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1  |   INTRODUCTION

During the standardization process for developing radio 
interface specifications of fifth generation (5G) mobile 
communication systems, known as International Mobile 
Telecommunications-2020 (IMT-2020), the ITU-R has been 
evaluating the proposed candidate technologies [1]. 5G is an-
ticipated to maintain high-quality services at a high mobility 
up to 500 km/h, which is envisioned particularly for high-
speed trains (HSTs). To provide guidelines for the evaluation, 

the ITU-R published a new report in 2017 [2], which includes 
a linear cell layout for millimeter-wave (mmWave) HSTs, 
in which the base stations are placed along the rail track. 
Although the report provides evaluation channel models to 
consider a wide range of scenarios such as indoor, urban, and 
rural areas, it does not include HST scenarios. Furthermore, 
existing channel models rarely support mmWave HST sce-
narios [2,3]. Notably, the WINNER II channel model [4] can 
provide a moving network scenario for HST in a rural area 
below a frequency of 6 GHz, but not above 6 GHz. In this 
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study, we experimentally investigate the channel characteris-
tics of HST environments in the mmWave band.

We performed measurement campaigns in a linear cell 
layout for HSTs at the 28 GHz band, which is one of the 
5G frequency bands defined by 3GPP [5]. Generally, HST 
propagation scenarios can be classified as follows: open 
space, viaduct, cutting, hilly terrain, tunnels, and stations 
[6]. Our measurement campaigns were conducted in two of 
the aforementioned scenarios: viaduct and tunnel scenar-
ios. Due to the difficulties (mainly safety issues) involved 
in performing experiments at a commercial high-speed rail-
way, we conducted the measurements on a test track con-
structed solely for evaluation purposes. We considered a 
linear cell layout in which a transmitter (TX) is positioned 
along a railway track and a receiver (RX) is installed on the 
roof of a train carriage. A test HST was used as the RX, and 
we were allowed to install an antenna on its roof. During 
the measurements, the RX was moved at a speed of up to 
170 km/h, and there were no other moving vehicles around 
the RX.

Accurate propagation characteristics need to be known for 
system development and performance evaluation. Numerous 
studies have been conducted on sub-6-GHz HST propagation 
measurements [7–10]. In [7], measurements were conducted 
at 930 MHz with a speed up to 350 km/h along a high-speed 
railway to propose a hybrid path loss model for viaduct and 
cutting scenarios. Zhou and others [8] performed channel 
measurements at 1.89 GHz in an open-type train station envi-
ronment along a high-speed railway with an average velocity 
of 285  km/h in China. Large- and small-scale characteris-
tics, such as path loss, shadow fading, Ricean K-factor, and 
delay spread, were investigated and modeled. Domínguez-
Bolaño and others [9] experimentally investigated propaga-
tion characteristics such as path loss, power delay profile, 
delay spread, and Doppler power spectral density based on 
the measurements of the HST channel at 2.6 GHz in a rural 
area in Spain.

Thus far, mmWave propagation characteristics have 
been intensively investigated for typical scenarios, such 
as urban micro-/macro-cell and indoor scenarios [11–14]. 
Several studies on measurement-based mmWave HST have 
been reported [15–17]. Among these, [15] conducted prop-
agation measurements in a subway line at 31 GHz with a 
bandwidth of 250 MHz and in a ray-tracing (RT) simulator 
calibrated and validated using the measurement. Through 
intensive RT simulations, mmWave HST propagation char-
acteristics such as path loss, Doppler shifts, and coherence 
time were demonstrated for various HST scenarios such as 
urban, rural, and tunnel scenarios. However, the RX an-
tenna was installed inside a subway and the measurements 
were mainly used for the calibration and validation of the 
RT simulations.

Kim and others [16] investigated the measurement and 
modeling of a 28 GHz HST mobile wireless backhaul chan-
nel in a rural scenario. The measurements were conducted at 
a freight depot with several train tracks, trees, and buildings. 
However, pickup trucks were used as measurement vehicles 
instead of a train. This may limit the effects of the body of the 
train on the propagation. Moreover, the RX was moved along 
a path next to the train tracks at a constant speed of 6.3 km/h, 
which is not a realistic train speed. In [17], a measurement 
campaign was conducted with a 41  GHz mmWave system 
dedicated to HST communications in a 2-km-long straight 
section, which is not an HST but a street-level environment. 
The measurement was conducted at the relative speed be-
tween the TX and RX of 170 km/h, to investigate the prop-
agation characteristics for a moving HST. As in [16], both 
the TX and RX antennas were placed on top of two vehicles 
at a height of 2 m above the ground. Due to the difficulty 
involved in conducting channel measurement in mmWave 
HST environments, the mmWave channel characteristics in 
various HST scenarios have been investigated mostly through 
RT simulations [18,19].

To sum up, most HST propagation papers have focused on 
characteristics below 6 GHz. Although there are few papers 
on HST propagation concerning mmWave frequency bands, 
these papers do not sufficiently cover various HST environ-
ments. Consequently, the deployment of mmWave wireless 
systems in HST environments could be limited. To fill this 
gap, in this study, we conducted field measurements in an 
HST environment at the 28 GHz band. Furthermore, based 
on the measurements in two HST scenarios, we investigated 
the propagation characteristics for each scenario and the evo-
lution of the propagation characteristics during a transition 
between scenarios, for example, from a viaduct to a tunnel 
scenario or vice versa. In addition, the effects of railway 
structures unique to HST environments on the channel char-
acteristics were investigated.

2  |   MEASUREMENT CAMPAIGN

As mentioned earlier, the literature on mmWave HST prop-
agation measurements is limited. Commercial HSTs are 
being operated in several countries, such as Korea, Japan, 
China, and France. However, there are no mmWave wireless 
communication systems between base stations and HSTs. 
Performing measurements at the mmWave band in an HST 
environment is still challenging.

Thanks to the support from the Korea Railroad Research 
Institute (KRRI), we could conduct wideband mmWave 
propagation measurements with an actual HST on a dedi-
cated railway track. All the safety issues were dealt with be-
fore conducting the measurements.
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2.1  |  Channel sounder

We conducted HST measurements using a wideband band 
exploration and channel sounder (BECS) developed by 
Electronics and Telecommunications Research Institute 

(ETRI) in the Rep. of Korea [13,20]. The sounder uses a 
pulse compression technique based on the periodic transmis-
sion of a probing signal in the time domain [21]. The sounder 
comprises a baseband module, transceiver module, timing 
module (TIM), and RF up-/down-converter module (RFM).

For the TX, we used a directional horn antenna with a half-
power beamwidth (HPBW) of 10º. Figure 1 shows the radiation 
pattern of the TX antenna. The TX antenna periodically trans-
mits a probing signal to the RX. The probing signal is designed 
to be identified at the RX using the cross correlation property. 
We used a pseudo-noise (PN) sequence as the probing signal. 
The TX and RX can be synchronized in remote channel sound-
ing operations by using rubidium oscillators in the TIM.

The RX uses a monopole-type omnidirectional antenna, 
as shown in Figure 2, which is intended to capture multipath 
components (MPCs) from all directions. The center frequency 
and maximum channel bandwidth of the sounder are 28 GHz 
and 500  MHz, respectively. The sounder utilizes complex-
valued channel impulse responses (CIRs) to investigate the 
propagation characteristics such as path loss, delay spread, 
Ricean K-factor, and Doppler shift. In particular, a PN se-
quence with a length of 4095 is periodically transmitted from 
the TX to the RX while maintaining synchronization between 
them. With some system and propagation delays, the trans-
mitted signal and its multipath replica arrive at the RX. The 
detailed sounder specifications are listed in Table 1.

2.2  |  Measurement scenario and setup

A measurement campaign was conducted on a comprehensive 
railway test track located in Osong, Korea. Owned by the Korean 
government and operated by the KRRI, the 13-km track is com-
prised of high-speed sections (speeding up to 230 km/h), sharp 
curves, slopes, nine bridges, and six tunnels for performance 
tests. In the high-speed sections, the railway track is installed in a 
long straight line to speed up a train. Figure 3 shows the overall 
measurement environment. The measurement was conducted in 
a high-speed section for a distance range of 1216 m. This range 
consists of three sections categorized into two different propaga-
tion scenarios: viaduct scenario (Segments A and C) and tunnel 
scenario (Segment B). As shown in Figure 4, the distance be-
tween the TX and the entrance to Tunnel #4, which is Segment 
A, is approximately 179 m and the length of Tunnel #4, which is 
Segment B, is 271 m. During the measurements, the height of the 
TX antenna is slightly greater than that of the RX antenna, and a 
line-of-sight (LoS) link can be established between the TX and 
RX in all the segments. In addition, the distance between the exit 
from Tunnel #4 and the entrance to Tunnel #5, which is Segment 
C, is 766 m. The details are summarized in Table 2.

The train used in the measurement is the so-called 
“HEMU” (HEMU stands for high-speed electric multiple 

F I G U R E  1   Radiation pattern of the TX directional horn antenna 
[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  2   Radiation pattern of the RX omnidirectional antenna 
[Colour figure can be viewed at wileyonlinelibrary.com]

T A B L E  1   Channel sounder specifications

Parameters Values

Center frequency [GHz] 28

Channel bandwidth [MHz] 500

Probing signal (PN sequence) length [chips] 4095

Multipath resolution [ns] 2

Maximum TX power (w/o antenna) [dBm] 29

TX antenna (10∘ HPBW) gain [dBi] 23.2

RX antenna (omnidirectional) gain [dBi] 3.2

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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unit), provided by the KRRI, as shown in Figure 3. It was de-
signed to travel at a maximum speed of 430 km/h. At the time 
of our measurement campaign, the train was being simul-
taneously utilized in other testing activities for high-speed 
operation. The dimensions of the HEMU are 150 m  ×  3.1 
m × 3.75 m (Length × Width × Height) including six cars. 
The first and last cars of the train have two electric locomo-
tives so that the train can move in both directions without a 
U-turn. For safety reasons, the maximum speed of the train 
was limited to 170 km/h during the measurement campaign.

The measurement was performed 14 times (“one time” 
indicates to perform a measurement while the RX is moving 
from the TX to Tunnel #5, or vice versa): 6 times in the direc-
tion from Tunnel #3 to Tunnel #4 (the receiving antenna was 
located at the first car in the moving direction), and 8 times in 

the opposite direction (the receiving antenna was located at 
the last car in the moving direction; see Table 3).

There were steel structures including overhead line equip-
ment (OLE) along the test track to provide high-voltage elec-
tricity to the train (see Figures 3 and 4). As shown in Figure 6, 
there were pantographs on the roof of the test train, which can 
receive the electric power. Notably, there were no other moving 
objects during the measurement campaign. We placed the TX 
RFM and antenna next to the test track at a height of 5 m, as 
shown in Figure 5. We utilized a custom-built sturdy antenna 
master to endure the windblast from the HST. The other parts 
of the TX channel sounder were located inside a vehicle (white 
dashed line in the left part of Figure 5). The RFM and RX an-
tenna were installed on the roof of the train carriage, and the 
other parts were placed inside the train carriage, as shown in 

F I G U R E  3   Overall measurement environment (left) and HEMU high-speed train (right) [Colour figure can be viewed at wileyonlinelibrary.
com]

F I G U R E  4   Sketch of the overall measurement campaign [Colour figure can be viewed at wileyonlinelibrary.com]

T A B L E  2   Propagation scenario for each section

Propagation 
scenario

Length 
[m]

Segment A Viaduct 179

Segment B Tunnel 271

Segment C Viaduct 766

T A B L E  3   Train runs for measurements

RX moving direction
Number of 
train runs

Test tunnel #3 → #4 6

Test tunnel #4 → #3 8

Total 14

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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Figure 6. The height of the RX antenna was 4.2 m above the 
ground.

As the train moves at high speeds, we conducted the mea-
surement campaigns carefully to prevent accidents. We installed 
the RX RFM and antenna tightly onto the train roof by using a 
jig (see Figure 6). We also mounted a Radome upon the antenna 
to reduce the effects of wind on the moving HST. Moreover, we 
attached absorbers around the RX RFM and antenna to mitigate 
the influence of reflected multipaths from the jig.

3  |   DATA ANALYSIS RESULTS

3.1  |  Power delay profiles

A power delay profile (PDP) provides the intensity of a signal 
received through a multipath channel as a function of time delay.

F I G U R E  5   TX channel sounder setup (left and middle) and TX RFM & antenna (right) [Colour figure can be viewed at wileyonlinelibrary.
com]

F I G U R E  6   RX channel sounder setup and RX antenna [Colour figure can be viewed at wileyonlinelibrary.com]

Channel Sounder

Pantograph
HEMU high-speed train

RX

RFM & Antenna

F I G U R E  7   Exemplary concatenated PDPs in the HST 
measurements [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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Figure 7 illustrates exemplary concatenated PDPs for the 
entire distance range of the measurement. In the figure, the 
horizontal axis, vertical axis, and color code denote the prop-
agation delay, TX-RX distance (the distance can be calcu-
lated using time and the speed of 42 m/s), and normalized 
received power in dB, respectively. The white dashed lines, 
at approximately 180 m and 450 m, indicate the locations of 
the entrance and exit of Tunnel #4, respectively. We depict an 
enlarged version of Segment A as shown in Figure 8, to inves-
tigate the multipath characteristics of the HST propagation 
channel in detail. Furthermore, Figure 9 shows a simplified 
layout of Segment A. It describes the locations of scatters, 
which are OLEs regularly installed next to the test track.

It can be observed from Figures 7 and 8 that there are 
multiple trajectories in the distance-delay domain. From the 
figures, we can observe that:

a.	 The LoS propagation trajectory can be observed in both 
figures.

b.	 There are several trajectories starting regularly from the 
LoS trajectory, which are indicated by circled numbers, ,  

, , and , in Figure 8. These are single-bounced MPCs 
associated with the OLE along the test track depicted in 
Figure 9. For example, as the RX approaches an OLE, 
the propagation delay of a single-bounced MPC from the 
OLE is decreased. After the RX passes the OLE, the dif-
ference in propagation delay between the single-bounced 

MPC and the LoS path is not large, and it is shown as the 
LoS trajectory.

c.	 There are several parallel trajectories to the LoS trajec-
tory. This is due to the double-bounced MPCs from the 
scatters. For example, a parallel trajectory can be gener-
ated from a multipath bounced on scatter  and then scat-
ter . After the RX passes the scatters, a double-bounced 
MPC has a fixed delay compared with the LoS path.

d.	 Before entering Tunnel #4, indicated by the white dashed 
line at 180 m, there are multipaths in a distance range of 
120 m to 180 m and a delay range of 600 ns to 800 ns. 
They are generated from a concrete structure around the 
entrance of the tunnel (see Figure 5).

e.	 Owing to the waveguide effect in a tunnel, in addition to 
the MPCs from the OLEs, there are more multipaths in 
Segment B than in the others.

Regarding property (a), we can find a similar observation 
in [9], in which the measurements were conducted in a rural 
area at sub-6-GHz bands. However, property (c) is unique to 
this study.

3.2  |  Path loss

The path loss (PL) is the ratio between the transmitting and 
receiving powers. This is an important propagation charac-
teristic for system planning and coverage/interference analy-
sis. We analyzed the measurement data to fit the alpha-beta 
(AB) model [12], which is given by

 where d is the distance from TX to RX, α is the slope, β is the 
floating offset value, and Xσ is the log-normal shadow fading 
factor parameterized by the shadow fading standard deviation σ. 
By fitting our measurement data to (1), we obtain the parame-
ters α and β. In the fitting, we subsampled all the measurement 
data at every 1 m by calculating the local median. The standard 
deviation σ of the shadowing is calculated using the standard 
deviation of the difference between the measured PL and the 
fitting model.

Figure 10 shows the measured PL result and the re-
sult from the fitted AB model. Note that only the effective 

(1)PLAB (d) = 10�log10 (d) + � + X� ,

F I G U R E  8   Enlarged PDPs of segment A [Colour figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  9   Simplified layout of 
segment A [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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measurement data between 40 m and 900 m are used for the 
analysis due to the high directivity of the transmit antenna 
[9]. In the figure, the dashed lines at approximately 180 m 
and 450 m indicate the locations of the tunnel entrance and 
exit, respectively. As the measured PL has significantly dif-
ferent patterns in Segments A, B, and C, we estimate α and 
β separately in each segment, as summarized in Table 4. To 
evaluate our measurement modeling results, we summarize 
the path loss exponent (PLE) and shadowing statistics from 
the literature in Table 5.

As described in the previous section, Segments A and C 
represent the viaduct scenario and Segment B represents the 
tunnel scenario. Even though Segment A has an LoS link, 
the PLE is 2.46, which is slightly higher than that of the free-
space model. We believe that this is due to the reflections 
from a concrete structure around the tunnel entrance, the sim-
ilar antenna heights of the TX and RX, and the effect of the 
train carriage roof. Although it is not the same environment, 
this value is between 2.27 and 3.03, which are the PLE values 
of a rural scenario at 28 GHz and a viaduct at 2.35 GHz, re-
spectively, as shown in Table 5. This implies that the PLE can 
differ depending on the frequency and measurement setup, 
even in the same environment, such as a viaduct.

The PLE of Segment B is 1.30, which indicates that the 
PL is almost constant with respect to distance. This value is 
consistent with the literature, as shown in Table 5. For in-
stance, the PLE in [15] is 1.43, which proposed a directional 
PL model based on an RT simulation in a straight tunnel sce-
nario. It can be observed that the PL increases with respect 
to distance up to 330 m and subsequently remains constant. 
This appears to be due to the waveguide effect in the tunnel. 
Furthermore, it can be observed from Table 5 that straight 
tunnels have smaller PLEs than curved ones. In Segment C, 
the path loss exponent is 6.51. We can observe that the PL 
increases rapidly immediately after the tunnel exit. This can 
be explained by the fact that the transmitted signal is blocked 
by the HST because the receiving antenna is located on the 
first or last car, depending on the direction of movement. 
Furthermore, the signals reflected from the tunnel can be 
scattered in various directions immediately after the tunnel 
exit. Thus, the received power can suddenly decrease, result-
ing in a high PLE value.

Figure 11 shows the estimated cumulative probabilities of 
Xσ along with the theoretical Gaussian cumulative distribu-
tion functions (CDFs). It is observed that the measured SF 
and the Gaussian CDF fit are consistent with each other.

F I G U R E  1 0   Path loss and least-squares fitting results [Colour 
figure can be viewed at wileyonlinelibrary.com]
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T A B L E  4   Estimated path loss parameters

α β
σ 
[dB]

Segment A 2.46 51.2 1.4

Segment B 1.30 77.7 1.8

Segment C 6.51 –60.0 3.0

T A B L E  5   Summary of path loss exponent and shadow fading in similar HST scenarios at various frequencies

Scenario Frequency [GHz] PL exponent (α) SF std. [dB] Antenna type Ref.

Tunnel (straight) 
Viaduct

28 1.30
2.46

1.8
1.4

TX: directional (10∘ HPBW)
RX: omnidirectional

This work

Rural 28 2.27 2.8 TX: omnidirectional
RX: virtual circular array

[16,22]

Viaduct 2.35 3.03 2 TX: omnidirectional
RX: omnidirectional

[23]

Tunnel (straight) 2.45
5.7

1.58
1.62

5.9
4.4

TX: omnidirectional
RX: omnidirectional

[24]

Tunnel (curved) 2.4
5.705

5.37
4.94

4.67
4.46

TX: panel antenna (75∘ HPBW)
RX: Log-Periodic antenna (85∘ HPBW)

[25]

Tunnel (straight) 31.625 1.43
4.4

6.2
10.9

TX: directional (20∘ HPBW)
RX: directional (8∘ HPBW)

[15]a 

Tunnel (curved)
aRay-tracing (RT) simulation results.

www.wileyonlinelibrary.com
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3.3  |  Delay spread

The root-mean-square (RMS) delay spread is an important 
parameter characterizing the temporal dispersive properties 
of multipath channels. From the measurement data, we ob-
tained the RMS delay spread values for each segment. The 
RMS delay spread (σDS) was calculated from the measured 
PDPs as follows:

 where τl and Pl denote the delay and power of the l-th mul-
tipath, respectively, where l ∈ [1, ..., L] with L representing the 
total number of multipaths. Moreover, the average delay (�) is 
given by

The threshold was set to 20 dB from the peak component 
in each PDP to determine the effective multipath components. 
Figure 12 illustrates the estimated RMS delay spread for all the 
segments. A curve corresponding to the smoothed values by 
means of the moving average with a window size of 50 is in-
cluded, in addition to the mean delay spread for each segment.

From Figure 12, we can observe the following 
characteristics:

a.	 The delay spread in Segment A, which represents the 
viaduct scenario, is mostly small. However, in a distance 
range of 120 m to 180 m, the delay spread relatively 
increases due to the MPCs from a concrete structure 
around the entrance of Tunnel #4. This result is consis-
tent with the PDP characteristics in the same segment.

b.	 In the tunnel environment (Segment B), the greatest 
delay spread values were observed at the middle of the 
tunnel and the delay spread becomes small at the end of 
the tunnel. This is because the waveguide effect can be 

(2)�DS =

���
�

∑
L
l=1

(� l − �)2
⋅ Pl

∑
L
l=1

Pl

,

(3)� =

∑
L
l=1

� l ⋅ Pl
∑

L
l=1

Pl

.

F I G U R E  1 1   Estimated cumulative probabilities of shadow 
fading [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  1 2   Estimated RMS delay spread for all the segments 
[Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  1 3   Estimated CDFs for each segment [Colour figure 
can be viewed at wileyonlinelibrary.com]

0 100 200 300 400 500 600 700 800

Delay spread [nsec]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
D

F

All data (Segment A+B+C)

Segment A

Segment B

Segment C
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RMS delay spread [nsec]

10% 50% 90%

Segment A 3.3 22.4 79.6

Segment B 8.3 70.4 152.9

Segment C 5.1 209.3 489.5

All data 5.2 65.0 414.3
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maximized in the middle of the tunnel. In addition, fewer 
MPCs are received from the outside of the tunnel, as the 
receiving antenna becomes closer to the tunnel exit.

c.	 In segment C, the delay spread is relatively small before 
the train completely exits the tunnel, which is at approxi-
mately 600 m, as the end of Segment B is 450 m and the 
train length is approximately 150 m. Subsequently, the 
delay spread rapidly increases.

The resulting CDFs for each segment are shown in Figure 
13, and the typical RMS delay spread values of 10%, 50%, and 
90% of the cumulative distribution probability are summarized 
in Table 6. The mean values of the RMS delay spread in HST 
environments have been reported, for example, 20 ns at a freight 
depot in a rural environment [16] and 10 ns to 25 ns with a mean 
of 14.4 ns in a street-level environment [17]. In this work, the 
mean value of the RMS delay spread is 24.6 ns in the viaduct 
scenario (Segment A). This result is similar to the aforemen-
tioned results. However, our measurements included the transi-
tion from a viaduct to a tunnel scenario, and the maximum value 
in Segment A is larger than that in the literature.

As most cases are LoS, the delay spread values are gen-
erally small. However, the characteristics vary greatly de-
pending on the transition of the propagation environment (for 
example, entrance, middle, and exit of a tunnel environment). 
As shown in Table 5, in most cases, the delay spread value is 
500 ns or less for all the segments.

3.4  |  Doppler shift

Figure 14 depicts an exemplary Doppler spectrum from the 
HST channel measurement in Segment B. The Doppler shift 
can be estimated by applying the discrete Fourier transform 
(DFT) to the measured CIRs with respect to time as follows:

 where t, τ, and ν denote time, delay, and Doppler shift, re-
spectively. Furthermore, h(t,τ) denotes the time-variant CIRs. 
DFT{·}t is the DFT of the input argument with respect to time. 
The Blackman window is applied prior to the DFT operation to 
reduce the level of the sidelobes.

A time interval of 385 consecutive CIRs (we called it a 
cycle, which corresponds to 12.6 ms) was chosen to satisfy 
the sampling theorem, to estimate the Doppler shift from the 
measurement. The power delay-Doppler profile (PDDP), 
in which each delay component is associated with its own 
Doppler shift, is the magnitude squared value of h(ν,τ), as 
shown in Figure 14A. Summing the PDDP over the delay do-
main yields the Doppler spectrum in Figure 14B. Figure 14C 
shows the concatenated Doppler spectrum estimated from 42 

(4)h (�, �) = DFT{h (t, �)}t ,

F I G U R E  1 4   Exemplary Doppler spectra in segment B: (A) 
PDDP, (B) Doppler Spectrum, and (C) Concatenated Doppler 
Spectrum. [Colour figure can be viewed at wileyonlinelibrary.com]
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cycles. The interval between cycles is 37.8 ms. To summa-
rize, the total measurement duration is approximately 2 s.

Theoretically, the Doppler shift can be expressed as

where f is the carrier frequency, c is the speed of light (3 m/s × 
108 m/s), v is the speed of the RX, and θ is the angle between the 
TX and RX. For the Doppler shift estimation, the measurement 
was performed when the RX was moving toward the TX. From 
Figure 14, we observed three dominant Doppler shift components.

a.	 The first component is an LoS propagation component 
observed approximately at the positive maximum Doppler 
shift (+

|
|
|
fD

max

|
|
|), which is +3.3 kHz in the Doppler frequency 

domain corresponding to the speed of 130 km/h1 at the 
carrier frequency of 28 GHz. Furthermore, we can observe 
MPCs in the delay domain at the same Doppler shift. This 
component is caused by the double-bounced MPCs created 
ahead of the RX as described in the PDP characteristics.

b.	 The second component exists at approximately −3.3 kHz 
in the Doppler frequency domain, which is the opposite 
Doppler frequency to the LoS component. This compo-
nent is caused by the local scatters, that is, OLE, installed 
regularly along the test track in the backward direction of 
the RX. This component is periodically observed in the 
delay domain as shown in Figure 14A.

c.	 Finally, we can observe transitions from +
|
||
fD

max

|
|| to −

|
||
fD

max

|
|| 

in Figure 14C, which is the third component. These transi-
tions can occur when the RX passes by the OLE. From (5), 
θ varies from 0 to 180° as the RX passes by the OLE, and 
the Doppler shift varies from + to −

|
||
fD

max

|
||. This transition 

in the Doppler was also reported in [9], which is based on 
HST measurements at 2.6 GHz in a rural area.

4  |   CONCLUSION

Utilizing a channel sounder with a bandwidth of 500 MHz at 28 
GHz, we conducted propagation measurements in an HST test 
track. During the measurements, an HST was moving at a maxi-
mum speed of 170 km/h. Based on the field measurements, we in-
vestigated the propagation characteristics such as path loss, delay 
spread, and Doppler shift in two HST scenarios. Owing to the 
waveguide effect, the PLE of the tunnel was observed to be 1.3. 
However, with the LoS, when there was no waveguide effect, the 
PLE of the viaduct appeared to be 2.46, which is slightly higher 
than that of the free-space case. We also observed that railway 

structures installed along a track, such as overhead line equipment, 
considerably affect the propagation characteristics causing single- 
and double-bounced MPCs. These MPCs affect the delay spread 
and Doppler characteristics significantly. For example, the mean 
value of the RMS delay spread is 24.6 ns in the viaduct scenario 
(Segment A), which is similar to the results of a previous study (20 
ns) in a rural environment. However, the maximum value is larger 
than that in the previous one. We believe that these mmWave HST 
measurement characteristics will be beneficial in 5G mobile com-
munication systems. One potential direction for future work might 
be a comparison with ray-tracing techniques [19], which will en-
able verification of the impact of HST environments by identifying 
individual MPC behaviors associated with the surrounding objects.
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