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Chapter 1

Introduction

1.1 Widespread use of wireless terminals and speeding up of
wireless communication technology

In recent years, the 5th generation wireless communication system for mobile communication [24], the

IEEE802.11 standard for fixed wireless local area networks (LANs) [2], and the IEEE802.16 standard

for mobile wireless LAN Broadband wireless systems, such as [3], have been implemented in many

devices such as notebook PCs, smartphones, tablet PCs, and game machines. Here, Figure 1.1 shows

the variation in the number of communication service subscribers, and Figure 1.2 shows the variation in

the total monthly average traffic of mobile communication upstream ·. Shown based on the data released

by the Ministry [4]. From Figures 1.1 and 1.2, it can be seen that there is significant growth in the

application of mobile communication using smartphones and tablet PCs, and the amount of data traffic

over these networks is rapidly increasing [5]. In addition, cloud computing and the Internet of Things

(IoT) are topics that have attracted much attention worldwide, and the development of communication

methods with high efficiency is important for the continued development of cloud computing in the

future.

As the amount of data handled in communication networks increases, the transmission speed of

commercial services also increases. Figure 1.3 shows the variation in the transmission speed in a

commercial system. In the IEEE 802.11 standardization standard for fixed wireless LANs, 11a, which

achieves a maximum of 54 Mbps in the 5 GHz band, and 11b, which achieves a maximum of 11 Mbps

in the 2.4 GHz band, were both formulated in 1999. After that, 11g was developed in 2003 to achieve a

maximum of 54 Mbps in the 2.4 GHz band; in 2009, it achieved a maximum of 600 Mbps in the 2.4 · 5

GHz bands, and in 2014, 11ac was developed to achieve a maximum of 6.93 Gbps in the 5 GHz band.

Further, in 2018, 11ax was developed to realize 9.6 Gbps [6]-[13].
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As the amount of data handled in communication increases, the transmission speed of commercial

services also increases. Figure 1.3 shows the variation in the transmission speed for a commercial

system. In the IEEE 802.11 standard for fixed wireless LAN, 11a, which achieves a maximum of 54

Mbps in the 5 GHz band, and 11b, which achieves a maximum of 11 Mbps in the 2.4 GHz band, were

both developed in 1999. After that, 11g was formulated in 2003 to achieve a maximum of 54 Mbps in

the 2.4 GHz band, 11g was formulated in 2009 to achieve a maximum of 600 Mbps in the 2.4 · 5 GHz

band, and in 2014 a maximum of 6.93 Gbps was achieved in the 5 GHz band. 11ac was formulated,

and 11ax to realize 9.6 Gbps was formulated in 2018 [6]-[13].

However, for mobile communications, in 2G (2nd generation), which has shifted from analog to

digital, 9.6kbps was used in 1997 by PDC-P (Personal Digital Cellular-Packet) and GPRS (General

Packet Radio Service). Data communication of about 100 kbps then became possible. After that,

3G attained 384 kbps by W-CDMA (Wideband –Code Division Multiple Access) in 2001, 2.4 Mbps

was attained by 1xEV-DO (Evolution Data Optimized) in 2003 using 3.5G, and HSDPA (High Speed

Downlink Packet Access) was developed in 2006. In 2009, the 3GPP (3rd Generation Partnership

Project) developed a specification with 100 Mbps as the minimum requirement for LTE (3.9G). In

2012, the ITU-R (International Telecommunication Union Radiocommunication Sector) recommended

that LTE-Advanced (4G) achieve a downlink speed of 1 Gbps or higher. Furthermore, using 5G, a

downlink of 3.4 Gbps was achieved by eMBB (enhanced Mobile Broadband) in 2020 [13]-[15]. From

the figure 1.3, it can be seen that the transmission speed of commercial services is increasing annually,

and the need for high-speed and stable wireless communication technology is increasing.
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Figure 1.1: Variation in the number of communication service subscribers.
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Figure 1.2: Variation in monthly average traffic for mobile communications.
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Therefore, as a communication approach that enables high-speed transmission in a limited frequency

band, multiple antennas are used for transmission and reception, and multiple data that enables trans-

mission and reception of multiple data at the same time and · frequency between them is possible.

Multiple Input Multiple Output (MIMO) Transmission has attracted much attention [16]. MIMO

transmission has already been adopted in LTE-Advanced / 5G, IEEE802.11ac / ax, etc., which are

the latest standardization standards for mobile phones and wireless LANs, and these are transmissions

of commercial services shown in Fig. 1.3. In terms of speed, all have achieved transmission speeds

exceeding 100 Mbps. In the future, 5G will require a transmission speed of 20 Gbps, and a further

speedup of MIMO transmission · and higher efficiency will be required [17]-[20].

1.2 Speeding up of MIMO transmission and its challenges

The following are the two main guidelines for further speeding up MIMO transmission.

• Increase in the number of transmitting and receiving elements

• Use of high frequency band

1.2.1 Increase in the number of transmitting and receiving elements

In MIMO transmission, by increasing the number of elements on the transmitting · receiving sides,

it is theoretically possible to obtain a channel capacity that is several times that of the transmitting

and receiving antenna elements. However, when high-performance signal processing, such as the zero
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forcing (ZF) method or natural mode-beamforming (EM-BF) is applied, there is a problem in that

the amount of signal processing increases. This is because the calculation of the inverse matrix and

eigenvalue decomposition becomes complicated as the number of elements increases.

In addition, a multiuser MIMO (MU-MIMO) technology has been proposed that spatially separates

multiple users and performs MIMO transmission individually with the base station (BS: Base Sta-

tion) [22] [23]. In MU-MIMO, only users with less than the number of BS elements can communicate

at the same time, and it is necessary to increase the number of elements on the BS side to cope with the

increase in the number of users. In addition, MU-MIMO requires advanced signal processing such as

the Block Diagonalization (BD) method to spatially divide users. In this case, there is also a problem

in that signal processing becomes complicated as the number of elements increases.

Problems associated with the increase in the number of elements include not only the complication

of signal processing but also the increase in power consumption. This is because the D/A (Digital ·

Analog) · A/D (Analog · Digital) converter, etc., increases as the number of elements increases, thus

the power consumption of the entire system increases. This is because it increases.

1.2.2 Use of high frequency band

The higher the frequency used, the greater the amount of information that can be transmitted. In

addition, by using a high frequency band, the bandwidth that can be used for communication can be

expected to increase. This is because the bandwidth at 800 MHz in the UHF band is 1%, which is 8

MHz, whereas it increases to 15 MHz at 1.5GHz in the UHF band and up to 30 MHz at 30 GHz in the

SHF band. In reality, the available frequency allocation is limited; thus it does not increase ideally, but

basically, the higher the frequency band, the greater is the amount by which the available bandwidth

can be expected to increase [21]. As described above, the higher the frequency band ·, the greater the

amount of information that can be transmitted.

1.2.3 Acceleration with Massive MIMO

MIMO with an extremely large number of transmitting and receiving elements is called Massive MIMO.

Massive MIMO uses high frequency bands not only to increase the communication speed but also to

reduce the scale of the system. Based on the guidelines for speeding up MIMO transmission shown

above, in order to realize a system for Massive MIMO transmission that uses multiple base stations,

especially for a multibeam Massive MIMO system that uses an analog multibeam, this paper proposes

· a signal control method, propagation analysis, and model design in the high SHF band.
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1.3 Structure and outline of this paper

Figure 1.4 displays the outline of the paper, composed of six chapters. After discussing the background

of the research, issues and objectives are presented in Chapters 1 and 2, whereas signal processing is

explained in Chapters 3 and 4. Chapter 5 presents the content of studies on propagation in the high

SHF band, and it then summarizes it at the end.

The outline of this paper is shown below. Chapter 1 is an introduction and explains the spread

of wireless terminals and the speeding up of wireless communication technology, which form the back-

ground of the study. After that, the author describes the issues related to speeding up MIMO trans-

mission, and shows the purpose of this research and the structure of the paper. Chapter 2 summarizes

the high-speed transmission technology related to Massive MIMO transmission, and presents the re-

search issues and the contents of the study. Chapter 3 describes the basic characteristics of Massive

MIMO based on actually measured propagation channels. Chapter 4 describes the performance eval-

uation of analog–digital hybrid Massive MIMO as a digital-analog fusion control method. Chapter 5

describes performance evaluation using multivalue modulation, modulation method estimation using

deep learning, and performance evaluation for wideband signals as methods for eliminating interference

and reducing the number of control signals. Chapter 6 describes the channel capacity comparison be-

tween the low-SHF band and the high SHF band, the number of clusters in the high-SHF band, and

the new cluster model in the high-SHF band as propagation analysis and model design. Chapter 7

concludes the paper with a summary of the overall paper and of multibeam Massive MIMO.
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Chapter 3: Basic performance of Massive MIMO 

Systems in a real environment.

Chapter 1: Introduction

Chapter 2: Transmission Technology and 

Problems for Multi-Beam Massive MIMO Systems

Chapter 7: Conclusion

Chapter 4: Digital-Analog 

Fusion Control Method

Chapter 5: Interference Elimination 

and Control Signal Reduction Method

Chapter 6: Propagation analysis

and model design

Figure 1.4: Outline of the paper structure.
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Chapter 2

Features of Massive MIMO and its
issues

This chapter discusses the characteristics of the proposed Massive MIMO based on the guidelines for

speeding up MIMO transmission described in Chapter 1, and the issues to be examined in Massive

MIMO and this paper are clarified.

2.1 What is Massive MIMO?

As a technology for spatially separating multiple users, SDMA (space division multiple access), which is

a signal processing technology using an array antenna, has been studied. Figure 2.1 shows a conceptual

diagram of SDMA. In SDMA, the adaptive array antenna is used on the base station (BS) side to enable

a different directivity for each user, thereby improving the frequency utilization efficiency of the entire

system [23]. At this time, the directivity formed from BS to each user is orthogonal, and a directivity

null is formed in the direction of other users.

SDMA is a technology that uses adaptive array antennas, and there is usually one antenna on

the user side. Here, the propagation channel between the BS and multiple user terminals (UE: User

Equipment) can be regarded as one MIMO propagation channel, and MIMO transmission can be

performed individually with multiple users by increasing the number of antennas of each UE. This

technology is generally called multiuser MIMO (MU-MIMO: multi-user MIMO).

In MIMO transmission, by increasing the number of elements on the transmitting · receiving sides,

it is theoretically possible to obtain a channel capacity that is several times that of the transmitting

and receiving antenna elements. However, in an actual system, it is not realistic to mount a large

number of antennas on a terminal. Therefore, MU-MIMO, which installs many antennas in the base

station and performs MIMO communication with many users, has been proposed [22] [23]. MU-MIMO
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Figure 2.1: Conceptual diagram of SDMA.

has been introduced in the latest wireless LAN standard, IEEE802.11ax and the 5th generation mobile

communication system (5G) [10] [24]

Figure 2.1 is exactly multi-user MIMO. By increasing the number of base station antennas in MU-

MIMO, it is possible to communicate with multiple small terminals simultaneously. However, in MU-

MIMO, because it is necessary to spatially separate multiple users by control through the transmitting

side using an approach such as the BD method, there is a problem in that signal processing becomes

extremely complicated as the number of terminals increases.

It is known that the directivity of linear and planar array antennas increases as the number of

antenna elements increases. Therefore, in Massive MIMO, users are separated by installing a large

number of antennas in the base station, thus resulting in increased directivity [34]-[36].

Figure ?? shows a conceptual diagram of Massive MIMO. Massive MIMO communicates simulta-

neously with a considerably smaller number of users (the number of UE antennas) than the number

of base station antennas, and improves the communication speed while reducing the signal processing

load. Specifically, the effect has been clarified for a situation where there are 100 BS antenna elements

(NBS) and one UE antenna element (NUE) [34]. Massive MIMO takes advantage of the narrowing

of directivity that accompanies the increase in the number of elements in the base station, and it uses

relatively simple directivity control, such as maximum ratio combining (MRC), to address problems

with MU-MIMO. It is expected to improve the characteristics while suppressing the amount of signal

9
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Figure 2.2: Conceptual diagram of Massive MIMO.

processing required [?].

2.2 Features of Massive MIMO

There are various characteristics of Massive MIMO. Here, the author focuses on the following four

points.

• Very large number of antenna elements

• Frequency is higher than conventional system

• Communication is possible at the same time using multiple terminals with a small number of

calculations

• Increased power consumption of base stations

2.2.1 Very large number of antenna elements

MIMO transmission technology makes it possible to improve transmission speed and/or reliability by

using array antennas on both the transmitting side and the receiving side. As the most basic method

of improving the transmission speed in MIMO transmission, Massive MIMO increases the number

of antennas on the transmitting side · receiving side. Figure 2.3 shows the relationship between the

number of transmitting and receiving elements and the channel capacity [bits/s/Hz]. From the figure,

it is theoretically possible to obtain a channel capacitance that is several times the number of antenna

elements by simultaneously increasing the number of transmitting and receiving elements.
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Figure 2.3: Relationship between the number of transmitting and receiving elements and the channel
capacity.

MIMO transmission plays an important role in commercial services. LTE-Advanced and 5G, which

are the current standards for mobile communications, have specifications of up to 8 × 8 MIMO.

Similarly, fixed wireless LAN IEEE802.11n has a maximum of 4 × 4 MIMO, IEEE802.11ac and

IEEE802.11ax have a maximum of 8 × 8 MIMO, mobile wireless LAN IEEE802.16e (WiMAX) has a

maximum of 2 × 2 MIMO, and IEEE802.16m (WiMAX2) has a maximum of 4 × 4MIMO.

For both mobile communication and wireless LAN, it is expected that a system exceeding 100 Gbps

will be developed in the future, and further multielement MIMO transmission is expected. In addition,

the MU-MIMO described above can only achieve simultaneous communication when the number of

users is less than the number of elements in the base station, and it is important to increase the

number of elements to cope with the increasing number of future users.

As described above, increasing the number of elements in MIMO transmission is the most basic

guideline for improving the transmission speed, and it is an important element common to short-

distance MIMO transmission · MU-MIMO transmission.

When mounting an antenna of about 100 elements in a base station, a problem is that the physical

antenna size becomes large. Figure 2.4 shows the variations of the array size in a linear array consisting

of 100 sleeve antenna elements. The sleeve antennas were arranged at intervals of 0.5λ. From Fig-

ure 2.4, when Massive MIMO is configured in the 800 MHz band, the antenna size is 18.75 m, which

11



is impractical. Even in the 3 GHz band, the antenna size becomes 3 m, and it is conceivable that a

frequency band higher than the frequency band used in conventional mobile communications will be

used in practice.
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Figure 2.4: Relationship between frequency and array size.

2.2.2 Case when frequency is higher than in conventional system

Because there are several dozen to hundreds of antennas in Massive MIMO, the scale of the base station

of the system increases with the increasing antenna size and wavelength interval of the UHF band (0.3

∼ 3 GHz) used in mobile communication so far. For example, in a Massive MIMO system with a center

frequency of 2 GHz, if 100 antennas are installed at half wavelength intervals, the diameter will be

about 7.5 m, and the scale of the antenna alone will be large. In general, the device sizes such as A/D

· D/A converters and signal amplifiers increase as the frequency decreases, thus the scale of the entire

system becomes larger and more difficult to realize. However, if for example a system with a half-length

straight array is formed with a 30 GHz system, the diameter will be 0.5 m, which is a realistic size.

From the above, it is essential to use frequencies above the SHF band (3 ∼ 30 GHz) to realize Massive

MIMO.

As the frequency increases, not only can the system be realized with a smaller overall size, but faster

communication can also be expected. Figure 2.5 shows the relationship between the frequency band

used for communication and the bandwidth. As shown in Figure 2.5, even if the bandwidth remains at

12



Figure 2.5: Relationship between frequency band and bandwidth.

1%, the frequency band that can be used for communication can be expected to increase when using

the high frequency band.

In general, the higher the frequency, the greater the amount of information that can be transmitted.

This is because the number of oscillations per second increases.

However, as the frequency used increases, the degree of attenuation in radio wave propagation

increases. Figure 2.6 shows the propagation loss at 800 MHz ∼ 30 GHz over a transmission/reception

distance of 100 m. The propagation loss LOS is as shown in the equation (2.1). Here, r is the

propagation distance, λ is the wavelength, and a is the propagation loss coefficient.

LOS = (
4πr

λ
)a (2.1)

The dotted line shown in Figure 2.6 shows the relative attenuation in the “line of Sight (LOS)

environment” where there are no obstacles between the BS and UE and they can see each other. The

propagation loss coefficient is the square law. However, the solid line shows the relative attenuation in

the “nonline of Sight (NLOS) environment” where there are obstacles between the BS and UE, and the

propagation loss coefficient at this time is the 2.6th power rule. From Figure 2.6, when trying to cover

the same area as the 800 MHz band in the 2.4 GHz band, the propagation loss difference is 10.5 dB in

the LOS environment, 16.2 dB in the NLOS environment, and the transmission power is also 10.5 dB.

An increase of 16.2 dB is therefore needed. At 30 GHz in the millimeter wave band, the propagation

loss difference is 32 dB in the LOS environment and 53 dB in the NLOS environment.

Next, Figure 2.7 shows the propagation loss for a distance of 1 ∼ 1000 m in free space for 800 MHz

and 30 GHz and in an urban environment. The red line in Figure 2.7 shows the propagation loss in the

ideal free space, and this propagation loss coefficient is 2. On the other hand, the blue line assumes an

urban environment where structures such as buildings and houses exist between the BS and UE, and

radio waves propagate while being diffracted and reflected. Meanwhile, the propagation loss coefficient

13
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Figure 2.6: Propagation loss at 100 m for each frequency.

is 3.4. Regarding the propagation loss of free space and urban environment, 800 MHz is shown by a

broken line, and 30 GHz is shown by a solid line. From Figure 2.7, when the transmission distance

is doubled, the propagation loss increases by a factor of 4 in free space and by approximately 11 in

an urban environment. Therefore, the transmitted power required for each frequency increases by a

factor of 4 in free space and by a factor of approximately 11 in urban environments. However, if the

transmission distance is halved, the required transmission power will decrease by 0.25 times in free

space and by about 0.09 times in urban environments.

2.2.3 Achieving simultaneous communication using multiple terminals with
a small number of calculations

Generally, in MIMO transmission, a known signal called a training signal is transmitted in advance

to estimate the propagation channel information (CSI). After that, when applying the ZF, EM-BF,

BD method, etc., the inverse matrix and eigenvalue decomposition are calculated for the estimated

CSI. Because these calculations become complicated as the number of elements increases, there is a

problem: the amount of signal processing increases. Figure 2.8 shows the variation of the amount of

signal processing with respect to the number of elements. At this time, in addition to the amount of

ZF signal processing that requires the calculation of the inverse matrix, the amount of signal processing

of the MRC that does not require the calculation of the inverse matrix or eigenvalue decomposition

for comparison is shown. When there is one desired user, the number of multiplications of ZF and
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MRC is O(N3
BS) and O(NBS), respectively, when the number of base station antennas NBS . Reference

[89] shows that the number of multiplications of ZF can be reduced to O(N2
BS) if NBS is sufficiently

larger than the number of users. However, here we assume the case where the general inverse matrix

calculation is performed and the calculation load is the highest. The vertical axis in Figure 2.8 is the

logarithmic axis, and it can be seen that the signal processing load increases significantly as the number

of base station antennas increases when ZF is used.

Increased power consumption of base stations

All of the signal processing of MIMO transmission explained so far assumes a digital method, and

when considered on the receiving side, all analog signals incident on each antenna end are converted

into digital signals by each A/D converter. After that, signal processing is performed. Even if the

power consumption per A/D converter is as low as 76 mW, in an environment where Massive MIMO

is equipped with a 100-element antenna on the BS side, A/D conversion is performed. The power

consumption of the device alone is 7.6 W, which is not realistic for mobile communication. As described

above, as the number of elements increases, the number of D/A · A/D converters also increases, and

the power consumption of the entire system increases.
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2.3 Challenges in Massive MIMO

There are various issues to be considered in order to realize a Massive MIMO system, such as realizing an

effective antenna configuration, digital–analog fusion control, and an appropriate user selection method.

There are many issues to be considered in order to realize Massive MIMO and fully demonstrate its

performance. Figure 2.9 shows the problems in Massive MIMO from A to F.

In this paper, the author describes the results of studies on “A. Digital-analog fusion control

method,” “B. Interference elimination and control signal amount reduction method,” and “C. Propa-

gation analysis and model design.”
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2.3.1 A: Digital/analog fusion control method (hardware, signal processing)

To realize a Massive MIMO system, various methods such as digital control, analog control, digital–

analog hybrid control, and analog multibeam can be considered as directivity formation methods. Each

method has advantages and disadvantages related to the communication capacity, required number of

calculations, cost, and size of the device, which are associated with the accuracy of directivity formation.

In realizing the system, it is necessary to select a method that can sufficiently realize the required

communication speed considering these advantages and disadvantages.

In this paper, the author shows a multibeam Massive MIMO system that forms multiple analog

beam multibeams and digitally processes some of the received signals, and the study proposes and

evaluates a method for receiving QAM signals without propagation channel information.

2.3.2 B: Interference control and control signal reduction method

In addition to the signal from the desired terminal, the received signal may interfere with other users.

In the case of wideband single-carrier transmission, interference due to self-delay is also included. High-

speed communication cannot be realized unless the communication efficiency is improved by reducing

the number of control signals while eliminating these sources of interference. To realize Massive MIMO,

it is necessary to propose and evaluate more accurate, high-speed, and realistic signal control methods.

In this paper, the author proposes and evaluates a method to reduce interference using deep learning.

2.3.3 C: Propagation analysis and model design

As mentioned above, in Massive MIMO, it is appropriate to use a frequency band (SHF band) that is

relatively higher than the conventional frequency. The 28 GHz band is actually used in 5G [?] Because

the SHF band has a larger propagation loss than the conventional UHF band and its propagation

characteristics are different, it is not appropriate to employ the propagation model used in the evaluation

of the system so far as is [80] [82]. It is necessary to analyze the propagation of the SHF band and design

a new propagation model. There is already a propagation model targeting the SHF band proposed

by the 3GPP (3rd Generation Partnership Project), but the configuration is very complicated; and

its characteristics are close to Rayleigh fading. Thus, it is easier and more suitable for the actual

propagation environment. The development of a close propagation model is essential.

In this paper, the author statistically analyzes the actual measurement results, and proposes and

evaluates a propagation model for the high SHF band.
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2.3.4 D: Examination of antenna arrangement

Because Massive MIMO has an extremely large number of antennas, ranging from several tens to

hundreds, not only simple linear arrays but also various arrays such as circular arrays, cylindrical

arrays, square arrays, and cubic arrays are candidates. Depending on the environment parameters,

such as the installation location of the base station, the number of users, and the user position, it is

necessary to set the optimum antenna arrangement.

2.3.5 E: Appropriate user selection

In the wireless mobile communication system assumed by Massive MIMO, the number of terminals is

very large, ranging from a dozen to several tens, and their positions change from instantaneously. When

the number of terminals is several tens, the influence of interference from each terminal is very large.

In addition, it is desirable that the communication speed of each terminal be as uniform as possible.

It is necessary to minimize interference between terminals and make appropriate user selections for

communication as rapidly as possible.

2.3.6 F: Comprehensive system evaluation

As shown from A to E, there are many stages in the realization of Massive MIMO. The performance

of Massive MIMO can be clarified by solving all the problems, integrating all of them, and evaluating

the entire system. When evaluating the system, it is desirable to perform a comprehensive evaluation

that includes not only the physical layer but also the MAC layer (medium access control).
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Chapter 3

Basic performance of Massive
MIMO in a real environment.

In this chapter, the basic performance of Massive MIMO is evaluated based on the measured propagation

channels.

3.1 Introduction

Representative studies on massive MIMO systems have focused on theoretical studies of the channel

capacity [36], computer simulations using the maximum ratio combining (MRC) and zero forcing (ZF)

methods for linear control [91], and measurements of the actual propagation characteristics using a 128-

element channel sounder [70]. The autho previously reported on the interference rejection performance

of a cylindrical array using an actual outdoor propagation channel in the 2 GHz band [92]. In addition,

there are reports of experiments in the 2 to 5 GHz bands regarding massive MIMO systems in actual

environments [93]–[98] .

However, small cells in the high-frequency band will be the main target of massive MIMO [93][99]

because the antenna size is very large when considering massive MIMO in the macro-frequency band.

A linear or planar array in the horizontal and vertical planes can be used to evaluate small-cell envi-

ronments in order to realize high beamforming resolution [93].

In this chapter, the author conduct measurements to determine the basic performance of massive

MIMO systems when considering the high-frequency band in small-cell outdoor environments. Actual

channel state information (CSI) was measured using a wideband sounder with a virtual linear array

antenna in the 20 GHz band in an outdoor environment. The author show that ZF is essential as a

transmission scheme in massive MIMO system. By contrast, the MRC method cannot reduce inter-

ference effectively in a real propagation environment, even for massive MIMO systems. In addition,
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the author introduce analog-digital hybrid beamforming, where the desired signal is combined by the

analog part to reduce interference in the digital part [100]–[102]. Our results show that analog-digital

hybrid beamforming is effective at reducing the signal-processing burden and improving hardware im-

plementation.

Furthermore, the author compared the Shannon capacity to the achievable bit rate (ABR) using

ZF, when considering seven-user MIMO transmissions with 100 elements at the BS. When the number

of degrees of freedom in the array antenna is sufficiently guaranteed, the ABR is almost the same as the

Shannon capacity. Thus, multi-user transmission is realized by linear decoding methods such as ZF.

This chapter shows that the channel capacity obtained by an actual small-cell environment is greatly

decreased compared to that by an independent and identically-distributed (i.i.d.) channel, which is the

representative propagation channel model in MIMO systems [16][49].

The remainder of this chapter is organized as follows. Section II describes the measurement environ-

ment and the configuration of a virtual linear array, and presents the delay and angular profiles. Section

III shows the interference reduction performance from ZF, MRC, and analog-digital hybrid beamform-

ing. Moreover, the section describes the evaluation of the channel capacity and ABR achieved using

ZF. Finally, Section V concludes the works.

3.2 Measurement setup and delay and angular profiles

3.2.1 Measurement setup

Fig. 3.1 shows the measurement environment. The author conducted measurements considering a small-

cell outdoor environment (viz., the Faculty of Engineering, Niigata University, Japan). Fig. 3.2 shows

the relationship between the transmitter and receiver. Table 1 shows the measurement specifications.

Seven users were assumed and the uplink channels were obtained from seven UEs (NU = 7) to the BS.

As can be seen in Fig. 3.2, the BS and UEs are located at the top of a building and car, respectively.

The transmit distance from the UEs to the BS was from 30 to 100 m, because a small-cell environment

was assumed using the 20 GHz band. The real CSI was measured by using a wideband channel sounder

in the 20 GHz band. The CSI was separately measured for each UE. A massive array of 100 elements

was assumed at 0.6 wavelength intervals for each user position.

To prevent the change in the propagation channel due to the different measurements among UEs,

the author measured the CSI in a static propagation environment where there were no persons or

obstacles such as cars between the transmitters and receivers. The author confirmed that the average

SNR in this measurement is much greater than 10 dB, even in a non-line-of-sight (NLOS) environment.
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Table 3.1: Measurement specifications

Radio frequency 19.85 GHz
Bandwidth 50 MHz

Transmission power 1 W
Transmission signal OFDM-QPSK

Number of FFT points 1024
Number of subcarriers 449
Type of antenna (UE) Sleeve antenna
Antenna height (UE) 2.5 m
Type of antenna (BS) Sleeve antenna
Antenna height (BS) h1 = 10.85 or h2 = 11.55 m

Number of antennas at BS (NR) 100
Number of UEs (NU ) 7

Distance from BS to UE 30∼100 m

Hence, the measured propagation channel is assumed to be perfect CSI. In the evaluation, the author

determined the noise power in order to set the target SNR. This equipment was modified by adding up

and down converters with the channel sounder for a 2 GHz band [62]. Up converters, down converters,

and oscillators with a frequency of 17.85 GHz were added to transmitters and receivers with a center

frequency of 2 GHz to change the center frequency from 2 GHz to 19.85 GHz.

The configurations of the UEs and BS are shown in Fig. 3.3. The OFDM-QPSK signals were

transmitted from the UEs to the BS. As shown in Fig. 3.3(b), a vertical linear array (100 elements)

at the BS was realized by using a position controller with an interval of 0.6 wavelengths. Tx-A1, A4,

and C4 are regarded as NLOS environments. In total, 100×7 MIMO channels were obtained with

449 subcarriers. In next section, the performance of massive MIMO is evaluated using the results

from each subcarrier. Although the mutual coupling should be considered when considering the real

environment, these effect is not included due to the use of virtual array for the simplification. The

evaluation considering the mutual coupling effect should be studied as the future work.

Although an evaluation with a very wideband channel is essential when considering future wire-

less communications [93], the bandwidth was 50 MHz in this measurement environment, due to the

limitations of our equipment. On the other hand, because the author assumed OFDM signals, the

author confirmed that frequency selectivity was sufficient from the point of view of the propagation

characteristic when considering the delay spread in this environment, even when the bandwidth was 50

MHz.
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Figure 3.1: Measurement environment.

3.2.2 Delay and angular profiles

In order to analyze the propagation environment in Fig. 3.1, the delay and angle profiles were measured

using a horn antenna instead of a sleeve antenna, as illustrated in Fig. 3.3. Fig. 3.4 shows the delay

and angle profiles for all users and BSs in Fig. 3.1. The results were obtained using a beamformer

method [103] with horn antennas (3-dB, with a beam width of 20◦).

Each result was normalized such that the wave with maximum power among all measured UEs was

at 0 dB: in this measurement, the directed wave from Tx-B3 to the BS was the maximum. As can

be seen in Fig. 3.4, the power of the directed wave from the UE was the maximum at each measured

point. Moreover, a few clusters using the reflected and diffracted waves were observed in addition to
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Figure 3.2: Relationship between the transmitter and receiver.

the cluster using the directed wave. Therefore, it was found that the actual propagation environment

is completely different from the i.i.d. Rayleigh environment.

3.3 Performance evaluation of massive MIMO in the 20 GHz
band using measured CSI

3.3.1 Analog-digital hybrid massive MIMO

Fig. 3.5 shows one example of analog-digital hybrid beamforming in the uplink channel [93] [100]–[102].

Generally speaking, the multiplication number by ZF is O(N3) when the number of BSs is N , because

channel matrix inversion is required for ZF. In order to reduce the calculation complexity by ZF, when

N is sufficiently larger than the number of users, it is shown that the number of multiplications by ZF

can be reduced below O(N2) [34]. However, there is still a considerably large load when considering

massive MIMO, even when the number of multiplications is O(N2). Moreover, the power consumption

by the A/D and D/A converters is very large when the up and down converters are connected to all

the massive array antennas with the high-frequency band.

To solve the above problems, analog-digital hybrid beamforming has been proposed [93]. As can be

seen in Fig. 3.5, outputs of each sub-array are connected with the down converters, and the number

of down converters can be reduced from the number of massive array antennas to the number of

conventional antennas in MIMO systems [93].

Assuming that the number of divided sub-arrays is NS and the number of antennas per sub-array

is NL, the total number of antennas is N = NS × NL. As shown in the figure, the analog weight is

prepared for the desired signal for each sub-array. For simplicity, in this chapter, the analog weight is
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Figure 3.3: Configuration at the BS.

assumed to be the weight from MRC. A linear decoding algorithm such as ZF or the minimum mean-

square error (MMSE) is employed in the digital part after A/D conversion by using the output signals

on the analog part. In this chapter, ZF is adopted. The number of multiplications can be reduced

from O(N3) to O(N3
S) through analog-digital hybrid beamforming, as opposed to ZF with all of the

antennas.
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Figure 3.4: Angle of arrival and delay characteristics.
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Figure 3.5: An example of analog-digital hybrid beamforming (Uplink).

3.3.2 Calculating the signal-to-interference-plus-noise power ratio (SINR)

The propagation channel for the desired terminal is hS ∈ CN×1, the propagation channel for the j-th

interference terminal is hI(j) ∈ CN×1, and the number of interference terminals is k. Assuming that the

l-th propagation channel divided into NS sub-arrays is hl
S ∈ CNL×1 and hl

I(j) ∈ CNL×1, respectively,

the total propagation channel H ∈ CNL×1 is expressed by the following equation:

H =
[
hS hI(1) · · · hI(k)

]
=


h
(1)
S h

(1)
I(1) · · · h

(1)
I(k)

...
...

. . .
...

h
(NS)
S h

(NS)
I(1) · · · h

(NS)
I(k)

 (3.1)

The weights wMRC ∈ C1×N and wZF ∈ C1×N are expressed by the following equations:

wMRC = hH
S (3.2)

wT
ZF = (H∗HT )−1h∗

S (3.3)

Here, H is a complex conjugate transpose, ∗ is a complex conjugate, and T denotes the transposition.

Assuming that the thermal noise vector is n(t) ∈ CN×1, the signal-to-interference-plus-noise power

ratios (SINRs) for MRC and ZF are expressed by the following equations:
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SINRMRC =
|wMRChS |

k∑
j=1

|wMRChI(j)|+ |wMRCn(t)|

(3.4)

SINRZF =
|wZFhS |

k∑
j=1

|wZFhI(j)|+ |wZFn(t)|

(3.5)

Moreover, assuming that the MRC weight at the l-th sub-array in the analog part with analog-digital

hybrid beamforming is w
(l)
MRC ∈ C1×NL , it is expressed by the following equation:


w

(1)
MRC = h

(l)H
S

...

w
(NS)
MRC = h

(NS)H
S

(3.6)

Signals HHy ∈ CNS×(k+1), hHy,S ∈ CNS×1, and hHy,I(j) ∈ CNS×1 multiplied by analog weights are

expressed by the following equations.

HHy =
[
hHy,S hHy,I(1) · · · hHy,I(k)

]
=


h
(1)
Hy,S

h
(1)
Hy,I(1)

· · · h
(1)
Hy,I(k)

...
...

. . .
...

h
(NS)
Hy,S

h
(NS)
Hy,I(1)

· · · h
(NS)
Hy,I(k)

 (3.7)

h
(l)
Hy,S

= w
(l)
MRCh

(l)
S (3.8)

h
(l)
Hy,I(j)

= w
(l)
MRCh

(l)
I(j) (3.9)

The ZF weight wZF,Hy ∈ C1×NS of the digital part and the SINR for analog-digital hybrid beam-

forming are expressed by the following equations:

wT
ZF,Hy = (H∗

Hy
HT

Hy
)−1h∗

Hy,S (3.10)

SINRHybrid =
|wZF,HyhHy,S |

k∑
j=1

|wZF,HyhHy,I(j)|+ |wZF,Hy
n(t)|

(3.11)
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3.3.3 SIR and SINR comparison among MRC, ZF, and hybrid beamforming

The cumulative probability distribution of the signal-to-interference power ratio (SIR) for each UE is

plotted in Fig. 3.6, with the desired user located at Tx-B3. Although Tx B3 is closest to the BS, as

can be seen in the figure, the range of SIR is approximately from -4 to 6 dB. Therefore, because this

environment is regarded as interference dominant, there is the possibility that the SINR is very small,

even when the SNR is very high, when interference-cancellation techniques are not used.

The SINR versus location for each UE is plotted in Fig. 3.7 when the desired user is located at

Tx-B3 and the other users are interference users. Here, 10% values of the CDF are shown in Fig. 3.7

when the average SNR at Tx-B3 is 30 dB. Note that the relative received power difference among users

is reflected in this evaluation. The number of antennas at the BS is 100. The results for BS antennas at

h1 = 10.85 and h2 = 11.15 m are plotted in this figure. With analog-digital hybrid beamforming, the

number of sub-arrays is 4 and the number of antennas per sub-array is 25. Due to the measurement

time, there were no results regarding A1 and C4 when h1 = 10.85 m.

As shown in Fig. 3.7, an SINR greater than 20 dB was obtained using ZF. On the other hand,

the SINR with MRC depended on the relationship between the two users. Although the SINR of the

analog-digital hybrid beamforming is smaller than that of ZF, the difference is only approximately 1 dB.

Hence, hybrid beamforming is effective with fewer receivers. When h2 = 11.15 m, the SINR was greater

than 15 dB for A1 and C4 by MRC, because the differences in the angle of arrival between B2 and

A1 (C4) were relatively large. However, the SINR was approximately 10 dB for A2, A3, A4, and B2.

Although a massive array can reduce interference effectively when considering an i.i.d. channel, it was

found that interference could not be sufficiently reduced by MRC in a real propagation environment.

Fig. 3.8 shows the SINR versus the number of antennas at the BS when all seven user terminals

were assumed. The desired user was located at B3 and the interference users were located at Tx-A1,

A2, A3, A4, B2, and C4. The SINR was 30 dB at B3 and the CDFs are plotted at 10%, 50%, and 90%.

The antenna height of the BS was h2 = 11.15 m. With analog-digital hybrid beamforming, the number

of sub-arrays was 4, 7, and 10. As shown in Fig. 3.8, the SINR using ZF was greater than 15 dB.

When the number of antennas in the BS increased from 1 to 12, the SINR increased drastically. On the

other hand, when there were more than 12 antennas, the improvement of the SINR gradually reduced.

Moroever, in the case of NS = 4, the SINR from analog-digital hybrid beamforming has insufficient

degrees of freedom with respect to the number of UEs, and the SINR is close that with MRC. On the

other hand, when NS = 7, 10, where the degrees of freedom of the antenna were more than the number
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Figure 3.6: SIR of Tx B3 for each UE (NU = 2, where the desired UE is located at Tx-B3).

of UEs, the reduction in SINR is relatively small compared to ZF.

Therefore, either ZF or analog digital hybrid beamforming is essential for interference reduction as

a transmission scheme, where the number of sub-arrays is greater than that of the users in massive

MIMO systems in real propagation environments. In addition, if SINR degradation can be tolerated, it

is effective to use analog-digital hybrid beamforming in terms of reducing the signal-processing burden

and improving hardware implementation. If this degradation cannot be tolerated, however, the exclusive

use of ZF should be preferred.

3.3.4 Eigenvalue distribution

Fig. 3.9 shows the eigenvalue distribution with 7×7 and 100×7 MIMO channels. The average SNR was

30 dB. The eigenvalue distribution of an i.i.d. channel is also plotted in Fig. 3.9. As shown in Fig. 3.9,

when the number of antennas at the BS increased from 7 to 100, the eigenvalues also increased. On

the other hand, even when 100 antennas were used at the BS, the sixth and seventh eigenvalues were

much smaller than the other eigenvalues. It is therefore clear that this environment features highly

correlated propagation channels.

30



5

10

15

20

25

30

35

A1 A2 A3 A4 B2 C4

S
IN

R
 [

d
B

]

Interference

ZF

MRC

S : B3 (SNR = 30dB, CDF = 10%)

h1 : 10.85m

h2 : 11.15m

Analog-digital hybrid

Figure 3.7: SINR comparison versus UE location (NU = 2, where the desired UE is located at Tx-B3).

3.3.5 Channel capacity and achievable bit rate using ZF

the author next compared the Shannon capacity and ABR using ZF, considering an actual propagation

channel at the 20 GHz band. The Shannon capacity in the uplink channel, CS , is denoted as

CS =

NU∑
k

log2

(
1 +

P

NUσ2
λk

)
, (3.12)

where λk is the k-th eigenvalue. The eigenvalues are obtained by singular value decomposition of the

channel matrix H. Here, P and σ2 are the transmit power and the noise power, respectively. When

considering the ABR using ZF, CZF is derived as follows:

CZF =

NU∑
k

log2

(
1 +

SNRZF,k

NU

)
, (3.13)

where SNRZF,k is the k-th SNR obtained from interference cancellation by ZF for the k-th user. In

the evaluation, the Shannon capacity (CS) and ABR (CZF ) are calculated from each subcarrier, and

the averaged results are shown. Because the uplink channels were assumed, the transmit power among

user terminals was the same. Moreover, the water-filling technique to optimize the received power was

not applied to improve the results from Eqs. (3.12) and (3.13) [104].

The Shannon capacity and ABR using ZF for the 7×NU and 100×NU MIMO channels are plotted

in Fig. 3.10, as NU increased from two to seven. All possible users were selected when the number of

users changed. As shown in Fig. 3.10, regardless of the number of users, the results show improved
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eigenvalues, particularly for smaller eigenvalues. First, the author focused on the comparison between

the Shannon capacity and ABR using ZF when considering the measured MIMO channels. Although

the ABR using ZF was much smaller than the Shannon capacity, when 7 × NU MIMO was applied,

the maximum achievable bit rate using ZF was obtained owing to massive MIMO transmissions using

100×NU MIMO channels. Next, the author focused on the comparison between MIMO channels and

i.i.d. channels. As shown in Fig. 3.10, the Shannon capacity for the MIMO channels was smaller than

that for the i.i.d. channel, for both 7 × NU and 100 × NU MIMO channels, because of the relatively

smaller eigenvalues with MIMO compared to those of the i.i.d. channel.

Fig. 3.11 shows the Shannon capacity and the ABR using ZF when 7×7 and 100×7 MIMO channels

were assumed. The Shannon capacity and ABR obtained by the i.i.d. channels using ZF are plotted

in this figure. As can be seen in Fig. 3.11, the Shannon capacity and ABR using ZF improved when a

massive array was used. Although the ABR was much smaller than the Shannon capacity when 7×7

MIMO channels were used, the ABR was almost identical to the Shannon capacity: the maximum bit

rate could be obtained even when linear decoding such as ZF was applied for the given propagation

channel, owing to the massive number of antennas at the BS. On the other hand, owing to the highly

correlated propagation channels, the Shannon capacity achieved by the MIMO channels was 10 to 15

bits/s/Hz smaller than that achieved by the i.i.d. channel.

The Shannon capacity and ABR obtained by ZF are plotted in Fig. 3.12 as the number of antennas

at the BS increased. The Shannon capacity and ABR obtained by ZF for i.i.d. channels are plotted in

this figure. As shown in Fig. 3.12, the Shannon capacity obtained by MIMO channels was approximately

10 bits/s/Hz smaller than that obtained by i.i.d. channels even when many antennas were used. This

was because of the smaller eigenvalues for MIMO channels compared to i.i.d. channels, as shown in

Fig. 3.9. On the other hand, when the number of antennas exceeded 50, the ABR obtained by ZF was

almost the same as the Shannon capacity.

3.4 Conclusion

This chapter evaluated the basic performance of massive MIMO systems by considering the CSI in the

20 GHz band in outdoor environments. The results show that, unlike i.i.d. channels, MRC is unsuitable

as a transmission scheme for massive MIMO systems, owing to highly correlated propagation channels.

Therefore, either ZF or analog digital hybrid beamforming is essential for interference reduction as a

transmission scheme, where the number of sub-arrays is greater than that of the users in massive MIMO

systems in real propagation environments.
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The Shannon capacity and ABR achieved by ZF were compared by considering seven-user MIMO

transmissions with 100 elements at the BS. When the number of degrees of freedom in the array antenna

was guaranteed, the ABR was almost the same as the Shannon capacity, and multi-user transmission

was realized by linear decoding. Therefore, decoding methods such as ZF are effective in massive MIMO

systems.
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Chapter 4

Digital analog Fusion control
method

This chapter describes the hardware configuration and signal processing method for digital-analog

fusion control, which is one of the issues of Massive MIMO shown in chapter 2. First, the hardware

configuration is shown, and the transmission / reception mechanism is briefly described. After that, a

received signal demodulation method that does not require CSI is proposed and evaluated.

4.1 Introduction

Massive MIMO enables low-complexity signal processing, because the inter-user interference is easily

mitigated by a high beamforming resolution [36].

Generally speaking, it is essential to estimate the channel state information (CSI) in MIMO/MU-

MIMO systems [22]. However, when CSI feedback from user terminals (UTs) to the BS is employed,

there occurs a very large overhead compared with the communication data, especially when there are

a large number of antennas at the BS. The countermeasure of implicit beamforming (IBF) has been

proposed [106]. IBF exploits channel reciprocity in time-division duplex (TDD) mode: the transmit

frequency is the same as the receive frequency. IBF can be used in WLAN systems. Because massive

MIMO will be used in small cell systems, the TDD mode should be used from the point of view of

frequency utilization. However, calibration technique is essential for IBF and several methods have been

proposed [107][108]. However, even if implicit beamforming is applied for the massive MIMO system,

the CSI estimation itself is still large overhead when considering the short packet communications such

as Wireless LAN systems [?].

The authors have proposed analog-digital hybrid massive MIMO configuration which eliminates

CSI estimation itself by applying analog multi-beam and their selection and blind algorithm using
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constant modulus algorithm (CMA) [109][110]. In conventional analog-digital hybrid massive MIMO

configuration [93], although CSI estimation itself is not needed, beam scanning is required for user

tracking and overhead to determine analog weight values arises. Unlike conventional analog-digital

hybrid massive MIMO configuration, analogmulti-beams are created for initial user tracking and several

beams that received powers are high are selected. Thanks to selected narrow beams, interference signals

can be mitigated and residual interference is cancelled by using CMA [?] which does not require any

training signals in digital part. Because the proposed method does not need CSI estimation, very high

transmission efficiency can be obtained and flexible communication with random user transmission by

user terminal (UT) can be realized. Via computer simulation, the basic performance and effectiveness

was evaluated by the proposed method. ”In [110], the practical switch configuration has proposed

using many-one switch instead of matrix switch. In the configuration, beam with maximum power from

each switch is selected and the transmission performance by using many-one switch is not degraded

compared to that by using matrix switch. Hence, the proposed configuration realizes realistic beam

selection. Hence the author assume ideal beam selection with high power using matrix switch.

In the previous study, QPSK signals are uses as modulation scheme because CMA basically focus

on modulation schemes with constant modulus such as GMSK and QPSK [111][112]. However, it is

essential to use high order modulation schemes when considering very high throughput with massive

MIMO systems. It is reported that QAM signals can be utilized with CMA by applying data smoothing

that weights of CMA are averaged with multiple samples [113][114]. However, these evaluations are

based on basic two wave propagation condition without Rayleigh fading [113] and deferential detection

to decode QAM signal [114]. In the differential detection, the signals are decoded by using two adjacent

signals at the receiver. In this chapter, amplitude and phase compensation method for high order mod-

ulation schemes such as QAM signals is proposed in order to realize a practical implement considering

fading environment and coherent detection which are essential for mobile communication systems, when

using analog multi-beam massive MIMO with CMA in the digital part. Moreover, the effectiveness of

proposed method is verified by bit error rate (BER) with coherent detection when assuming Rayleigh

fading with angular spread environment.

This chapter is organized as follows. In Sect. 2, the author begin with the principle of analog

multi-beam massive MIMO with CMA in the digital part. The issue of CMA when using QAM signals

with coherent detection in fading environment is shown in Sect. 2. The proposed amplitude and phase

compensation method for QAM signals is denoted in Sect. 3. The BER performances are presented to

verify the effectiveness of the proposed method in Sect.4.
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4.2 Multi-beam massive MIMO configuration using CMA and
its issue for high order modulation scheme

4.2.1 Multi-beam massive MIMO configuration using CMA

Fig. 4.1 shows the configuration by using analog multi-beam massive MIMO and CMA in the digital

part. The configuration in Fig. 4.1 assumes uplink communications. The flowchart using proposed

configuration in Fig. 4.1 is shown in Fig. 4.2. The detailed flow in Fig. 4.2 is shown hereafter. In

the proposed method, M orthogonal multiple beams are prepared at analog part. Fig. 4.3 shows an

example of multi-beam patterns. The received powers for all the users are measured at the output of

multiple beams. Selected number of beams is identical to or more than number of users (K). The user

tracking is realized by the beam selection without CSI estimation.

Key question is how to realize the hardware of multi-beamforming network in the analog part. It

is well known that butler matrix realizes multi-beam pattern [115][?]. In addition, lens antenna was

proposed to realize multi-beam forming network.

The MU-MIMO transmission without CSI estimation for each user is realized by the circuit in

Fig.4.4. However, when direction of arrivals (DoAs) are close among users, same beam must be utilized

for each user. Moreover, the signals by users except intended user are actually received at side lobe

and the interference cannot be rejected by only multi-beam forming network. In order to realize the

perfect interference rejection, digital beam forming (DBF) based blind adaptive array is introduced at

the output of selected multi beams.

In this chapter, constant modulus algorithm (CMA) is used as the blind adaptive algorithm [?][?].

The CMA works only received signals and does not need CSI. In addition, CMA reduces the interference

with environment where carrier and timing offset exist. Hence, hybrid configuration with multi beams

in the analog part and blind algorithm in the digital part is suitable for efficient transmission in massive

MIMO system.

The proposed configuration can be regarded as FFT based CMA adaptive array [79]. The config-

uration in [79] is digital beam forming (DBF) and multi-beam forming network is in the digital part.

On the other hand, main feature of proposed configuration is that multi-beam is realized by analog

part and the numbers of frequency convertors and analog to digital / digital to analog convertors can

be reduced unlike DBF configuration. Moreover, transmission timings by UTs are not needed to be

synchronized.
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Figure 4.1: Configuration by using multi-beam massive MIMO and CMA

4.2.2 Principle of CMA and its issue for high order modulation

The principle of CMA is explained hereinafter. The CMA is categorized as blind adaptive array because

this algorithm requires only information of received signals and the CMA works with constant amplitude

modulation such as GMSK and QPSK. When using the CMA after multi-beam selection in massive

MIMO configuration, miscapture problem, which the interference is captured and the desired signal is

cancelled, is solved. The cost function Q of CMA is denoted as

Q = E [||y(t)|p − σp|q] , (4.1)

where y is output electricity of the array and σ(> 0) is a constant value and usually set to be power of

desired signal. p and q are positive integer and these values are one or two.

Although the weight of CMA adaptive array is updated by using Eq.(4.1), it is not possible to

express the optimum weight directly in closed form, because Eq.(4.1) is non-linear with respect to the
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Figure 4.2: Flowchart using proposed configuration.

weight. Therefore the weight of CMA is controlled by an asymptotic technique such as the steepest

descent method so that Eq.(4.1) is minimized. Fig. 4.4 shows the block diagram of CMA adaptive

array.

If the weight and the cost function after m iterations are W (m) and Q(m), then the weight updating

equation by the steepest descent method is

W (m+ 1) = W (m)− µ∇WQ(m), (4.2)

where m is the repetition number of times of the weight update.

Where µ is the step size. Also, ∇WQ(m) is the slope vector of Q with respect to W . In the steepest

descent method, step size determines convergence characteristics of weight on the CMA adaptive array.

In order to improve the performance of CMA adaptive array, least square CMA (LS-CMA) is

proposed [?]. The convergence of weight by LS-CMA is much faster than that by steepest descent

method. The weight updating equation by LS-CMA is denoted as

WL+1 = WL − Γ(i)

N∑
i=1

X(i) [y∗(i)− δ∗(i)]

= Γ(i)

[
N∑
i=1

X(i)δ∗(i)

]−1

(4.3)
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Γ(i) =

[
N∑
i=1

X(i)XH(i)

]−1

(4.4)

δ∗(i) =
σ

|y(i)|
y(i) (4.5)

X(i) and y(i) are input vector and output signal at i-th sample (i = 1, · · · , N), respectively. Fig. 4.5

shows an example of constellation when CMA is applied for QPSK and 16QAM signals. In this

simulation, only two waves and AWGN channel are assumed: Rayleigh fading is not considered. The

direction of arrivals (DoAs) on two waves are 0 and 60 degrees, respectively. Four element linear array

is used and element spacing is 0.5 wavelengths. The signal to interference power ratio (SIR) and signal

to noise power ratio (SNR) are set to be 3 and 20 dB, respectively.

As can be seen in Fig.4.5(a)(b), it is observed that CMA cancels the interference when using not

only QPSK signal but also 16 QAM signals. On the other hand, because the carrier offset compensa-

tion is not employed when considering only CMA, the constellations have a tilt for both QPSK and

16QAM. Moreover, because differential detection was applied in the previous studies [113][114], the

ability of CMA must be evaluated when considering fading environment and coherent detection which

are essential for mobile communication systems

4.3 Amplitude and phase compensation method

As shown in Sect. 2, it is necessary to correct amplitude and phase errors after the convergence of

weight by CMA because CMA dose not control the phase information. Fig.4.6 shows an example of
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constellation on 16QAM when applying the CMA in Rayleigh fading environment. Because the CMA

does not control the phase, the signals are rotated like AWGN channel. Moreover, amplitude is also

changed due to fading channel. Although differential detection, which does not need amplitude and

phase offset compensation, can be applicable for QPSK, the coherent detection is essential for QAM.

In this chapter, the amplitude and phase compensation method is introduced as the processing

after the CMA by using training signal which is applied for user identification (ID). Because user ID is

basically essential for general wireless communication systems, this training signal is not overhead at

all compared to the control signal for CSI estimation.

When Pk and P ′
k are k-th transmit signal and receive signal after the CMA, respectively, compen-

sated amplitude, A and phase, θ is denoted as

A =
1

n

n∑
k=1

|P ′
k|

|Pk|
(4.6)

θ =
1

n

n∑
k=1

(tan−1(Pk)− tan−1(P ′
k)), (4.7)

where L is number of training bits. The received signal can be compensated by using A and θ.
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(a) QPSK (b) 16QAM

Figure 4.5: Constellations after CMA. (2-wave, AWGN channel, Input SNR=20dB, Iuput SIR=3dB)

When Y is the output signal after CMA, compensation signal, Y ′ is denoted as

Y ′ =
Y

A
exp(jθ). (4.8)

The CMA itself dose not distinguish a desired signal and interference signal, because the user who

transmits the desired signal is unclear. Hence, it is essential to identify the desired user. It is solved

by giving a header of user ID. Because a certain frame basically gives user ID in advance, this ID can

be decoded after the proposed method with CMA.

4.4 Effectiveness of proposed method

The effectiveness of proposed method is verified by using QAM signals when considering Rayleigh fading

and angular spread. Table 1 shows basic simulation parameters. The trial for different propagation

conditions are carried out and the bit rate is obtained. When the bit rate is R, R is denoted as

R = S(1 − BER) [bits/symbol] where S denotes number of bits per symbol [116][117]. If the BER is

greater than 10−3, the author assume that R is zero [116][117]. Table I shows the simulation conditions.

The proposed method was assessed by computer simulation based on the above-mentioned principle.

Fig. 4.7 shows the definition of multipath model in the simulation. As can be seen in Fig. 4.7,

scattering ring model around UTs and angular spread at the BS are assumed. Rayleigh fading channel

is generated by using multipath signals for scattering ring model. The number of waves is 11 for

each user and phase conditions are different between users: i.i.d. Rayleigh fading scenario is assumed.
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Figure 4.6: An example of constellation in Rayleigh fading channel (16QAM).

Table 4.1: Simulation conditions.

Number of
receiving antennas 64

and beams
Number of beams 1

for each user
Number of UTs 2
Angular spread 10 degrees
Number waves 11
Data length 1,024

Data smoothing size
for weight 16

update CMA
Trial number 10,000

Training bits for
compensation of amplitude 5

and phase errors after the CMA

The liner array is used in this chapter. When the number of received anntenas is NR and ri and

θi(i = 1, · · · , L) are i-th amplitude and phase of received signal propagation channel, hn which is

n(= 1, · · · , NR)-th propagation channel is denoted as

hn =
1√
L

L∑
i=1

ri exp(jθi) exp(j
2π

λ0
d(n− 1) sinϕi) (4.9)

where L is number of waves for each UT and ϕi(i = 1, · · · , L) is i-th angle of arrival (AoA). AoA

means that direction at the received array and the definition of ϕi(i = 1, · · · , L) is denoted in Fig. 4.7.

Angular spread is ϕL − ϕ1 in this chapter.

The effectiveness of proposed amplitude and phase compensation method for analog multi-beam
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Figure 4.7: Concept of scattering ring model and the angular spread.

massive MIMO with CMA in the digital part is verified. Fig. 4.8 shows the BER versus the SNR.

256QAM is applied in this simulation. As shown in Fig. 4.8, BER is not improved at all even if the

SNR is increased without amplitude and phase compensation. On the other hand, with the proposed

compensation shown in Sect. 3, the BER can be improved to some extent when the SNR is increased.

This result shows that the amplitude and phase compensation is essential after the CMA. However, the

BER is not sufficiently improved even in SNR = 30 dB.

In order to exam how to reduce the BER in Fig. 4.8 when cumulative distribution function (CDF)

is considered, the CDF versus BER is plotted in Fig.4.9. The SNRs are set to be 10, 20, and 30 dB

in Fig.4.9. When the SNRs are 10, 20, 30 dB, the CDFs is 0, 28, and 85% where the BER is not

less than 10−3. Therefore, the BER cannot be improved even if the high SNR is obtained in average

sense. Generally speaking, the modulation scheme should be selected according to a given propagation

condition. Next, the author show the bit rate when applying adaptive modulation scheme which selects

optimal modulation scheme. In the following results, the adaptive modulation means that the highest

order modulation scheme is selected when the BER is less than 10−3. The adaptive modulation is

applied to the results in Figs. 4.11, 4.12 and 4.13.

In order to verify the effectiveness by the adaptive modulation scheme, Fig.4.10 shows the selection

probability for each modulation scheme versus the SNR by multi-beam processing, CMA, and proposed
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Figure 4.8: BER versus the SNR.

amplitude and phase compensation method. The difference of AoA between two users is 60 degree. As

can be seen in Fig.4.10, the higher order QAM is selected, when the SNR is increased.

Fig. 4.11 shows bit rate versus the SNR. In Fig.4.11, the modulation scheme with maximum bit

rate is selected to when BER is less than 10−3. The difference of AoA between two users is set to

be 0 to 60 degrees. As can be seen in Fig.4.11, the bit rate is improved when the AoA is wider and

the performance is saturated when the AoA is greater than 30 degree. From these result, it is shown

that QAM signals can be applicable for the multi-beam Massive MIMO system by using the proposed

amplitude and phase compensation method.

Fig. 4.12 shows bit rate versus the AoA. Fig. 4.13 shows bit rate versus angular spread when SNR

is 20dB. As can be seen in Fig.4.12, the bit rate is saturated at AoA = 30 deg. in each SNR. This is

because the angular spread is 10 deg. As can be seen in Fig.4.13, the bit rate is decreased when the

angular spread is wider. However, the influence due to wider angular spread is small when the AoA

is greater equal to 30 deg. This results indicate that users which are spatially separated should be

selected by using spatial correlation.

4.5 Conclusion

In this chapter, in order to achieve the further higher transmission rate, the amplitude and phase

compensation scheme is proposed when using the CMA with amplitude and phase modulation scheme
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Figure 4.9: Cumulative distribution function versus BER.

such as QAM. The effectiveness of proposed method is verified by the computer simulation. It is shown

that QAM signals can be applicable for the multi-beam Massive MIMO system with CMA by using the

proposed amplitude and phase compensation method, even if the multi path environment with QAM

signals is assumed.
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Chapter 5

Interference Elimination and
Control Signal Reduction Method

This chapter evaluates and describes modulation method estimation using deep learning as one of the

methods for eliminating interference and reducing the number of control signals.

5.1 Introduction

In the study of MIMO and MU-MIMO, including Massive MIMO, the directivity control on the trans-

mitting side and the decoding technology on the receiving side have been the primary focus in [?]. That

is, many studies have been conducted on the physical layer (PHY). However, in MIMO / MU-MIMO,

using the information of the propagation channel (Channel State Information: CSI) is a major premise,

which expresses the propagation characteristics during transmission and reception, so the efficiency

with which this information can be acquired should be considered. In other words, it is important to

evaluate not only the PHY level but also the MAC layer [?]. In particular, when using transmission

directivity control, which is essential for MU-MIMO, it is generally necessary to feedback CSI from

the terminal to the base station, which significantly reduces communication efficiency. In addition, as

an improvement method, a method that eliminates the need for CSI feedback (Implicit Beamforming:

IBM) [?] has been proposed. However, even if IBF is used, if the data size is small, the application of

Massive MIMO will reduce the overall communication efficiency [132].

Therefore, the authors proposed a method that eliminates the need for CSI estimation itself in the

analog–digital hybrid Massive MIMO control method by forming a multibeam in the analog section [?].

In the conventional analog / digital hybrid Massive MIMO control method, it is premised that the

phase shifter is used for analog control. [?]-[130]. However, in this case, to form a beam to a desired

terminal in the analog unit, it is necessary to perform a beam scan while changing the phase shifter,
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which causes a problem in that initial acquisition to the desired terminal takes time. In the proposed

method, multibeam formation is performed in the analog section, and beam selection is performed to

select only the beam with a high received power. Only the output signal is frequency converted to

realize digital signal processing. In the digital section, the Constant Modulus Algorithm (CMA) [72],

which realizes interference elimination only with the received signal, is applied. The proposed system

allows terminals to send information at random. In addition, the effectiveness of the proposed system

has been clarified by performing computer simulations [133] [134].

In the studies so far, the author has evaluated the operating characteristics of a system that uses

multibeam Massive MIMO and CMA together when multi-value modulation is used. At that time, when

applying CMA by multivalue modulation, it is necessary to correct the phase rotation and amplitude

value after weight convergence, so the author proposed a correction method using a pilot signal ??.

However, this method assumes that the modulation method is known. In actual communication,

communication starts with the modulation method being unknown, thus it is necessary to share the

modulation method by transmission and reception in advance; but in that case, the communication

increases the overhead requirements. Therefore, in this chapter, we estimate the modulation method

of the received signal of multibeam Massive MIMO using a convolutional neural network (CNN) [127],

which involves machine learning, and we verify its basic performance.

5.2 Convolutional neural network

A convolutional neural network (CNN) is a deep learning method employed for classification problems

using images as inputs [127]. Figure 5.1 shows the configuration of a CNN, which is a neural network

composed of three layers, namely, a convolutional layer, pooling layer, and fully connected layer, and it

is modeled on the vision of living things [137]. The image is first input to the convolution layer. Then,

the convolution layer and the pooling layer are repeated several times, and it is afterward connected

to the fully connected layer and becomes an output. In the convolution layer, the input image is

processed by multiple filters, and because of the filtering, the input image is converted into multiple

images representing the features. Next, the size of the image is compressed in the pooling layer so that

it does not impair the characteristics of the image, and it is connected to the fully connected layer.

5.3 Modulation method estimation using CNN

In this chapter, a model is created using CNN and the modulation method is estimated. For the

image shown in Figure 5.2, determine whether the received signal is 4 ∼ 64 QAM. The table 6.1 shows
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Figure 5.1: CNN configuration.

the specifications for the simulation. The SNR was changed from 0 to 30 dB. Assuming an uplink,

the number of user terminals is two; one is the desired terminal and the other is the interference

terminal. The angle difference between the users was 60 属, the reception angle spread was 10 属,

and the propagation model assumed Rayleigh fading. For each modulation method, 1000 samples of

received signals were prepared for each SNR, of which 700 samples were used as model training data,

and 300 samples were used as test data. The batch size was five, loss function was cross entropy, and

optimizer was stochastic gradient descent.

Table 5.1: Multi-beam Massive MIMO and CNN specifications.

SNR 0 ∼ 30 dB
Number of user terminals 2

User angle difference 60 deg.
Angle spread 10 deg.

Propagation model Rayleigh fading
Modulation method 4QAM(QPSK),8QAM,16QAM,32QAM,64QAM

Number of data for training 700 Samples / modulation method
Number of test data 300 samples / modulation method

Batch size 5
Loss function Cross entropy
Optimizer Stochastic gradient descent

Figure 5.3 shows the identification result of the modulation method in which a CNN is applied

to the received signal of multibeam Massive MIMO. The highest identification rate was 8QAM, and

the identification rate was always 100% for all SNRs. With 32QAM, which had the next highest
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Figure 5.2: Example of actual input image.

discrimination rate, it was possible to correctly discriminate with an accuracy of 96.7% even when SNR

= 0 dB. However, the lowest discrimination rate was 16QAM, with SNR <3 dB, and the discrimination

rate was less than 50%. At SNR <10 dB in Figure 5.3, the discrimination rate of 32QAM, which has

a larger number of values than 4QAM, is large. Here, the signal points of the generated transmission

signal are shown in Figure 5.4. As can be seen from the figure, 16QAM has a square outer shape of the

signal point. When the SNR decreases, the signal is dispersed, and 16QAM and 64QAM have a sloppy

outline. Therefore, there are many cases where 16QAM is recognized as 64QAM, and at low SNR, the

recognition rate of 16QAM is lower than that of 32QAM.

Here, Figure 5.5 shows the error rate characteristics of multibeam Massive MIMO in the case of

Table 5.3. 4QAM is not shown in the table because SNR = 0 dB, and the error rate was 0. Here, if the

error rate is less than 10−3, it is evaluated as error correctable [117]. In Figure 5.5, 64QAM with a high

error rate at a higher SNR exceeds the error rate of 10−3 at an SNR of about 12 dB or more. However,

in the figure 5.3, the discrimination rate of 64QAM is 99.8From the above, the modulation method
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Figure 5.3: Modulation method estimation result using CNN.

estimation using CNN showed sufficient performance to be applied to multibeam Massive MIMO.

5.4 Conclusion

In this chapter, the author estimated the modulation method of the received signal of multibeam

Massive MIMO using a CNN, which is a type of machine learning, and verified its basic performance.

The phase of the received signal of multibeam Massive MIMO is rotated, and the amplitude is fluctuated

owing to the influence of CMA, which is a blind algorithm that removes interference. A method for

correcting this received signal has been proposed, but as it is premised that the modulation method

used in this method is known, sharing of the modulation method during transmission and reception is

an overhead in actual communication. Therefore, in this case, the modulation method of the received

signal was estimated using a CNN with the aim of enabling correction and demodulation of the received

signal without sharing the modulation method in advance for transmission and reception. It shows the

discrimination method of the modulation method using CNN for the received SNR and the error

rate characteristic of multibeam Massive MIMO, respectively, and shows that the performance of the
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Figure 5.4: Original signal point.

modulation method estimation using CNN is suitable for its application to multibeam Massive MIMO.
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Figure 5.5: Error rate characteristics of multi-beam Massive MIMO.
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Chapter 6

Propagation analysis and model
design

In this chapter, I measure 28GHz used in 5G in a real environment, analyze the measurement results,

and propose a new propagation model.

6.1 Introduction

In April 2020, 5th generation mobile communication systems (5G systems) were implemented to support

the increasing amount of wireless communication. In particular, 5G systems represent an advanced

mobile communication system following LET and 4G, which consists of a macro cell that enhances the

coverage range and a small cell that enhance the communication rate in the local range. Low and high

super high frequency (SHF) bands, such as those of 5 and 28 GHz, are adopted for macro and micro cells,

respectively. Furthermore, the characteristics of the high SHF band used in 5G systems are different

from those of the frequency bands (below the low SHF band) used in the existing mobile communications

[?]. The model proposed by the Third Generation Partnership Project (3GPP) can be used to evaluate

5G systems. Specifically, this model supports the frequency band in the range of 0.5 to 100 GHz, which

covers the frequency band used in 5G systems. However, the 3GPP propagation model is highly complex

as it involves numerous parameters and is difficult to implement. Consequently, a novel propagation

model that can enable convenient evaluation of 5G systems must be established. This study was aimed

at developing such a propagation model, focusing on the number of radio wave path clusters. Fig. ??

shows the distribution of the number of clusters in a simulation of the uplink communication pertaining

to an existing building of Niigata University in Japan for each transmission point. In the simulation,

the path was estimated through ray tracing and clustered using the k-means ++ algorithm [?]. The

part surrounded by the red frame represents the area of interest of the simulation. Ray tracing was
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performed using the ray launching method, with a transmission height of 11.5 m, reception height of

2 m, transmission power of 1 W, center frequency ranging from 800 MHz to 28 GHz, and reflection

diffraction frequency of three times. Clustering was performed using the k-means ++ algorithm, and

clusters that were within 10 deg. or less were considered to be one cluster. The figure indicates that a

higher frequency corresponds to fewer clusters. Specifically, 4–6 clusters occur in the frequency range

of 800 MHz to 5 GHz, which is primarily adopted in conventional mobile communications; however, at

28 GHz, which is the frequency used in Japanese 5G systems, approximately three clusters occur at

most positions. Furthermore, a physical phenomenon different from the i.i.d. Rayleigh fading, in which

radio waves arrive from all directions, can be observed. In addition, several experiments demonstrated

that radio waves arrive not from all directions in the SHF band, but from a limited direction, as

observed in the aforementioned simulation [?]. This aspect indicates that if a conventional model such

as i.i.d. Rayleigh fading is applied to 5G system evaluation, the system cannot be accurately evaluated.

Therefore, in this study, radio wave propagation measurement was performed in a real environment

based on the simulation results, and parameters such as the number of clusters, spread of cluster angles,

and power difference between the clusters were determined. Furthermore, based on these parameters,

the author proposed and evaluated a novel propagation model consisting of several clusters.

The remaining paper is organized as follows: Section 2 presents a literature review of the conventional

radio wave propagation measurement techniques in a real environment.

Section 3 describes the measurement environment and specifications.

Section 4 presents the results of the statistical analysis of the measurement results for the cluster.

Section 5 describes the concept of the novel propagation model and its evaluation based on the analyzed

cluster parameters.

6.2 Measurement environment and method

The measurement environment is shown in Fig. 6.4. The measurement was performed at the Ikarashi

Campus of Niigata University in Japan. This environment represents the actual location of the en-

vironment model used in the simulation shown in Fig ??. The transmission / reception position in

which the measurement was performed is shown. Moreover, the scale and definition of the direction

of arrival are shown in the upper left of the figure. Because the received power decreases significantly

beyond the line of sight (LOS), all the transmission positions were set to be within the LOS. The mea-

surement specifications are listed in Table 6.1. Assuming an uplink communication environment with

a 5G system, the device was designed to ensure sufficient transmission / reception power, delay time,
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Figure 6.1: Transmitting antenna located on a car equipped with a transmitting device

Figure 6.2: Rotation mechanism and receiving antenna installed on the roof

and arrival direction resolution to evaluate the proposed propagation model. The configurations of the

transmitting and receiving antennas are shown in Figs. 6.1 and 6.2, respectively. The measurements

were performed remotely to avoid any interference related to human movement. The receiving antenna

was installed on a turntable and rotated 1 deg. in the horizontal direction for each measurement to

perform 360 deg. measurements. In addition, the elevation angle of the receiving antenna was set such

that when the center of the directional horizontal angle faced the transmitting antenna, the center of

the directivity of the elevation angle faced the transmitting antenna.

6.3 Experimentally determined cluster parameters

6.3.1 Delay Time and Angle of Arrival characteristics

The measured received power of the radio waves against the arrival direction and delay time is shown

in Fig. ??.
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Figure 6.3: Measurement environment.

The delay power characteristics were derived by performing an inverse Fourier transformation on

the propagation channel information per subcarrier of the orthogonal frequency-division multiplexing

(OFDM) signal obtained in the measurement. The power was normalized such that the maximum

received power was 0 dB at each measurement point. Observations were performed for a delay time

of up to 60 mus; however, the received power after 1.5 mus corresponded to noise, and thus, only the

results for the range 0 to 1.5 mus are displayed. Moreover, among the numerous measurement points,

the results for only six points are shown. The part corresponding to the cluster with a relatively high

power was covered in this range. In both the cases, the number of incoming radio wave clusters ranged

from 1 to 3. In Fig. ?? (a) Tx1, (c) Tx23, (e) Tx23, and (f) Tx40, only one cluster arriving from the

LOS direction can be observed. In Fig. ?? (d) Tx30, there exist two clusters, including the cluster

arriving directly from the direction. Furthermore, three clusters can be observed in Fig. ?? (b) Tx4

and (d) Tx30. The results shown in Fig. ?? indicate the presence of fewer clusters owing to problems

such as reception sensitivity; however, it can be confirmed that the propagation environment is different

from that of i.i.d. Rayleigh fading, in which radio waves arrived from all directions. Moreover, the

62



Table 6.1: Measurement specifications

Center frequency 27.8 GHz
Modulation method OFDM
Transmission power 10 W

Bandwidth 199.92 MHz
Number of subcarriers 98000
Transmission antenna sleeve antenna
Transmission gain 2 dBi
Transmitter height 3.0 m
Receiving antenna horn antenna

Receive gain 2 dBi
Receiver height 12 m

characteristics of the measurement results are similar to those of the calculation results.
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Figure 6.4: colermap
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6.3.2 Definition of clusters

Before the development and evaluation of the proposed propagation model, certain parameters for the

cluster were derived from the experiment results. Herein, the author describe the method to derive

the clusters. First, the peak of the cluster was detected. Paths with less than a certain power were

excluded from the normalized measurement data, as shown in Fig. 6.5 (a) (fig. 6.5(b)). The path with

a low power was not considered as a cluster because it did not considerably influence the performance

of the propagation model. The threshold value for the result of normalization with maximum power

was set as -20 dB. The k-means++ algorithm was applied to the result [149]. Because clustering

was performed with the specified number of clusters in the k-means++ algorithm, the execution result

pertained to a group of small clusters, as shown in Fig. 6.5(c). Therefore, as shown in Fig. 6.5(d), the

adjacent clusters are regarded as the same cluster. In this manner, the power peak of each obtained

cluster could be determined. The reception power characteristics of the obtained power peak arrival

direction and delay time are shown in Figs. 6.5 (e) and (f). In fig. 6.5 (e), the angular width at

which the received power is above a certain level around the peak is defined as the angular spread of

the cluster. Similarly, in Fig. 6.5(f), the delay width, which is the power above a certain level from

the peak, is defined as the delay spread of the cluster.
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Figure 6.5: Cluster derivation method
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Pt = α log10 t+ β (6.1)

6.3.3 Statistical value of each parameter

This section describes the statistical analysis of the parameters from the derived cluster. Table 6.2

presents the median and variance of each parameter. When the 1st, 2nd, ... nth clusters are considered

in descending order of the peak power, each value is presented as [x1, x2, ...xn], where xn denotes the

value of the parameter of the nth cluster. The probability of existence of the 1st to 3rd clusters is

[100 63.41 31.70]%, and the median variance is recorded only when each cluster exists. For example,

the probability that the third cluster exists is 31.70%, and thus, there exist no median of ”(E) Angle

spread”. Therefore, the results in the table indicate the median and standard deviation pertaining to

only the measurement results of the case in which the third cluster exists with a probability of 31.70%.

”(F) α of the nth cluster” in Table 6.2 is the value that minimizes the value of the power reduction

equation in the delay direction of each cluster, as shown in equation(6.2), and the least squares error of

the actual measurement. In equation (6.2), Pt is the received power at time t, and β is the peak power

of the cluster.

Pt = α log10 t+ β (6.2)

6.4 Cluster model

6.4.1 Concept of the proposed model

Based on the parameters obtained from the actual measurement, a propagation model for the high

SHF band for 5G systems was established. Fig 6.6 shows the framework of the proposed propagation

model. First, the peak arrival direction, delay time, and power of the first cluster were determined.

The arrival direction of the model was that of the assumed transmission terminal. The direction of

arrival of the first cluster was that of the assumed transmitting terminal. The delay time was d/c [m],

with c [m/s] being the speed of light, and d [m] being the communication distance. The power was

attenuated through the propagation loss in space. Next, the author determined whether the second

and third clusters existed with a probability of [100 63.41 31.70]%. For the existing clusters, (A) ∼

(F) values were determined for each cluster based on the median and standard deviation presented

in Table 6.2. The power in the angular spread direction corresponded to a normal distribution, as
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Table 6.2: Parameters obtained from the experimentally obtained clusters

Median(µσ) Standard division

(A)
Peak power of
nth cluster
relative to [0, -11.59, -18.76] dB [0, 3.71, 5.97]
1st cluster

(B)
Delay time of

nth cluster with [0, 0.085, 0.095] [0, 0.060, 0.046]
relative to × 10−6 µs × 10−6

1st cluster
(C)

Angle spread of
the nth cluster [69, 45, 42] deg. [5.62, 9.59, 9.90]

(D)
Standard deviation

of power
at peak arrival time - [12.51, 9.91, 6.77, 6.03]

of nth cluster
(E)

Delay spread of [0.44, 0.42, 0.34] [0.11, 0.11, 0.14]
the nth cluster ×10−6 µs ×10−6 µs

(F)
α of the nth cluster [-32.48, -28.79, -26.09] [10.04, 5.38, 6.03]

obtained based on the ”(D) Standard deviation of power at the peak arrival time of the nth cluster”.

Furthermore, the power in the delay spreading direction was expected to conform to equation (6.2).

6.4.2 Simple evaluation method for 5G systems

This section describes a simple evaluation method for 5G systems considering single-input single-output

(SISO) transmission. Previously, the author developed a method to calculate the transmission rate and

throughput without performing the bit error rate (BER) calculation in the case of wireless LAN [140].

This method can also be extended to MIMO transmission, as described in the subsequent section.

The transmission rate of the 5G system was derived using the MATLAB 5G Toolbox [?]. First, the

relationship between the signal to noise ratio (SNR) and BER at 4.5 GHz (low SHF) and 28 GHz

(high SHF), when using the actual 5G system signal, was obtained. Subsequently, the relationship

between the SNR with BER = 10−7 or less, transmission rate, and coding rate was formulated. The

results are shown in Figs. 6.7 and 6.8. Table 6.3 summarizes the relationship between the modulation

method, coding rate, and SNR. NMOD and Rmax indicate the number of bits per symbol and coding

rate, respectively. It can be noted that when the QPSK (2-bits / symbol) coding rate = 0.12, the SNR
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Figure 6.6: Framework of the proposed model

operates at -5 dB. Moreover, when 256QAM (8-bits / symbol) is adopted with coding rate = 0.93, the

required SNR is 25 dB.

69



Figure 6.7: Relationship between SNR and BER (Sub-6-GHz, BW=100 MHz, NRB = 135

Figure 6.8: Relationship among SNR and BER (28 GHz, BW=100 MHz, NRB = 264)deg．
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Table 6.3: Relationship among modulation method, code rate, and SNR

MCS Index NMOD Rmax SNR SNR
(Sub-6) [dB] (28GHz) [dB]

0 2 0.12 -5.5 -5.3
1 2 0.19 -3.5 -3.4
2 2 0.3 -1.1 -1.2
3 2 0.44 0.9 0.9
4 2 0.59 2.7 2.6
5 4 0.37 4.6 4.4
6 4 0.42 5.5 5.5
7 4 0.48 6.5 6.4
8 4 0.54 7.5 7.4
9 4 0.6 8.4 8.3
10 4 0.64 9 8.9
11 6 0.46 10.2 10.1
12 6 0.5 11.2 11.2
13 6 0.55 12.2 12.1
14 6 0.6 13 12.9
15 6 0.65 14 13.9
16 6 0.7 15 14.8
17 6 0.75 15.9 15.9
18 6 0.8 17.1 16.8
19 6 0.85 17.9 17.8
20 8 0.67 18.9 18.8
21 8 0.69 19.6 19.4
22 8 0.74 20.5 20.4
23 8 0.78 21.7 21.6
24 8 0.82 22.6 22.5
25 8 0.86 23.7 23.5
26 8 0.9 24.5 24.3
27 8 0.93 25.6 25.4

Using the listed values, the transmission rate can be calculated by calculating the SNR through ray

tracing or measurement. In 3GPP standardization, the data rate C is calculated using the following

formula: [142].

C = NMIMO ×NMOD ×Rmax ×NRB × 12/Tsymbol

×(1−ROH)×RDL/UL. (6.3)

Table 6.4 presents the explanation of each parameter in equation (6.3) and the adopted value. The

values of NMOD and Rmax change depending on the modulation signal used in the 5G system and the

SNR obtained at a certain code rate.

6.4.3 Evaluation result

Fig. 6.9 illustrates the comparative evaluation of the actual measurement and proposed model con-

sidering the 5G system. The actual measurement and proposed model were virtually set to have the

following configurations: 1 transmission, 1 reception, 4 transmissions, 4 receptions, and 1 transmission,
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Table 6.4: Parameter values used in expression (6.3)

Parameters Description 4.5 GHz 28 GHz
NMIMO Number of MIMO streams 1 1
NMOD Bits per modulated symbol 2 ∼ 8 2 ∼ 8
Rmax Code rate 1/4 sim 5/6 1/4 ∼ 5/6
NRB Number of resource blocks

per CC 135 264
Tsymbol Time length per

1 OFDM symbol [µ sec] 17.8 8.93
ROH Overhead rate per

wireless frame 0.14 0.2
RDL/UL TDD DL / UL allocation rate 4/5 4/5

Figure 6.9: Actual measurement considering 5G system and simple evaluation of the proposed model

100 receptions. The uplink was evaluated. Specifications and parameters are based on the tables 6.1

and 6.2. In addition, the terminal position in the proposed model was set to match the measured

measurement point. Comparing the proposed model with the measured data rate at CDF 50%, the

difference between the 1 transmission 1 reception and 4 transmission 4 reception cases was within -0.15

Gbps. In addition, the data rates were nearly identical for the 100 receptions per transmission.
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6.5 Conclusion

Through a simulation based on the ray tracing method and prior experiments, it was confirmed that the

propagation characteristics of the high SHF band used in 5G systems are different from the conventional

propagation models such as i.i.d. Rayleigh fading. In addition, the model proposed by 3GPP involves

numerous parameters and is difficult to implement, necessitating the development of a propagation

model to easily evaluate a 5G system. Therefore, the author conducted propagation measurements

focusing on the arrival direction and delay time and proposed and evaluated a novel propagation model

focusing on clusters of radio waves. A cluster was extracted from the measurement results, and the

mean and variance of the parameters of that cluster were derived. The obtained parameters were

applied to a new proposed model, and a simple evaluation of the 5G system was performed. The

results indicated that the propagation characteristics of the proposed model were similar to those of

the actual measurement. However, in this study, only a certain environment was considered. In future

work, measurements and evaluations must be performed at various locations to further enhance the

approach.
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Chapter 7

Conclusion

In this paper, the following two are presentedgiven as guidelines tofor further speeding up MIMO

transmission.

• Use of high frequency band

• Increase in the number of transmitting and receiving elements

In this paper, the author described the studies conducted on Massive MIMO,. which is a system

based on this. Massive MIMO has the following characteristics, which are explained in this paper.and

in this paper, the author pays particular attention to them and explain them.

• Very large number of antenna elements

• Frequency is higher than conventional system

• Simultaneous Ccommunication is possible at the same time with multiple terminals with a small

numberamount of calculations

• Increased power consumption of base stations

In addition, there are many issues to be addressed to realize Massive MIMO , and these are as

follows.

• Digital / analog fusion control method (hardware / signal processing)

• Interference elimination and control signal amount reduction method (communication efficiency)

• Propagation analysis and model design

• Examination of antenna arrangement
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• Appropriate user selection

• Comprehensive evaluation of the system

Among these issues, in this paper, “”digital-analog fusion control method (hardware / signal pro-

cessing),”, “”interference elimination and control signal amount reduction method (communication

efficiency),”, and “”propagation model and model design” were examined.

First, in order to clarify the basic characteristics of Massive MIMO, the author evaluated Massive

MIMO based on the measured propagation channels. In the experiment, 19.55 GHz was used, and

the measurement as Massive MIMO was virtually performed by moving the base station antenna

horizontally 100 times. Based on the measurement results, the SINR of Massive MIMO assuming

full digital (ZF), full analog (MRC), and analog / digital hybrid was shown, and the effectiveness of

Massive MIMO usingby analog / digital hybrid was shown. In addition, the propagation characteristics

of the SHF band are different from the conventional propagation characteristics, and the incoming

signalswaves arrive in several clusters;, further,and the values of the 6th and 7th eigenvalues at the

time of seven7 transmissions are extreme in Massive MIMO. It was clarified that it decreased.became

smaller.

Next, regarding the “”digital-analog fusion control method,” which is the first issue of Massive

MIMO, the outline of the multi-beam Massive MIMO system that forms an analog multi-beam is shown

as the Massive MIMO system of the analog-digital hybrid. The author also proposed a signal processing

method that does not require CSISCI estimation in this system, and demonstrated its effectiveness.

After that, with respect toregarding the second method of Massive MIMO, the “”interference elimi-

nation and control signal amount reduction method,” the author proposed a signal identification method

using a CNN, which is a commonly used deep learningtypical method, of deep learning, and demon-

strated its effectiveness. It was. CNN is a method that is primarilymainly used for image identification,

and this is applied by consideringregarding the received signal as an image. When the SNR was ex-

tremely low, it was not possible to completely determine the interference of the modulation method

received signal with a large number of values. However, in the first place, when SNR is low in multi-

beam Massive MIMO, a modulation method with a large number of values is not used, so thus it was

clarified that it has sufficient processing capabilitiesjudgment ability when applied to this system.

Then, with respect toregarding the third issue of Massive MIMO, “”propagation analysis and model

design,” the author measured 28 GHz using radio waves, clarified the propagation characteristics, and

designed the propagation model. For the measurement results, the peaks of the clusters were detected
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using the k-means method, and parameters such as the peak power of the clusters, delay time, and

angular spread were derived based on the peaks. Based on these parameters, the author proposed a

new propagation model and simply evaluated it in 5G to show its effectiveness.
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