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1.   Introduction

In the 5th-generation mobile communications sys-
tem (5G), high-speed communications is being pur-
sued using frequency bands below 6 GHz and the 
so-called 28 GHz millimeter-wave*1 band. Here, to 
compensate for the large path loss*2 of high-frequen-
cy bands such as the millimeter-wave band, beam-
forming (BF)*3 technology using Massive multiple-
input multiple-output (Massive MIMO)*4 has come 
to be researched as a 5G radio access technology.

NTT DOCOMO is rolling out 5G commercial ser-
vices using the 3.7, 4.5, and 28 GHz bands. Here, the 
available bandwidth in the 28 GHz band is wider than 

that in the 3.7 and 4.5 GHz bands, so high-speed com-
munications can be expected. On the other hand, 
strong straight-line propagation and large path loss of 
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*1 Millimeter waves: Radio signals in the frequency band from 30 
GHz to 300 GHz as well as the 28 GHz band targeted by 5G all 
of which are customarily called “millimeter waves.”

*2 Path loss: The amount of attenuation in the power of a signal 
emitted from a transmitting station until it arrives at a reception 
point.

*3 BF: Technology for increasing/decreasing signal power in a par-
ticular direction by giving directionality to the transmission sig-
nal. It includes analog beamforming that forms directionality by 
phase control of multiple antenna elements (radio-frequency 
equipment) and digital BF that performs phase control in the 
baseband section.
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millimeter waves means that technical issues still 
remain in the provision of stable high-speed commu-
nications over a wide area. Nevertheless, the use of 
the millimeter-wave band is essential to further the 
evolution of 5G [1].

In this article, we show by outdoor experimental 
trials that high-speed communications can be pro-
vided over a wide area by (1) using multiple 28 GHz 
band experimental base stations equipped with digital 
BF to perform BF by digital signal processing and (2) 
having those base stations cooperate with each other 
while suppressing the interference generated between 
multiple mobile stations traveling at high speed. We 
present and discuss the experimental results.

2.   Overview of experimental equipment 
equipped with millimeter-wave base station 

cooperation technology by digital BF

2.1    Effects of applying digital BF and base station 
cooperation to high-mobility environments

The following problems must be solved to achieve 
even higher communication speeds using millimeter 
waves:

(1)  While higher communication speeds can be 
expected for each base station through simul-
taneous communications with multiple mobile 
stations (by achieving multi-user MIMO), 
interference generated between mobile sta-
tions must be suppressed.

(2)  For example, when a base station is communi-
cating with mobile stations within vehicles 
traveling on an expressway at 100 km/h, coop-
eration among multiple base stations is neces-
sary to provide wide-area communications.

A variety of methods have been proposed to sup-
press inter-mobile-station interference such as trans-
mitting signals to mobile stations using a different 
beam for each. Nevertheless, interference can still 
occur between beams, so this method is not necessar-
ily able to sufficiently suppress interference. Further-
more, given the large path loss of millimeter waves, 
the service area of each base station cannot be easily 
expanded. In environments with mobile stations trav-
eling at high speeds, this means that the time during 
which a mobile station is present in that area is short, 
which in turn means frequent switching between base 
stations.

Based on the above, an important requirement for 
providing high-speed communications for multiple 
mobile stations traveling at high speeds is to maintain 
stable high-speed communications even during a swi-

tchover between base stations while suppressing 
inter-mobile-station interference. To this end, we here 
report on the development of Massive MIMO experi-
mental equipment using digital BF in the millimeter-
wave band as opposed to implementing BF using 
analog circuits (hereinafter referred to as “analog 
BF”) as a base station function.

In general, analog BF operates by having the base 
station select the beam to be used from a set of beam 
candidates determined beforehand. The advantage 
here is that information only on beam direction is suf-
ficient thereby simplifying equipment structure. On 
the other hand, the beam is not optimized to radio 
wave propagation conditions.

In contrast, digital BF performs communication by 
calculating the optimal beam shape (number of indi-
vidual beams and directions) according to radio wave 
propagation conditions. In this way, an improvement 
in communication quality can be expected, but other 
problems arise; that is, information on the propaga-
tion channel must be estimated, but tracking of wildly 
fluctuating radio wave propagation conditions in an 
environment with mobile stations traveling at high 
speeds is difficult. However, the fact that digital BF is 
achieved by digital signal processing means that sup-
pression of inter-mobile-station interference can be 
incorporated in beam generation and control and that 
optimal BF can be performed even in an environment 
with multiple mobile stations, all of which make 
digital BF a key technology for enhancing communi-
cation performance in the future. Additionally, as 
examples of base station cooperation, information 
(received power, degree of spatial multiplexing avail-
able for transmission, etc.) obtained from channel 
information used for digital BF can be used for 
instantaneous switching to the base station best suited 
for communication, or multiple base stations can be 
controlled to perform simultaneous transmissions. 
Such base station cooperation can achieve stable and 
high-speed communications within an area.

2.2   Overview of digital BF
In contrast to analog BF, digital BF generates and 

controls beams by digital signal processing. Analog 

*4 Massive MIMO: MIMO systems transmit radio signals overlap-
ping in space by using multiple antenna elements for transmis-
sion and reception. Massive MIMO systems aim to achieve high-
speed data communications with greater numbers of simultane-
ous streaming transmissions while securing service areas. They 
achieve that aim by using antenna elements consisting of super 
multi-element arrays to create sharply formed radio beams to 
compensate for the radio path losses that accompany high-fre-
quency band usage.
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BF uses a phase shifter*5 and amplifier*6 connected to 
each antenna element to achieve strong radio wave 
directionality in a particular direction by superimpos-
ing radio waves emitted from each of those elements. 
The problem here, however, is that the superimposing 
of radio waves always results in the same beam shape 
in whatever the direction. Digital BF, on the other 
hand, generates beams by using channel information 
between the base station and mobile station, calculat-
ing the weighting factors to obtain maximum received 
power, and multiplying the transmission signal by 
those factors by digital signal processing. In this way, 
digital BF can deal with a situation in which the 
mobile station’s peripheral environment is fluctuating 
though the mobile station itself may be stationary by 
reforming an optimal beam according to that fluctua-
tion. Digital signal processing also enables high-
accuracy MIMO multiplexing of multiple signals and 
suppression of inter-mobile-station interference. A 
conceptual diagram of interference suppression is 
shown in Fig. 1. In analog BF, when a beam faces a 
particular direction as shown in Fig. 1(a), the shape of 
that beam always has a fixed pattern. As a result, 
interference can occur between mobile stations 
depending on the environment and communication 
performance can greatly deteriorate if the effect of 
that interference is large. Digital BF, though, can per-
form beam shaping correctly according to the periph-
eral environment. In Fig. 1(b), the beam shape is 
formed so as to suppress inter-mobile-station inter-
ference, which can improve communication quality 
compared with no interference suppression.

However, channel information between the base 
station and mobile station must be determined in 
detail to achieve digital BF. This channel information 
is estimated from the channel matrix, whose number 

of rows is equal to the number of antenna elements 
and number of columns is equal to the number of base 
stations. In 5G, a base station turns out to be a mas-
sive-element antenna, so it is necessary to estimate a 
matrix of enormous size. Additionally, if the temporal 
fluctuation of the mobile station and peripheral envi-
ronment is gentle, it should be possible to estimate 
channel information, but if this temporal fluctuation 
is intense as in a high-mobility environment, a dis-
crepancy will emerge in channel information between 
the time of estimation and the time at which the signal 
is actually transmitted. As a result, an optimal beam 
cannot necessarily be formed. 

With the aim, therefore, of exploiting the benefits 
of digital BF while contracting the size of the matrix 
to be estimated, we adopted technology that first 
forms multiple beams in predetermined directions 
using a many-element antenna and then estimates 
channel information between those multiple beams 
and the mobile station [2]. With this approach, the 
size of the matrix to be estimated can be reduced from 
number of mobile station elements × number of base 
station elements to number of mobile station ele-
ments × number of beams. In this way, by performing 
digital signal processing using a matrix of a size equal 
to number of mobile station elements × number of 
beams, it becomes possible to estimate channel infor-
mation in a relatively short time while minimizing 
quality degradation from the use of all elements. With 
this approach, digital signal processing as in forming 
and controlling beams and suppressing inter-mobile-
station interference can still be performed thereby 

Fig. 1.   Conceptual diagram of interference suppression by digital BF.
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*5 Phase shifter: A circuit that can change the phase going to each 
antenna element.

*6 Amplifier: A circuit that amplifies the signal.



Feature Articles

47NTT Technical Review Vol. 19 No. 11 Nov. 2021

enabling transmission by digital BF even in a high-
mobility environment.

2.3   Overview of experimental equipment
External views of base-station and mobile-station 

experimental equipment that we developed are shown 
in Fig. 2. The base station features a 240-element 
Massive MIMO antenna connected to a baseband unit 
(BBU)*7 that performs digital BF weight calcula-
tions. In addition, the central unit (CU)*8 connects to 
multiple BBUs with the role of performing a control 
function in multi-base-station cooperation.

The mobile station, meanwhile, features four anten-
na arrays*9 each having 15 vertical elements. Among 
these four arrays, only two panels for a total of 30 
elements are used for transmitting a reference sig-
nal*10, but in reception, all four panels are used to 
increase receive gain. These antenna arrays connect 
to the BBU via radio equipment (RE)*11.

With this experimental equipment, the base station 
uses the reference signal periodically transmitted by 
the mobile station to estimate channel information. It 
then generates digital BF weights based on the results 
of that estimation and transmits a maximum to two 
streams per mobile station. A mobile station can 
achieve a maximum throughput of 705 Mbit/s with a 
total of two streams. Additionally, once the mobile 
station begins to receive signal streams, it calculates 
a receive filter*12 at its BBU, detects transmitted sig-
nals, and measures throughput.

3.   Overview and results of millimeter-wave 
outdoor experimental trials

3.1   Experimental environment
In outdoor experimental trials targeting multiple 

mobile stations traveling at high speeds, we per-
formed transmission experiments to evaluate through-
put under base station cooperation [3]. The experi-
mental setup is shown in Fig. 3. In these experiments, 
we used three base stations each temporarily installed 
in the bed of a truck. We also used two mobile sta-
tions each installed in a vehicle and had them travel at 
high speed. At this time, antenna height was set at 2.2 
m for both the base stations and mobile stations.

Experimental configuration is shown in Fig. 4. In 
the experiments, two mobile stations each pass by 
three base stations while traveling at a uniform speed 
of 90 km/h. These three base stations are positioned 

Fig. 2.   Experimental equipment.
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*7 BBU: One component of base station equipment performing dig-
ital signal processing of transmit/receive information when com-
municating with a mobile station.

*8 CU: Equipment that connects to a baseband unit and performs 
radio resource control.

*9 Antenna array: An arrangement of multiple antenna elements or 
panels forming an antenna group.

*10 Reference signal: A known signal from base stations, configured 
in user equipment.

*11 RE: The equipment that connects with the baseband processor 
via the fronthaul.

*12 Receive filter: In MIMO communications, transmitting/receiving 
by multiple antennas enables the transmission of multiple streams 
and an improvement in received power of the desired signal. On 
the other hand, the information in multiple streams through trans-
mitting/receiving by multiple antennas is received in a complicat-
ed overlapping state, so a filter is used to mitigate that overlap-
ping and make it easier to estimate the desired signal.
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at distances of 0, 200, and 400 m, respectively. At this 
time, it is assumed that two streams are transmitted to 
each mobile station and that distributed MIMO tech-
nology is applied to transmit each stream from a dif-
ferent base station. Specifically, base station #1 trans-
mits the 1st stream of each mobile station continu-
ously while base station #2 and base station #3 
transmit the 2nd stream. Transmitting different 
streams from multiple base stations in this way 
causes the correlation of channel information from 
each base station to drop making it easy to separate 
MIMO spatially multiplexed streams. In addition, 
two methods of base station cooperation were imple-
mented here: high-speed switching to base station #2 
and base station #3 and simultaneous transmission 
from base station #2 and base station #3. In these 
experiments, we evaluated downlink throughput for 
mobile stations traveling at a high speed of 90 km/h.

3.2   Experimental results
3.2.1   Base station cooperation experiment

To test the effects of base station cooperation, we 

compared the case of not using base station #2 in Fig. 
4 (no base station cooperation) and the case of using 
all base stations (cooperation between base station #2 
and base station #3). To examine only the effects of 
base station cooperation, we used only mobile station 
#2 in this experiment traveling at a speed of 90 km/h. 
Here, base station #1 transmits the 1st stream while 
base station #2 or base station #3 transmits the 2nd 
stream, and when performing base station coopera-
tion, the base station from among base station #2 and 
base station #3 that CU judges most capable of 
improving communication quality based on channel 
information will transmit the 2nd stream.

Throughput versus mobile station position from 0 
to 400 m is shown in Fig. 5. It can be seen from these 
results that throughput deteriorated at the 100 m posi-
tion when not performing base station cooperation. 
However, communications could be achieved without 
this drop in throughput when performing base station 
cooperation. This was the effect of installing base sta-
tion #2 at the 200 m position and performing base 
station cooperation (base station high-speed switching) 

Fig. 3.   Experimental setup.
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so that communications could be continued from a 
different base station even in an environment or at a 
mobile station position where the communication 
performance of a certain base station had deteriorat-
ed. This result demonstrates that base station coop-
eration can achieve high-speed communications over 
a wide area within the coverage area.

3.2.2    Base station cooperation experiment (base 
station high-speed switching) during two-
mobile-station multiplexing

Figure 6 shows throughput for a total of two 
streams transmitted to each of two mobile stations 
during high-speed switching between base station #2 
and base station #3 depending on communication 
quality. Since the antenna array of base station #2 is 
facing to the left in Fig. 4, we consider that a mobile 
station will switch from base station #2 to base sta-
tion #3 near the 200 m position. Consequently, on 
checking throughput near 200 m, no major deteriora-
tion in throughput can be observed for either mobile 
station #1 or mobile station #2 showing that base 
station switching could be achieved in a relatively 
stable manner.

From these results, it can be seen that stable and 
high throughput can be achieved within the coverage 
area through base station switching while achieving 
simultaneous communications with two mobile sta-
tions by suppressing inter-mobile-station interference 

through digital BF. This holds even in an environment 
in which two mobile stations are traveling at a high 
speed of 90 km/h.

3.2.3    Base station cooperation experiment (base 
station simultaneous transmission) during 
two-mobile-station multiplexing

Throughput when having base station #2 and base 
station #3 perform simultaneous transmission is 
shown in Fig. 7. Basic conditions are the same as 
those of Fig. 6, but with respect to the 2nd stream, 
base station #2 and base station #3 transmit the same 
signal simultaneously, so an improvement in received 
power can be expected at the mobile stations.

Examining throughput in the range of 0–200 m, it 
can be seen that simultaneous transmission operated 
without a problem. Furthermore, on comparing these 
results with those of Fig. 6, it can be seen that 
throughput was improved if only slightly in the range, 
for example, of 0–50 m. We offer two reasons for this, 
one that received power increased by simultaneous 
transmission, and another that deterioration in com-
munication quality could be suppressed overall even 
if the quality of the signal from one of the base sta-
tions deteriorated due to the peripheral environment 
since there was also a signal from the other base sta-
tion. However, at positions from 50 to 200 m, 
throughput in Fig. 7 could not necessarily maintain 
higher values than throughput in Fig. 6. This is 

Fig. 5.   Effects of base station cooperation.
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because, in this experimental environment, line-of-
sight waves are dominant and radio waves on which 
signals of base station #2 and base station #3 are 
superimposed cancel each other out at some posi-
tions. Nevertheless, we consider that throughput in a 
high-mobility environment can be made stable 

through simultaneous transmission.
The results of this experiment demonstrate the 

effectiveness of simultaneous transmission as a form 
of base station cooperation.

Fig. 7.   User throughput for simultaneous base station transmission at 90 km/h.
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Fig. 6.   User throughput for base station switching at 90 km/h.
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4.   Conclusion

This article described research and development for 
5G evolution with the aim of providing stable 
throughput with wide coverage by applying base sta-
tion cooperation technology while suppressing inter-
ference between multiple mobile stations by applying 
digital BF in the millimeter-wave band. On develop-
ing millimeter-wave band experimental equipment 
incorporating base station cooperation technology by 
digital BF and performing outdoor experimental tri-
als, it was shown that high-speed switching among 
three base stations could be achieved while suppress-
ing interference between two mobile stations moving 
at a high speed of 90 km/h. It was also shown that 
stable and high throughput could be provided over a 
wide area by performing simultaneous base-station 
transmissions through base station cooperation. In 
future research, we plan to test the effects of base sta-
tion cooperation technology with a variety of base-
station arrangement methods.

This article includes a portion of the results of the 
“R&D for Expansion of Radio Wave Resources 
(JPJ000254)” project commissioned by The Ministry 

of Internal Affairs and Communications, Japan.

This article is the reproduction of the special article 
published in NTT DOCOMO Technical Journal (Vol. 
23, No. 2, Oct. 2021).

References

[1] NTT DOCOMO, “White Paper: 5G evolution and 6G,” Version 3.0, 
Feb. 2021. 

 https://www.nttdocomo.co.jp/english/binary/pdf/corporate/
technology/whitepaper_6g/DOCOMO_6G_White_PaperEN_v3.0.pdf

[2] S. Yoshioka, S. Suyama, T. Okuyama, J. Mashino and Y. Okumura, 
“Digital Beamforming Algorithm for 5G Low-SHF Band Massive 
MIMO,” IEICE Trans. on Commun., Vol. E102-B, No. 8, pp. 1371–
1381, Aug. 2019.

[3] NTT DOCOMO, “Successful Experiment in Stable High-speed 5G 
Communications using Millimeter Waves with Mobile Stations 
Mounted on Multiple Vehicles Traveling at High Speeds of 90 km/h 
or Faster,” Mar. 2021 (in Japanese).

 https://www.nttdocomo.co.jp/binary/pdf/info/news_release/
topics_210330_00.pdf

 (URL of experiment video: https://youtu.be/q86dRrs0rSw)

Trademark notes
All company names or names of products, software, and services appearing 
in this article are trademarks or registered trademarks of their respective 
owners.

Tatsuki Okuyama
Research Engineer, 6G-IOWN Promotion 

Department, NTT DOCOMO, INC.
He received a B.E. in electrical, electronic and 

information engineering, an M.E. and Ph.D. in 
information and communications technology 
from Osaka University in 2012, 2014, and 2019. 
Since joining NTT DOCOMO in 2014, he has 
been involved in research of radio access tech-
nologies for 5G and 6G. He received the Young 
Researchers’ Award from the Institute of Elec-
tronics, Information and Communication Engi-
neers (IEICE) in 2017.

Nobuhide Nonaka 
Research Engineer, 6G-IOWN Promotion 

Department, NTT DOCOMO, INC.
He received a B.S. in electrical engineering and 

an M.S. in electronic engineering from the Tokyo 
University of Science in 2013 and 2015. He 
joined NTT DOCOMO in April 2015. Since 
April 2018, he has been engaged in the research 
of next-generation radio access technologies. He 
received the Young Researchers’ Award from 
IEICE in 2019.

Takahiro Asai 
Deputy General Manager, 6G-IOWN Promo-

tion Department, NTT DOCOMO, INC.
He received a B.E. and M.E. in electrical and 

electronics engineering, and Ph.D. in communi-
cations and computer engineering from Kyoto 
University in 1995, 1997, and 2008. In 1997, he 
joined NTT Mobile Communications Network, 
Inc. (currently, NTT DOCOMO, INC.). Since 
then, he has been engaged in the research of sig-
nal processing for mobile radio communication.

Satoshi Suyama
Manager, 6G-IOWN Promotion Department, 

NTT DOCOMO, INC.
He received a B.E., M.E., and Dr.Eng. from 

Tokyo Institute of Technology in 1999, 2001, and 
2010. From 2001 to 2013, he was an assistant 
professor at Tokyo Institute of Technology. Since 
joining NTT DOCOMO in 2013, he has been 
involved in research and development of 5G/6G 
radio access technologies. He received the Best 
Paper Prize from the European Wireless Technol-
ogy Conference (EuWiT) in 2009, the Best Paper 
Award from the International Symposium on 
Personal, Indoor and Mobile Radio Communica-
tions (PIMRC) in 2016, and the Paper Award 
from IEICE in 2012.

https://www.nttdocomo.co.jp/english/binary/pdf/corporate/technology/whitepaper_6g/DOCOMO_6G_White_PaperEN_v3.0.pdf
https://www.nttdocomo.co.jp/binary/pdf/info/news_release/topics_210330_00.pdf
https://youtu.be/q86dRrs0rSw

