit 
class communication to almost all the seats in the PCoHST. 
The reason is that the directivity antenna beam is strong, 
spatial division frequency reuse is feasible and the 

bandwidth is wide for mmWave systems in comparison 
with the lower frequency systems. However, it needs the 
consideration of straight path characteristics of mmWave 
propagation that is different from lower frequency 
communication systems. An mmWave communication is 
easily blocked by obstructions including human bodies and 
chairs etc. in radio paths between the mmWave access 
points (MAP) and user terminal. Those blockages cause a 
decrease of mmWave communication performance.
We define “coverage” as an area in PCoHST where Gigabit 
class link throughput is guaranteed. To archive the coverage
in all of PCoHST, the increase of number of MAP is 
required. However, it leads to the increase of the cost of
system deployment. It is important to estimate the proper 
number of MAPs to satisfy the coverage in all of PCoHST.
The issue to determine the proper number of MAPs is 
number of persons standing on the aisle which cause 
blockages between MAPs and user terminals. 
In this paper, we will present to evaluate the proper number 
of MAPs to satisfy the coverage in all of PCoHST based on 
IEEE802.11ad/WiGig system by ray-tracing simulations. 
Section 2 shows the simulation scenarios that include the 
located patterns of persons in PCoHST. The result and 
analysis of simulations are presented in Section 3. We have 
the conclusions in Section 4.
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2. SIMULATION SCENARIOS, ENVIRONMENT, 
AND METHOD

2.1 Scenarios of Number of Persons on the Aisle
The number of persons is the issue to determine the proper 
number of MAPs. From the viewpoints of the issue, we 
classified into the following three scenarios. In the 
following scenarios, it assumes that persons sit down on all 
seats in PCoHST.
 Scenario 1: There is no one on the aisle. This is the most 

severe case [6].
 Scenario 2: One person such as the conductor of the 

train walks along the aisle from end to end. 
 Scenario 3: Up to 20 persons standing on the aisle such 

as during the busy holiday seasons [7]. For the 20 
standing person case, we assume that the persons stand 
on the aisle beside seats.

Table 1 Table of simulation scenarios

Scenario Number of persons on the aisle

1 0

2 1

3 2, 20

2.2 Environment of PCoHST
The type of PCoHST for our simulations is the ordinary 
100-seat passenger car of a Shinkansen high-speed train [8].
The ordinary car is 21410mm long and filled with 20 rows 
of chairs. The seat arrangement of each row is 2+3 seats, 
separated by the central aisle, hence each car can 
accommodate up to 100 passengers. The (X, Y, Z) 
coordinates of the PCoHST is illustrated in Fig.1 and Fig.2. 
    

Figure 1 A top view of the 100-seat ordinary type car

Figure 2 A cross section drawing of the ordinary type car

Each MAP is placed at the ceiling of aisle. The height of the 
MAP against the floor of the car is 2100mm. The number 
of MAPs is changed from 1 to 5. Table 2 shows the position 
on the X-axis of each number of MAPs. The MAPs are 
evenly spaced initially in the PCoHST, and the coverage of 
each MAP is almost equal. 
Each user terminal is placed at the center of the table 
attached to seats of the front seat-row or the inner wall of 
the car. The back of the seats/chairs is 1.2m high and the 

antenna height of the terminal is 700mm, same as the height 
of the table.
The positions of MAPs and persons on the aisle in 5 
different cases are illustrated in Fig.3. Fig.3(a), Fig.3(b), 
Fig.3(c) and Fig.3(d) illustrate the 4 cases corresponding to 
Scenario 1, 2 and 3 when 4 MAPs are implemented. Fig.3(e) 
illustrates the case that 20 persons stands on the aisle when 
there are 5 MAPs. Each star mark illustrates the position of 

Table 2 Table of MAP positions

Number 
of MAPs

X-axis position of MAP in the travel direction (mm)
MAP 1 MAP 2 MAP 3 MAP 4 MAP5

1 10700
2 5300 16100
3 3600 10700 17800
4 2700 8100 13400 18700
5 2100 6400 10700 15000 19300

(a) 4-MAP case and no person walking on the aisle

(b) 4-MAP case and 1 person walking on the aisle

(c) 4-MAP case and 2 persons standing on the aisle

(d) 4-MAP case and 20 persons standing on the aisle

(e) 5-MAP case and 20 persons standing on the aisle

Figure 3 The positions of MAPs and persons on the aisle
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each overhead MAP, while each circular mark illustrates 
the position of person(s) walking along or standing on the 
aisle.
The antenna of the MAPs and the user terminals is a 
directional beamforming antenna, because it can bring large 
gain besides spatial division frequency reuse capacity and 
hence better performance for the mmWave communication. 
The antenna of the MAP is an 8 by 8 directional 
beamforming antenna as shown in Fig.4(a), the half power 
bandwidth (HPBW) is set as 15 degree. The 64 beams direct 
to the X, Y and Z axis and can rotate in 30 degree step. The 
3D pattern of the antenna beam is illustrated in Fig.4(b).
The gain of the antenna beam is about 22dBi.The antenna 
of the user terminal is a directional antenna, facing upward, 
the HPBW is set as 60 degree so that the RX antenna can 
receive multiple paths. The gain of the user terminal
antenna is 10.5dBi.

2.3 Simulation Method
A ray tracing method was used to simulate the influence of 
human body to the mmWave communication links. Figure 
5 illustrates the 3D model of the PCoHST in the simulation.
One person (in black) is standing on the aisle, and the star 
mark illustrates the overhead MAPs. We used the same
model of ray tracing in [9], the 3-layer model of the ceiling, 
walls and materials and the 2-layer model of the floor. The 
3D model of a person is simplified into the combination of 
two circular cylinders. The size of each circular cylinder 
decided from the human size data of 20-24 years old 
Japanese mem shown in Table 3 [10]. The model of 
permittivity of the person is the data of human skin in 
mmWave band [11], and the dielectric parameters of the 

floor, walls, ceiling, luggage racks, person seats etc. based 
on ITU-R P.1238-7 [12].

3. EVALUATION OF PROPER NUMBER OF MAPs

3.1 Evaluation Criteria and Method
This paper used RSSI (Received Signal Strength Indicator) 
at each seat from the results of the simulations in Section 2 
as the evaluation criteria. This evaluation uses the following 
definitions:
 The Gigabit class link throughput, which is 

determination criteria of coverage, defines as 1.1Gbps.
1.1Gbps is the minimal Gigabit class link throughput of 
IEEE802.11ad/WiGig.

 The value of RSSI defines as maximum value from 
surrounding MAPs to a user terminal.

 The RSSI threshold that corresponds to the desired 
1.1Gbps link throughput is -64dBm according to IEEE 
802.11ad standard [6].

 The “coverage rate” defines as the ratio of the seats with 
Gigabit class link throughput over the total number of 
seats in the PCoHST. It is calculated as a number of 
seats that RSSI value in a simulation result is more than 
the RSSI threshold (=-64dBm) over the total number of 
seats in the PCoHST. 

The necessary number of MAPs is evaluated by changing 
the number of MAPs from 1 to 5 (as in Section 2.2) 
incrementally and then determining the minimum number 
of MAPs when a target of coverage rate is satisfied. The 
target value is 99%, i.e., we can assume that almost every 
seat guarantees Gigabit class link throughput. Finally, we 
determines the proper number of the MAPs to satisfy the 
target of coverage rate with all the 3 scenarios.

3.2 The necessary number of MAPs of Scenario 1
The coverage of one MAP was investigated by changing the 
position of MAP inside PCoHST. Table 4 and Fig.6
illustrate the possible position of one MAP allocated 
respectively at the central, front and rear part of the 
PCoHST. The coverage of a MAP may vary depending on 
the location. The coverage rate of central allocated MAP is 
38%, and that of the front and rear part is 31%. The 
coverage rate of the central allocated MAP is 7% bigger

Table 3 Average human size

Item Size (mm)
Height 1704
Head circumference 571
Chest circumference 868
Pelvic circumference 729
Seating height 914
Acromion height while seating 588
height of the neck and head 
cylinder part 326

Height of the waist 588
Waist circumference 800

(a) (b)
Figure 4 Antenna pattern and beam direction

Figure 5 3D model of a PCoHST with 1 person on the aisle



F. Lu, A. Yamaguchi, T. Fukuhara, H. Shinbo

4

than the other two cases. This is because some beams from 
the central allocated MAP are less affected by the wall and 
door at both ends of the PCoHST compared to the other two 
cases. 

Table 4 Position of one MAP

MAP position Center Front Rear
Position of MAP on 
the X axis [mm]

10700 36000 178000

Coverage [%] 38 31 31

Figure 6 Three possible positions of one MAP 

The coverage rate of up to 5 evenly allocated MAPs was
investigated subsequently, and Figure 7 illustrates the 
results. It shows that the more MAPs, the coverage rate
becomes larger. The coverage rate of 1, 2, 3, 4 and 5 MAPs 
is 38%, 67%, 93%, 100% and 100%, respectively. This
result shows that the necessary number of MAPs for 
Scenario 1 is 4 in order to achieve the target of coverage 
rate. 

Figure 7 Coverage rate up to 5 MAPs with no person at the aisle 

3.3 The necessary number of MAPs of Scenario 2
We investigated whether and where the RSSI drops below 
the RSSI threshold with changing the position of one person,
because an influence of a person body changes by walking 
of a person along the aisle. The position of the persons are
changed by a step of 50mm. Number of MAPs is set to 4 as 
in Table 2. Figure 8 shows an example of simulation result 
of RSSI when one person walking along the 2100mm long 
aisle from end to end. When a person walks in the range of 
[11.8m, 13.2m], the RSSI at seat 10E drops below RSSI 
threshold. When the person is at 13.5m and in the range of 
[13.9m, 14.3m], the RSSI at seat 15E drops. When the 
person is in the range of [19.7m, 19.8m], the RSSI at seat 
20E drops below RSSI threshold. At the other locations, the 
RSSI of all the seats are larger than the RSSI threshold. 
From these results, a body of one person influences RSSI of 
only one seat at a time. In addition, upward bursts of RSSI
in Fig.8 indicate that the reflection of a person body 
enhances RSSI at a certain seat.

Figure 9 shows as an example the coverage of 4 MAPs case 
that one person stands on the aisle at the 12th seat row 
(within the [11.8m, 13.2m] range). The seat 10E is marked 
in red, i.e., it fails to archive 1.1Gbps, due to the influence 
of human body. The link throughpt at 23 seats marked in 
yellow can archieve 1Gbps to 3Gbps, and 76 seats marked 
in blue can archieve 3Gbps to 4.6Gbps. That is, the 
coverage rate of the 4 MAPs is at least 99%, at any time 
point or at any position on the aisle. From the above, 4 
MAPs satisfy the coverage of PCoHST in Scenario 2.

Figure 8 An example of the influence of human body walking on the 
aisle in terms of RSSI vs the position of the person

Figure 9 Example of the coverage of 4 MAPs with a person at 10E

3.4 The necessary number of MAPs of Scenario 3
We evaluated in Scenario 3 of Section 2.1, i.e., the number 
of MAPs varies from 1 to 5 with the number of persons on 
the aisle: 0, 1, 2 and 20. All combinations of person’s 
locations on the aisle were simulated. For example, in 2 
persons on the aisle, those combinations are 1+2, 1+3, 1+4, 
and etc. of seat row number in Fig.9. Figure10 shows the 
simulation results of the lowest coverage rate of all 
combinations. For any given number of MAPs smaller than 
5, the coverage rate changes when the number of persons 
on the aisle changes. As to the case of 2 persons and 4 
MAPs, the worst coverage rate is 98%. In this case, 2 
persons simultaneously stands in black-dotted ellipse of
Fig.9. This probability is only 0.2%. i.e., in 99.8% case, the 
coverage rate is over 99%. 

Figure 10 Relation among coverage, number of MAPs
and number of persons on the aisle
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Figure 11 illustrates an example of the coverage and the link 
throughput distribution in the case that 20 persons stands on 
the aisle (a person besides a seat) and 4 MAPs placing at the 
star mark positions. The link throughput at 6 red marked 
window side (A or E) seats, locating in the middle row of 
two adjacent MAPs, fails to reach 1.1Gbps, because the 
RSSI at those seats is smaller than the RSSI threshold due 
to the influence of the human bodies. Figure 12 illustrates
the coverage of the 5 MAPs and the link throughput 
distribution with 20 persons. The link throughput of each
seat is marked as yellow and blue, i.e. it indicates all seats 
of PCoHST over Gigabit class throughput.

Figure 11 Link throughput distribution in the PCoHST with 4 MAPs
with 20 persons

Figure 12 Link throughput distribution in the PCoHST with 5 MAPs with 
20 persons

3.5 Summary and Discussions
The above results show that the necessary number of MAPs 
is 4 enough for the Scenario 1, Scenario 2 and 2 persons of 
Scenario 3 in Section 2.1. However, 20 persons of Scenario 
3 is required that number of MAPs is 5.
The boarding rate of PCoHST is less than 60% during 
ordinary seasons except for the peak seasons such as 
holidays [6]. That is, every person can sit in a seat and only 
few persons stand on the aisle in the ordinary seasons. 
Hence, Scenario 1, Scenario 2 and 2 persons of Scenario 3 
can be applied.
Many persons take a train in the peak seasons. To consider
the peak seasons, the necessary number of MAPs depending 
on the type of PCoHST. 
 As to the reserved seat car, the necessary number of 

MAPs is 4. Since only persons who have the reserved 
seat tickets can take in the car, Scenario 1, Scenario 2 
and 2 persons of Scenario 3 can be applied.

 As to the non-reserved seat car, some persons will stand 
on the aisle, i.e. 20 persons of Scenarios 3 may be 
applied. In this case, 5 MAPs are required to satisfy the 
coverage.

From the above discussions, we decided the proper number 
of MAPs is 4. Though a non-reserved of PCoHST in a peak 
season is required 5 MAPs, the case of 20 persons standing 
on an aisle is limited to specific period in a peak season. 
Any other period is enough to satisfy the coverage by 4 
MAPs. From the viewpoint of cost, we got this decision.

4. CONCLUSIONS

This paper investigated the proper number of MAPs 
necessary to support Gigabit class communication in the 
PCoHST with consideration of human body influence in 3 
scenarios. 
Ray-tracing simulation results show that the number of 
MAPs is 4 enough to guarantee Gigabit class 
communication at almost seats in the case of up to 2 persons 
on the aisle of PCoHST. The results also show that the link 
throughput at some of the window side seats drops below
Gigabit class communication when the number of persons 
on the aisle increases. In this case, it is necessary to increase 
the number of MAPs to overcome the link throughput 
deterioration due to human body blockage. For instance, the 
number of MAPs is 5 enough to improve the coverage rate 
to 100% when 20 persons stand on the aisle. 
The coverage rate changes by the number of persons on the 
aisle. A peak number of persons on the aisle, for example 
20 persons, increases at the non-reserved car in the peak 
seasons. However, since it is specific case in a usage of 
PCoHST for all seasons, we conducted that the proper 
number of MAPs is 4.
We will study the following items in the future to guarantee 
Gigabit class link throughput at almost every seat in the 
PCoHST. 
 The experimental verification of the simulation 

evaluations in actual PCoHST, using IEEE802.11ad 
enabled MAPs and user terminals. 

 The best allocation approach for each MAP to satisfy 
the target of the coverage rate in the PCoHST with 
consideration of influence of human bodies to the 
mmWave link based on the experiment results. 

 The best way for the user terminal to select the optimal 
MAP among the connectable MAPs to make full use of 
the MAPs with consideration of the location of the user 
terminal, the existence of human body standing on the 
aisle etc.

5. ACKNOWLEDGMENTS

This research is part of the research and development 
project “Millimeter wave backhaul technologies for high-
speed trains” funded by MIC of JAPAN.



F. Lu, A. Yamaguchi, T. Fukuhara, H. Shinbo

6

6. REFERENCES
[1] H. Song, etc., “Millimeter Wave Network 

Architectures for Future High-Speed Railway 
communications: Challenges and Solutions”, IEEE 
Wireless Comm. Mag., vol.24, No.6, pp.114-122, 2016.

[2] P.T. Dat, A. Kanno, N. Yamamoto and T. Kawanishi, 
"WDM RoF-MMW and Linearly Located Distributed 
Antenna System for Future High-Speed Railway 
Communications," IEEE Comm. Mag., vol.53 
no.10 .pp.86-94, 2015.

[3] T. Sugo, M. Hayashi, T. Maeyama, S. Imata, N. Suzuki, 
S. Watanabe, “Propagation of wireless LAN in the 
train,” IEICE Tech. Rep., Vol. 113, No. 34, AP2013-
26, pp. 59-64, May 2013.

[4] M. Shirafune, T. Hikage, T. Nojima, M. Sasaki, W. 
Yamada, T. Sugiyama, “Propagation characteristic 
estimation of 5GHz-band wireless links in high-speed 
train cars using FDTD Analysis.” IEICE-B Vol. J97-B 
No.9, pp. 762-789, 2014.

[5] IEEE STD 802.11ad-2012.
[6] F. Lu, S. Imata, N. Kamiya, N. Suzuki, K. Takeuchi, 

“Propagation Characteristics and Deployment of 
Millimeter Wave Communication in High speed Train 
Car,” Proceedings of IEEE ICUWB’2015, Oct., 2015.

[7] Boarding rate of Shinkansen, http://www.shinkansen-
yoyaku.com/congestion/jyousharitsu.html

[8] T. Endo, S. Tanaka, H. Saito, “The E5 series 
Shinkansen Rolling Stock of East Japan Railway 

Company (JR EAST),” Rolling Stock Technology
No.241, pp.3-pp.28, March 2011．

[9] F. Lu, K. Yunoki, N. Suzuki, “Influence of Human 
Body Movement on mmWave Communication in 
Bullet Train Cars,” Proceedings of IEEE ICUWB’2016, 
Oct., 2016.

[10] News Release of METI (Ministry of Economy, Trade 
and Industry,” Size-JPN 2004-2006,” Oct. 1, 2007.

[11] C. M. Alabaster, “Permittivity of human skin in 
millimeter wave band,” Electron. Lett., Vol.39, No.21, 
pp.1521-1522, 2003.

[12] Recommendation  ITU-R  P.1238-7, “Propagation data 
and prediction methods for the planning of indoor radio 
communication systems and radio local area networks 
in the frequency range 900 MHz to 100 GHz,” 2012-
02.

7. COPYRIGHT
“Copyright Statement

The authors confirm that they, and/or their company or 
institution, hold copyright of all original material included 
in their paper. They also confirm they have obtained 
permission, from the copyright holder of any third party 
material included in their paper, to publish it as part of their 
paper. The authors grant full permission for the publication 
and distribution of their paper as part of the EIWAC2017
proceedings or as individual off-prints from the proceedings.


