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SUMMARY
The fifth-generation (5G) mobile communications system
initially introduced massive multiple-input multiple-output (M-MIMO)
with analog beamforming (BF) to compensate for the larger path-loss in
millimeter-wave (mmW) bands. To solve a coverage issue and support high
mobility of the mmW bands, base station (BS) cooperation technologies
have been investigated in high-mobility environments. However, previous
works assume one mobile station (MS) scenario and analog BF that does
not suppress interference among MSs. In order to improve system performance in the mmW bands, fully digital BF that includes digital precoding
should be employed to suppress the interference even when MSs travel in
high mobility. This paper proposes two mmW BS cooperation technologies that are inter-baseband unit (inter-BBU) and intra-BBU cooperation
for the fully digital BF. The inter-BBU cooperation exploits two M-MIMO
antennas in two BBUs connected to one central unit by limited-bandwidth
fronthaul, and the intra-BBU cooperates two M-MIMO antennas connected
to one BBU with Doppler frequency shift compensation. This paper verifies effectiveness of the BS cooperation technologies by both computer
simulations and outdoor experimental trials. First, it is shown that that the
intra-BBU cooperation can achieve an excellent transmission performance
in cases of two and four MSs moving at a velocity of 90 km/h by computer
simulations. Second, the outdoor experimental trials clarifies that the interBBU cooperation maintains the maximum throughput in a wider area than
non-BS cooperation when only one MS moves at a maximum velocity of
120 km/h.
key words: 5G evolution, millimeter-wave, high-mobility environment,
digital BF, BS cooperation technology

1.

Introduction

The fifth-generation (5G) mobile communication system introduces higher frequency bands such as sub-6 GHz and
millimeter-wave (mmW) bands. Massive multiple-input
multiple-output (M-MIMO) is one of the most important
5G radio access technologies, and it effectively compensates
for larger path-loss in higher frequency bands by employing beamforming (BF) technologies [1]–[3]. Increasing the
number of spatially multiplexed users and streams for MMIMO can also improve spectrum efficiency. 5G commercial services in Japan were launched in March 2020 using
the 3.7 GHz, 4.5 GHz, and 28 GHz bands. To deploy 5G
cells for 2020 and beyond, the mmW bands should be used
by combining them with sub-6 GHz bands in which the 5G
or fourth-generation (4G) radio access network (RAN) operates because of limited coverage and rapidly fluctuating
throughput.
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Towards enhanced 5G, “5G Evolution (5GE)” for
around 2025, the mmW-band 5GE system evolve to provide
an uplink (UL) performance enhancement, guaranteed services by RAN slicing, and high-mobility support. Hence,
enhanced mmW-band radio access technologies are being
studied for 5GE.
In order to improve performances using the mmW
bands in high-mobility environments, base stations (BSs)
should cooperate to transmit signals for mobile stations
(MSs). Previous works of BS cooperation technologies have
been studied [4], [5]. In [4], performances of handover
among BSs using BF were evaluated, when MS moves with
a maximum speed of 500 km/h. However, it assumes 4G
system so that center frequency is 2 GHz, not the mmW
band. Although [5] proposed a time reduction scheme of the
handover in the mmW band, MS moves at a speed of only
3 m/s. These studies evaluate performances by computer
simulations. On the other hands, some outdoor mmW-band
experimental trials of the BS cooperation technologies have
been conducted [6]–[8]. In [6], although BS does not employ beam tracking, BS switched fixed beams of five 25 GHz
radio units sequentially, and 1.25 Gbps was achieved when
MS is located on the train moving at a velocity of 80 km/h.
The trials of [7] and [8] employed analog BF with beam
tracking into not only BS but also MS, and achieved over1 Gbps at a MS’s velocity of 300 km/h using a car in a test
course and at a speed of 283 km/h using high-speed bullet train in actual environments, respectively. These trials
showed superior throughput in high-mobility environments
when the analog BF is employed and only one MS is assumed.
In high-mobility environments, the handover may degrade throughput at cell-edge area due to switching BSs.
Therefore, 5GE requires the BS cooperation technologies
to control beams formed by several BSs and signals by the
BSs simultaneously for cell-edge MSs. In addition, in order to improve system performances towards 5GE, BS has
to communicate with several MSs by suppressing interference among the MSs with digital precoding at a baseband
unit (BBU). Although initial 5G services around 2020 employ the analog BF in the mmW bands, hybrid BF [3], [9]
and fully digital BF [10], [11] will be introduced to 5GE,
because these BF schemes can adopt the digital precoding.
When we consider the BS cooperation technologies with
digital precoding to improve system performances, joint
transmission using two BSs has been proposed [12]. The
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proposal scheme suppresses interference among the BSs and
achieves higher spectrum efficiency in comparison to noncooperation case. In addition, 4.5 GHz-band experimental
trials focusing on digital-BF BS cooperation have showed
that the BS cooperation can improve the spectrum efficiency
by increasing the number of multiplexed MSs in the outdoor
trial [13]. However, these studies assume quasi-static fading
environments. In high-mobility (dynamic fading) environments, we should overcome a Doppler frequency shift issue.
Therefore, this paper proposes two BS cooperation
technologies for the fully digital BF that uses channel state
information (CSI) for digital precoding. One is an interBBU cooperation technology in which several M-MIMO
antennas are connected to difference BBUs connected to the
same central unit (CU). The other is an intra-BBU cooperation technology in which the several M-MIMO antennas are
connected to one BBU.
In the inter-BBU cooperation technology, a wider
bandwidth of an optical fiber between CU and BBU is
required to transmit a signal from several M-MIMO antennas. Therefore, in order to reduce the bandwidth, the
inter-BBU cooperation should reduce shared information
between BBUs. However, the digital precoding at each BBU
should suppress interference among not only own BBU’s
MSs but also the other BBU’s MSs. Thus, we applies extended precoding (ExPR) [11] that expand a targeted area
for precoding into the other BBUs’ control area.
On the other hand, in the intra-BBU cooperation technology, several M-MIMO antennas can coherently and simultaneously transmit the same signal for a MS without
considering the bandwidth limitation, which provides a high
performance. This paper proposes joint precoding (JP) using whole CSI for the digital BF to improve the system performance by suppressing interference among all MSs. In
high-mobility environments, a downlink (DL) performance
is degraded by Doppler frequency shifts that line-of-sight
(LOS) waves with difference angles of arrival from multiple distributed M-MIMO antennas cause. Since automatic
frequency control (AFC) at the receiver side (Rx AFC) cannot compensate for the Doppler frequency shifts with multiple spikes, AFC at the transmitter side (Tx AFC) is needed
[14], [15]. Thus, we propose an intra-BBU cooperation “enhanced JP (eJP)” that is combination of JP with Tx AFC in
the digital precoding [16].
Furthermore, toward 5GE, performance of the BS cooperation technologies should be evaluated by outdoor experimental trials. We try to clarify performances of the inter/intra-BBU technologies by the experimental trials. However, equipment development has to be launched after evaluating the proposed technologies by computer simulations,
and thus, the trials should evaluate the BS cooperation technologies only step by step. In this paper, the inter-BBU cooperation with single user (SU)-MIMO is evaluated by the
outdoor trials with high mobility. This is because inter-BBU
is easier to implement in comparison to intra-BBU and SUMIMO required only one MS. In our future work, one more
MS will be developed to evaluate performances of inter-

BBU with multiuser (MU)-MIMO, which is for evaluating
ExPR. As the final objective, intra-BBU with MU-MIMO is
expected to be evaluated by developing experimental equipment that can employ JP or enhanced JP.
This paper contributes that computer simulations
shows DL performances of inter-/intra-BBU cooperation
technologies with MU-MIMO cases. In addition, outdoor
trials evaluate DL throughput of inter-BBU with SU-MIMO
case by using 28 GHz-band developed experimental equipment [17].
The rest of this paper is organized as follows. Section 2
describes the system model of digital BF. In Sect. 3, inter/intra-BBU cooperation technologies are introduced. Section 4 depicts performances of the technologies by computer
simulations. In Sect. 5, outdoor experimental trials verify
DL throughput of the inter-BBU cooperation. Finally, this
paper is concluded in Sect. 6.
2.

System Model

Figure 1 shows BS structure of M-MIMO transmitter using fully digital BF with NT antenna elements when the BS
applies Tx AFC. The BS generates L beams (≤ NT ). An
operation of digital BF that is proposed by authors [11] is
shown below:
1. Decide a digital BF weight W according to a feedback
from MSs. The decision criterion is based on a maximum received power among digital fixed beam candidates.
2. Estimate NR ×L beam-domain equivalent channel Hi W
at MSs using beam-formed reference signals by W.
3. Calculate and employ a digital precoding matrix P by
each MSs’ beam-domain equivalent channel.
Where Hi is NR ×NT channel matrix between BS and i-th MS
(i = 1, . . . , NU ). And NR is the number of antenna elements
of each MS. In the first step, a NR × 1 steering vector of
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is generated as the fixed BF weight. NTx and NTz denote the
number of horizontal and vertical antenna elements, respectively. Wnx ,nz (φ, θ) in Eq. (1) represents the amount of phase
rotation given as
Wnx ,nz (φ, θ) =

Fig. 1

2π
(n x ∆x cos φ sin θ + nz ∆z cos θ),
λ

Structures of fully digital BF.

(2)
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at nx (= 1, . . . NTx )th and nz (= 1, . . . NTz )th element of BS
antenna. λ is the carrier wavelength. Beam selection in
the digital BF sets {w(nφ ∆φ, nθ ∆θ); nφ = 0, . . . , Nφ , nθ =
0, . . . , Nθ } as beam candidates. Discretized azimuth ∆φ
and elevation ∆θ in Eq. (2) generate the candidates w(nφ ∆φ,
nθ ∆θ). The number of candidates for azimuth and zenith
are Nφ = 180/∆φ and Nθ = 180/∆θ, respectively, then the
number of fixed BF weight candidates is Nφ Nθ . When wl
describes the NT × 1 steering vector to generate l-th beam
(l = 1, . . . , L), fixed BF weight matrix W becomes
h
i
W = w1 . . . w L .
(3)
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Channel estimation in the second step can adopt a two-stage
estimation algorithm that is out of scope in this paper. Finally, in the third step, P can be obtained by block diagonalization (BD) algorithms using equivalent channel Hi W.
Equation (4) shows signal model when there are NS antennas of BS and NU MSs. ri , si and zi are received vector,
transmitted vector and noise vector of i-th MS whose size
are NR × 1, respectively. Pi, j means precoding matrix for
i-th MS generated by j-th M-MIMO antenna of BS.
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P0i, j is calculated by BD to suppress interference among MSs
that receive signals from same BBU. Then, although MSs
of same BS antenna are orthogonalized, interference remain
between other BS antenna’s MSs.
In ExPR, each BBU applies user orthogonalization for
not only own MSs but also neighboring BBUs’ MSs. In
other words, each BBU extend orthogonalization area for
neighboring BBUs’ MSs. The number of extended MSs are
decided by the minimum criterion of an adjacent site signal to the own site interference power ratio for each user
(user-SIR). This operation is performed by using the received power of discovery signals and procedures are shown
in below:

3.

1. Each antenna transmits discovery signals with time/
frequency division multiplexing among sites and determines a fixed BF weight.
2. A user-SIR is calculated by received power in step 1.
3. Select extended users based on minimum criterion of
the user-SIR.
4. After estimating equivalent channel matrix included
extended users, calculate and apply ExPR.

Proposal Two BS Cooperation Technologies

Figure 2(a) and Fig. 2(b) show BS structures of inter-BBU
and intra-BBU cooperation technologies, respectively. This
paper applies ExPR [11] for the inter-BBU cooperation
technology and eJP or JP [16] for the intra-BBU cooperation technology.
3.1

(5)

Inter-BBU Cooperation: Extended Precoding

To simplify, this and next sub-sections assume that there are
two antennas of BS and four MSs. Moreover, MS1 and MS2
are connected to BS antenna #1 and MS3 and MS4 are connected to BS antenna #2. Then, Eq. (4) is expressed as

Then, when MS2 and MS3 are selected at each BBU, respectively in step 3 as example, r1 is expressed as
_

_

r1 = H1,1 W1 P1,1 s1 + H1,2 W2 P4,2 s4 + z1 .

(6)

_

Pi, j is precoding matrix calculated by ExPR. When BS
adopts ExPR, MS communicates to only one antenna.
Therefore, performances of Tx AFC and Rx AFC become
same.
3.2

Intra-BBU Cooperation: Enhanced Joint Precoding

When intra-BBU cooperation employs eJP, each MS’s
streams are transmitted by two M-MIMO antennas that are
connected to same BBU. Moreover, size of precoding matrix for each MS becomes larger in comparison to that of
inter-BBU. Then, r1 is expressed as


r1 = H1,1 W1 P̃1,1 + H1,2 W2 P̃1,2 s1 + z1 .
(7)
Fig. 2

BS structures of inter-/intra-BBU cooperation.

where P̃i, j is precoding matrix to suppress all MSs and includes phase shift by Tx AFC. The eJP can improve received
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SNR by combination transmission among BS antennas and
Tx AFC. Thus, this paper clarifies the performances by computer simulations.
4.

4.1

Computer Simulations of Inter/Intra-BBU Cooperation Technologies
Simulation Conditions

Figure 3 shows a simulation scenario to evaluate transmission performances of the proposed inter-/intra-BBU cooperation technologies. BS M-MIMO antenna #1 and #2 are
deployed in a linear manner, and all MSs move at a velocity
of 90 km/h on the street which is at least 100 m away from
the BS antennas. On assumption that each BS antenna can
support 120-degree sector, the distance between the antennas is set to 346 m. MS1 and MS2 move from the left side at
a distance of 50 m while MS3 and MS4 travel from the right
side at the same distance of 50 m. Let denote d1 the position
of MS1 , and in the case of d1 = 315 m, MS1 meets MS3 .
Table 1 summarizes simulation parameters. Center frequency fc and bandwidth B are 28 GHz and 800 MHz, respectively. BS M-MIMO antenna has 128 antenna elements
(16 horizontal × 8 vertical) and each subarray (4 horizontal × 2 vertical) generates one beam by the fixed BF, which
composes 16 subarray. MS has four antenna elements and
receives two streams from BSs. Adaptive modulation and
coding scheme is employed and a maximum user throughput becomes 7.24 Gbps. In this simulation, a received SNR
Γ (dB) at MS based on 3GPP path-loss model is expressed
as

Γ = PT − LP − NPD + 10 log10 B + Nf ,
(8)
where PT denotes a total transmission power (dB) of the MMIMO antenna and LP is path-loss (dB) [18].
In LOS environments of a rural area, Lp is defined as
(
PL1 (10 < d2D ≤ dBP )
,
(9)
LP =
PL2 (dBP < d2D < 5000)
PL1 = 32.4 + 21 log10 (d3D ) + 20 log10 ( fc ),
(10)
PL2 = 32.4 + 40 log
n 10 (d3D ) + 20 log10 ( fco),
(11)
− 9.5 log10 (dBP )2 + (hBS − hMS )2
where d2D and d3D represent a ground distance (m) and a
direct one (m) between BS and MS, respectively. A breakpoint dBP (m) is defined as
dBP = 4(hBS − 1)(hMS − 1)/λ.
4.2

(12)

System Throughput of Two MSs

Simulation evaluates system throughput of two MSs using
inter-/intra-BBU cooperation and non-cooperation, when
MS1 and MS2 move at a velocity of 90 km/h. Figure 4
shows system throughput versus MS1 position d1 . The two
cooperation technologies are adopted only in the area from

Fig. 3
Table 1

Simulation scenario.
Simulation parameters.

d1 = 175 m to d1 = 460 m, which means two MSs are located inside the coverage provided by both BSs. Note that
Rx AFC compensates for the frequency shift (offset) between MS and BS with higher received SNR at MS, and
that an ideal estimation of the frequency shift is assumed.
From Fig. 4, non-cooperation shows lowest system
throughput at the cell edge because large interference from
the other BS remains. In contrast, ExPR can achieve higher
system throughput by suppressing the interference from the
other BS. eJP (Tx AFC) and JP (Rx AFC) can drastically
improve the system throughput compared to the ExPR by
combining the received signal power from two BSs. Since
Tx AFC can suppress the large Doppler frequency shifts
from two cooperated BSs, eJP achieves the highest system
throughput. For example, at d1 = 320 m, eJP attains almost
60% and 420% higher system throughput in comparison to
ExPR and the non-cooperation, respectively.
In addition, the system throughput of JP (Rx AFC)
degrades around d1 = 200 m. Rx AFC can remove the
smaller frequency shift from BS antenna #1 because the received SNR from BS antenna #1 is higher than that from
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Fig. 4

Fig. 6

System throughput of two MSs.

CDF of four MSs’ system throughput.

higher channel correlation between four MSs. For example,
at d1 = 320 m, the intra-BBU cooperation realizes almost
140% higher system throughput in comparison to ExPR.
Figure 6 shows cumulative distribution function (CDF)
of the system throughput as shown in Fig. 5. Inter-/intraBBU cooperation can improve a median of the system
throughput. Especially, focusing on the 50 percentile (50%ile), ExPR and eJP achieve almost 50% and 55% higher
system throughput in comparison to the non-cooperation.
In addition, at 5%-ile, the intra-BBU cooperation accomplishes 130% higher system throughput than the inter-BBU
cooperation.
Fig. 5

System throughput of four MSs.

BS antenna #2. However, the larger frequency shift from
BS#2 causes such performance degradation irrespective of
the smaller received power.
4.3

System Throughput of Four MSs

Figure 5 shows system throughput of four MSs when the
moving direction of MS1 and MS2 is opposite to that of MS3
and MS4 at a velocity of 90 km/h. In the case of four MSs,
the interference from the other BS always exists, and interference suppression scheme is needed. Thus, this paper employs ExPR as interference suppression. In the intra-BBU
cooperation, eJP (Tx AFC) and JP (Rx AFC) are adopted in
the area from d1 = 175 m to d1 = 460 m while ExPR is done
otherwise.
From Fig. 5, it is shown that the non-cooperation results in the lowest system throughput that is close to zero
at the cell edge because it cannot suppress the interference
from the other BS. On the other hand, inter-/intra-BBU cooperation can achieve the higher system throughput by suppressing the interference. However, the system throughput
of ExPR is lower than that of the intra-BBU cooperation at
the cell-edge environment because ExPR cannot orthogonalize four MSs. The system throughput of eJP is higher
than that of JP in the front area of BS. However, at the
cell edge, their system throughput becomes close because of

5.

5.1

Outdoor Experimental Trials of Inter-BBU Cooperation Technology
Developed Equipment

Figure 7 shows the experimental trial equipment and Table 2
gives the equipment specifications. The equipment employs
27.9 GHz as the center frequency, and it accommodates 240
antenna elements (16 horizontal × 15 vertical) at the BS.
The M-MIMO antenna unit groups 15 vertical antenna elements to generate a vertical fixed beam pattern. Trials of
this paper use only one MS, hence BD at digital precoding becomes eigenmode transmission. Then, the azimuth of
the beams can be generated and controlled by digital signal
processing based on eigenvectors [19] at the BBU using the
16 horizontal antenna elements. The BBU supports eightstream transmission using eight beams.
The MS transmits a sounding reference signal (SRS)
with a 2.5 ms interval to estimate the propagation channel at
the BS. Then, the BS generates a digital BF weight using the
estimated channel based on time division duplexing (TDD)
channel reciprocity. The BBU can generate the digital BF
weight within the 2.5 ms interval. The MS has two antenna
arrays that have 15 antenna elements each. Each antenna array generates one fixed beam using the 15 elements in order
to take beam gain. In other words, the MS does not have a
BF function. Although the MS has two antenna arrays, only
one antenna array transmits the SRS due to functional constraints. Each MS antenna array receives one component
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Fig. 7
Table 2

Trial equipment.
Equipment parameters.
Fig. 8

Experimental scene.

Table 3

Fig. 9

carrier (CC) signal that has a 100 MHz BW. The adaptive
modulation and coding scheme is employed and the maximum user throughput becomes 705 Mbps. When the MS is
moving, the equipment should compensate for the Doppler
frequency shifts. Therefore, the MS employs AFC. However, the compensation for SRS is manually set using a preset value at the BS.
Trials of this paper employs inter-BBU cooperation. In
the cooperation, the CU dynamically selects one BBU to
transmit DL data signals to the MS based on the maximum
UL SRS received power criterion.
5.2

Trial Environments

The trials are conducted at a test course of the National Institute for Land and Infrastructure Management in Ibaraki prefecture, Japan. Figure 8 shows the experimental scenario. In
the test course, there are no obstacles, so this environment
is line of sight. A pair comprising a M-MIMO antenna and
BBU is mounted on the bucket of a bucket truck so that the
azimuth angle can be changed in the trials. The MS is installed in a car. The MS antenna arrays are set on the roof
and the RF unit is mounted in the car. The trials measured
the DL throughput at the maximum velocity of 120 km/h.

Trial parameters.

Configuration of trials.

Table 3 gives the trial parameters. The antenna heights
for the BS and MS are set to 5 m and 2.4 m, respectively.
The BS tilt angle is set to a plane above the ground. The
number of transmission streams is one, the BW is set
to 200 MHz, and each MS antenna array receives 1 CC
(100 MHz BW). The MS antenna direction is set to the front
of the car.
Figure 9 shows the configuration of the trials. The distance of the BS antennas is set to 100 m and the BBU of each
antenna is connected to one CU that switches the BBU to
transmit signals. The MS moves along a straight course that
is 30 m from the BS antennas. The MS started to move on
a straight course at a position 400 m away from BS antenna
#1, and then accelerated to 30 km/h, 90 km/h, and 120 km/h.
The DL throughput is measured over the two trials described
below:
Trial 1: Using only M-MIMO antenna #0
This trial uses only M-MIMO antenna #1 in Fig. 3 to
transmit signals to the MS.
Trial 2: Using two M-MIMO antennas
This trial uses two M-MIMO antennas to employ the
BS cooperation technology and the angle of the antennas is set as shown in Fig. 9.
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Fig. 10

5.3

DL throughput of trial 1 and trial 2.

Downlink Throughput Comparison of Trial 1 and Trial
2

Figure 10 shows the DL throughput at MS positions in trial 1
that uses only M-MIMO antenna #0 (non-cooperation) and
trial 2 that uses two M-MIMO antennas (cooperation).
When the MS is at 0 m to 280 m, the DL throughput of trial 1 achieves almost the maximum throughput
of 700 Mbps. When the MS passes the 280 m point, the
throughput decreases because it exits the effective BF range
as indicated in Table 2. On the other hand, when BS adopts
BS cooperation technology (trial 2), the DL throughput decreases from 260 m to 300 m; however, a throughput exceeding 500 Mbps is still maintained at many points. The reason
of degradation is that the CU switches antenna #0 and antenna #1 several times around these points. When the CU
does not switch antennas beyond the 300 m position, a DL
throughput exceeding 500 Mbps is achieved again. At positions beyond 400 m, the DL throughput is close to 0 Mbps
because it is out of the BF range.
As this result, although antenna switching causes
throughput degradation, the BS cooperation technology
maintains higher throughput at a long distance. Therefore,
the trials clarify the effectiveness of the BS cooperation
technology with digital BF.
5.4

Throughput of Trial 2 with Three MS Velocity

Figure 11 shows a CDF of the throughput in trial 2 with MS
speed of 30 km/h, 90 km/h, and 120 km/h.
When the MS moves with 90 km/h, in comparison to
trial 1, the BS cooperation technology improves the average
throughput. For example, at the 50%-ile of the CDF, the
throughput of trial 2 achieves a level 15% higher than that
of trial 1. In addition, BS cooperation can achieve higher
throughput in comparison to non-cooperation regardless of
MS velocity.
When we compare CDF of three velocity of trial 2, as
increasing speed of the MS, throughput decreases. One of
reasons of it is large Doppler frequency shift. Another reason is that an impact of difference between actual channel
of transmission and estimated channel at BS to generate
digital BF weight. For example, when the speed of MS is

Fig. 11

CDF of throughput in trial 2 with three velocity.

30 km/h, MS moves 21 mm during 2.5 ms that is interval of
SRS transmission. The distance is larger than a wavelength
of 28 GHz that is about 11 mm.
6.

Conclusion

5GE should improve mmW-band transmission performances using BS cooperation technologies with fully digital BF in high-mobility environments. This paper proposes
inter-/intra-BBU cooperation technologies. The technologies verified the effectiveness by showing that the intra-BBU
cooperation technology can achieve 420% higher system
throughput in comparison to non-cooperation even at celledges when two MSs move at a velocity of 90 km/h by the
computer simulations. In addition, outdoor experimental trials of inter-BBU cooperation by developed 28 GHz-band
digital-BF experimental equipment clarified that the cooperation maintains higher throughput at a long distance in
comparison to non-cooperation when one MS moves at a
speed of 120 km/h.
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