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As commercial 5G deployment has already begun around the world, R&D for
5G evolution to further develop 5G in the 2020s is required. In this article, we
describe efforts with three field experiments related to further evolution of 5G
millimeter-wave radio technology, an important issue in 5G evolution.

in January 2020 [2]. A number of initiatives are al-

1. Introduction

so underway regarding field experiments for 5G

5th generation mobile communications systems

evolution.

(5G) have already gone into commercial operation

This article describes field experiments using

around the world, and NTT DOCOMO also launched

the 28 GHz band, a 5G frequency band, as part of

commercial services in March 2020. However, as

efforts to further develop millimeter-wave*1 radio

challenges and further expectations for 5G are iden-

technology, a crucial issue in 5G evolution. Specifi-

tified, research and development to further 5G

cally, we describe a coverage improvement experiment

technological development will be required into the

with a metasurface*2 reflector [3] [4], a 5G high-

2020s. NTT DOCOMO began examining require-

speed travel experiment on the Tokaido Shinkan-

ments for 5G evolution and 6G from around 2017 [1],

sen [5] [6], and a field experiment of fishing area

and released 6G technical concepts (a white paper)

remote monitoring using an underwater drone [7] [8].
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*1

Millimeter-wave: Customarily called “Millimeter waves”, these
are radio signals in the frequency band from 30 GHz to 300
GHz as well as the 28 GHz band targeted for 5G.
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2.1 Experiment Overview
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2. Coverage Improvement Experiment
with a Metasurface Reflector

In this experiment, a 28 GHz band 5G transmission experimental apparatus fitted with the same

With millimeter waves, the challenge is cover-

BS (made by Ericsson) and MS (made by Intel)

ing areas in the shadows of shield objects such as

beamforming*5 as in literature [10] was used. The

buildings or trees that put the Base Station (BS)

effective bandwidth per Component Carrier (CC)*6

antenna and the Mobile Station (MS) out of radio

was 90 MHz, with 4CC Carrier Aggregation (CA)*7

sight (non-line-of-sight) of each other. To improve

performed from 27.5 GHz to 27.9 GHz. The time

coverage in such non-line-of-sight environments and

ratio of the Up Link (UL) and Down Link (DL)

3

communications quality, metamaterial* and metasur-

subframes*8 was 1:1.

face technologies composed by regular positioning

Figure 1 shows the concept of the metasurface

of structures smaller than the wavelength have

reflector and the metasurface reflector used in this

recently been gaining attention [9]. Applying these

experiment. Metawave Corporation manufactured

technologies to a reflector makes it possible to freely

the metasurface reflector. The unit cell*9 structure

design the propagation direction and beamwidth*4

of the metasurface is patterned with patch-type

of reflected waves regardless of the installation di-

metal on a substrate surface, and the rear surface

rection/size of the reflector. Thus, this technology

is covered with metal. The structure of the metal

can be installed on a wall surface of a building,

patches and the rear metal determines the reso-

etc., to guide reflected waves in a specific direc-

nance frequency, and the phase of the reflected

tion. We performed field experiments of the tech-

waves varies greatly around this resonance fre-

nology in a real environment.

quency. Accordingly, any reflected wavefront can
be designed by distributing the patch size within

Conventional reflector

Figure 1

*2

*3

Metasurface reflector

Conceptual diagram of a conventional reflector and the metasurface reflector used in this experiment

Metasurface: An artificial surface technology with two-dimensional periodic arrangement of structures that is a type of artificial medium (metamaterial (see *3)), and that achieves an
arbitrary dielectric constant and magnetic permeability by
periodic arrangement of structures that are smaller than the
wavelength.
Metamaterial: An artificial material that causes electromagnetic
waves to behave in ways that they do not in natural materials.

*4

*5

Beamwidth: The antenna radiation angle at which the beam is
radiated with gain of ‒3dB or less from the maximum antenna
gain.
Beamforming: A technique for increasing or decreasing the
gain of multiple antennas in a specific direction by controlling
the phase of the antennas to form a directional pattern of the
antennas.
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only a very narrow beam (half power beamwidth*11:
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the substrate to cover the area.
The experimental environment and the angles

approximately 2° to 3°) is formed in the open area

of incidence/reflection designed for the metasur-

and thus the area covered thins. Therefore, the

face reflectors are shown in Figure 2. Experiments

metasurface reflector was designed so that both

were performed by installing a BS antenna on the

the reflected angle and the half power beamwidth

rooftop (at a height of 37.4 m) of the Tokyo Inter-

of the reflected wave are 18°.

national Exchange Center in the Odaiba area of

2.2 Experimental Results

Tokyo. Since the road in front of the building was
shielded by the installation building itself and

Distributions of received power (Beam Refer-

communications quality was poor, we installed a

ence Signal Received Power (BRSRP)*12) and DL

metasurface reflector at a position in line of sight

throughput characteristics measured by driving

of the BS, and verified that the reflected waves

the MS vehicle in front of the International Ex-

from the metasurface reflector created a 5G cov-

change Center are shown in Figure 3. Without the

erage area in the road front of the building. The

metasurface reflector installed, the BRSRP went

metasurface reflector used in this verification test

below —70 decibels milli (dBm)* 13 because the

was designed to have incidence/reflection angles

front of the building is non-line-of-sight, resulting

in the vertical direction of approximately 50°/30°

in a significant drop in received power compared

and was installed at a height of 3.4 m. To form a

to the area in radio sight (> —50 dBm). However, with

reflected wave with sufficient power, the size of

the metasurface reflector installed, it can be seen

the reflective plate was 80 cm x 80 cm. However,

that BRSRP and throughput characteristics im-

10

assuming that the incident wave is a planar wave* ,

prove due to the 28 GHz band reflected waves

BS antenna

BS antenna (installed
at a height of 37.4 m)

Metasurface
reflector

Tokyo
International
Exchange Center

Fuji TV
Wangan Studio

Metasurface reflector
(installed at a height
of 3.4 m)

National Museum of Emerging
Science and Innovation
Azimuth

Elevation
52.3o
30o

0o
0o

Figure 2

*6
*7

*8

Metasurface reflector experimental environment and angle of incidence/reflection design of the reflector

CC: A term used in CA (see *7) to denote one of several frequency blocks.
CA: A technology that enables high-speed communications by
bundling multiple blocks of frequencies to create a wide-bandwidth.
Subframe: A unit of radio resources in the time domain consisting of multiple Orthogonal Frequency Division Multiplexing (OFDM) symbols.

*9
*10

*11

Cell: The unit of area division that make up the service area
of a mobile communications network.
Planar wave: An electromagnetic wave where the amplitude
and phase of the electromagnetic field are constant within a
plane perpendicular to the propagation direction.
Half power beamwidth: The angular range over which the power
emitted from an antenna goes from its maximum value to half
of that value. Expresses the sharpness of the directivity.
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Without metasurface reflector
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Distributions of received power and DL throughput

how high-speed communications using high-frequency

reaching the front of the building.
The variation characteristics of BRSRP and DL

bands such as 28 GHz can be provided stably even

throughput relative to the travel distance of the

in high-speed mobile environments such as high-

MS vehicle are shown in Figure 4. The installation

speed trains. Doppler frequency shifts*14 are higher

of the metasurface reflector improved BRSRP over a

in high-frequency bands than in low-frequency

driving distance range of 40 m to 75 m correspond-

bands, and in high-speed train environments such

ing to the front area of the building, confirming an

as the Shinkansen, since Doppler frequency shifts

improvement of up to approximately 15 dB. The

are further increased with high mobility, there are

throughput was also improved in the same range

concerns about deterioration in characteristics. Ad-

to a maximum of approximately 500 Mbps (no re-

dressing these issues, in cooperation with Central

flector plate: 60 Mbps --> with reflector plate: 560

Japan Railway Company, we conducted transmis-

Mbps).

sion experiments from August to September 2019
near Shin-Fuji Station in Shizuoka Prefecture using a 28 GHz-band 5G experimental device with a

3. 5G High-mobility Experiment
Using the Tokaido Shinkansen

beam tracking function and the test version of an
N700S-model Shinkansen rolling stock traveling at

For 5G evolution, NTT DOCOMO is examining

*12
*13

BRSRP: RSRP per beam. RSRP is the reception level of a reference signal measured at the mobile terminal.
dBm: Power value [mW] expressed as 10 log (P). The value relative to a 1 mW standard (1 mW = 0 dBm).

283 km/h on the Tokaido Shinkansen railway.

*14

Doppler frequency shift: The shift in carrier frequency due to
the Doppler effect.
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in Figure 5. The MS was placed near the window

In the experiment, three BSs for 5G experiment

glass by a passenger seat in the test version of the

were installed on the road along the Tokaido Shinkan-

N700S-model Shinkansen rolling stock. Between BS2

sen railway, approximately 100 m away from the

and BS3, there are trees and a river at approxi-

railway. A detailed diagram of the setup is shown

mately 1,000 to 1,100 m points creating a non-line-
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3.1 Experiment Overview

To Osaka
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Figure 5

Road
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To Tokyo
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of-sight environment that the MS would traverse.

properties of DL throughput by MS moving speed

The bandwidth of the 28 GHz-band 5G experimental

obtained in multiple run experiments are shown

equipment is 700 MHz and the maximum DL data

in Figure 7. The throughput at the MS moving

rate is 3.3 Gbps. Each BS is equipped with two 48-

speed of 0 to 20 km/h is the result of driving a car

15

element array antennas* and the MS is equipped

on the road parallel to the Tokaido Shinkansen rail-

with two 32-element array antennas, each generat-

way. The throughput deteriorated as the MS moved

ing a beam. To maximize received power, combi-

faster, which is likely due to an increase in Dop-

nations of BS and MS beam candidates are select-

pler frequency shift. The median value*17 of the

ed every 10 ms to achieve beam tracking.

throughput at 283 km/h was approximately 130
Mbps and the maximum value was 1.3 Gbps. We

3.2 Experimental Results

confirmed that communication exceeding 1 Gbps

Figure 6 shows the DL throughput performances

can be obtained using the 28 GHz band, if beam

measured during a single run. The throughput was

tracking can be performed in high-speed train en-

measured at a point approximately 180 m, achiev-

vironments.

ing up to approximately 320 Mbps in front of BS1.
A throughput of up to approximately 170 Mbps
was observed at BS2, a throughput of up to 980
Mbps was measured in the frontal direction of BS3,
and 50 to 200 Mbps was observed up to the 1,700 m

4. Field Experiment of Remote
Monitoring of Fishing Grounds
Utilizing an Underwater Drone
One challenge for 5G evolution and 6G is coverage

point. The Cumulative Distribution Function (CDF)*16

1,200

DL throughput (Mbps)
DLスループット（Mbps）
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1,000
800
600
400
200
0
0

500
1,000
Position（m）
Points (m)
×BS1

Figure 6

*15
*16

1,500

×BS2 ×BS3

DL throughput performances

Array antenna: An antenna consisting of multiple elements.
CDF: A function that represents the probability that a random variable will take on a value less than or equal to a certain value.

*17

Median value: The value in the middle when countable data
is ordered in increasing (or decreasing) size.
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4.1 Experiment Overview

atives can be expected to further expand the en-

Figure 8 shows the experimental structure. An

vironments in which people and objects can oper-

MS was installed on a small vessel moored at sea,

ate and thus create new industries. As an exam-

and an underwater drone wired to the MS device

ple of the “sea” use case, in collaboration with the

was put into the sea where an oyster farm is lo-

University of Tokyo, NTT DOCOMO conducted a

cated. Full HD underwater video captured by un-

field experiment of remote monitoring of fishing

derwater drone camera was transmitted by radio

grounds utilizing a 5G-enabled underwater drone

with UL to a shore-based BS, while at the same

[11].

time pilot signals were sent to the underwater
drone by radio with DL from BS to MS without

CDF

NTT DOCOMO Technical Journal

expansion in the sky, sea and space [2]. Such initi-
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Figure 7

Figure 8

CDF of DL throughput by MS moving speed

Experimental configuration of remote monitoring of fishing ground
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any time lag. The vessel was moored approximately

1.0 m antenna height of the MS was adjusted to

150 m from the BS at the location of the oyster

approximately 2.0 m from sea level. The underwa-

farm rafts. In this experiment, the same 28 GHz band

ter drone used was a PowerRay [12] from PowerVi-

5G transmission experimental equipment used in

sion Japan Co., Ltd.

NTT DOCOMO Technical Journal

the experiment described in Section 2 was used.
The experiment was conducted at Yanagawa

4.2 Experimental Results

Fisheries, Etajima City, Hiroshima Prefecture. Taken

In this experiment, the target BLock Error Rate

from on land, Photo 1 shows the BS installed on land

(BLER)*19 was set to both 0.1% (a focus on stabil-

and the MS installed on the vessel. At the time of

ity) and 10% (a focus on communications speed) to

the experiment, the height of the land from the sea

evaluate considering the trade-off between com-

surface was approximately 3.0 m, the antenna height

munication speed and stability in 5G industrial us-

of the BS was approximately 1.7 m, and the me-

age. The CDF characteristics of the DL through-

chanical tilt*

18

was set at 0°. Photo 2 shows the

put are shown in Figure 9 (a), and the CDF of the

MS taken onboard the vessel. The approximately

DL Modulation and Coding Scheme (MCS)*20 is

5G BS antenna
Vessel (5G MS)

Photo 1 5G BS installed on land and 5G MS installed on
the vessel

Photo 2

*18

5G MS on deck

Tilt: The inclination of an antennaʼs main beam direction in
the vertical plane.

*19
*20

BLER: The error rate in blocks of transmitted data.
MCS: Combinations of modulation scheme and coding rate
decided on beforehand when performing Adaptive Modulation
and Coding (AMC).
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shown in Fig. 9 (b). From the figure, it can be seen

acteristics is needed for the small capacity data

that the variation in DL throughput is smaller when

transmission required to control the underwater

the target BLER is fixed to 0.1%. This is because

drone, it is generally preferable to lower the target

the MCS is held low to suppress information er-

BLER to prioritize stability of communications. How-

rors due to the rocking of the vessel. In contrast,

ever, in the case of this experiment, packet loss*21

with the target BLER at 10%, a relatively high

was not caused by retransmission even with a tar-

MCS is easy to select and a better throughput is

get BLER of 10%, making low-latency drone con-

obtained. Since communication speeds in the or-

trol sufficiently possible.

der of only a few percent of DL throughput char-

Figure 10 (a) shows the CDF characteristics of

DL

CDF

CDF

DL

0

500

1,000

1,500

DL throughput (Mbps)

MCS

(a) Throughput

(b) Selected MCS

Figure 9

DL CDF characteristics per target BLER

UL

CDF

UL

CDF
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UL throughput (Mbps)

MCS

(a) Throughput

(b) Selected MCS

Figure 10

UL CDF characteristics per target BLER

*21

Packet loss: The failure of error-free data packets to be delivered to their destination due to congestion or other issues.
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UL throughput when the target BLER is set to

of efforts to further develop millimeter wave tech-

0.1% and 10%, and Fig. 10 (b) shows the CDF of

nology, a crucial issue in 5G evolution. We described

the UL MCS. From the figure, although there was

a coverage improvement experiment with a metasur-

no significant difference in UL throughput variation

face reflector, a 5G high-speed travel experiment

when the target BLER was set to 0.1% and 10%,

on the Tokaido Shinkansen, and a field experiment

slightly higher throughput was obtained when the

of fishing ground remote monitoring using an un-

target BLER was 10%. Compared to DL, the reason

derwater drone. Moving forward with 5G evolu-

there is no difference is likely due to insufficient

tion, the expansion of non-terrestrial coverage, and

Signal-to-Noise Ratio (SNR)*

22

for selecting a high

Ultra-Reliable and Low-Latency Communications

UL MCS with this experimental configuration and

(URLLC) capabilities for industry will be consid-

equipment.

ered in standardization. NTT DOCOMO plans to

Figure 11 shows video of the oyster farm captured by the underwater drone when the target

continue to work on evolving these radio technologies.

BLER for UL and DL was set to 10%. The user
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