
論文 / 著書情報
Article / Book Information

題目(和文)

Title(English) Development of Versatile Channel Sounder for Multi-link MIMO
Channel Characterization at 11 GHz

著者(和文) 小西洋平

Author(English) Yohei Konishi

出典(和文)  学位:博士（工学）,
 学位授与機関:東京工業大学,
 報告番号:甲第9795号,
 授与年月日:2015年3月26日,
 学位の種別:課程博士,
 審査員:高田　潤一,山下　幸彦,鈴木　博,荒木　純道,府川　和彦

Citation(English)  Degree:,
 Conferring organization: Tokyo Institute of Technology,
 Report number:甲第9795号,
 Conferred date:2015/3/26,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Type(English)  Doctoral Thesis

Powered by T2R2 (Tokyo Institute Research Repository)

http://t2r2.star.titech.ac.jp/


Doctoral Dissertation

Development of Versatile Channel Sounder for

Multi-link MIMO Channel Characterization at

11 GHz

Yohei Konishi

Professor Jun-ichi Takada

Adviser

Department of International Development Engineering

Tokyo Institute of Technology

mailto:konishi@ap.ide.titech.ac.jp
mailto:takada@ide.titech.ac.jp
http://www.ide.titech.ac.jp/index.html
http://www.titech.ac.jp/






Acknowledgment

The Ministry of Internal Affairs and Communications of Japan is acknowl-

edged for supporting this research under the governmental project of “The

research and development project for expansion of radio spectrum resources”.

Foremost, I would like to express my sincere gratitude to Prof. Jun-ichi

Takada, my doctoral adviser, who allowed me to study in his laboratory and

continuously encouraged me by providing appropriate suggestions. I was

strongly inspired by his immense knowledge, passion for engineering research

and compassion for students.

I kindly appreciate my doctoral examination committee: Prof. Hiroshi

Suzuki, Prof. Kiyomichi Araki, Assoc. Prof. Kazuhiko Fukawa, Assoc. Prof. Yuk-

ihiko Yamashita, and Assoc. Prof. Kei Sakaguchi.

My thanks also goes to Asst. Prof. Minseok Kim, who directly instructed

me all the time during the channel sounder development. It was not only the

academic knowledge but also I learned a lot from his attitude on research.

To people from Suzuki-Fukawa laboratory, Asst. Prof. Satoshi Suyama,

Mr. Shunsuke Kato and Mr. Hiroyuki Fukuda: without their generous sup-

port through the calibration of transmission hardware, it would have been

impossible to realize the channel sounder.

To many members who worked together in the MIC project, Dr. Yuyuan

Chang, Ms. Yiang Miao, Mr. Boxing Gao, Mr. Yuta Maruichi, Mr. Pham

Hue Van, Mr. Pham Kinh Vun and Mr. Shizhi Zhang: I certainly believe

that the channel sounder would not be realized without your substantial





contributions.

To people from Takada laboratory, I was very happy to share time with

you in laboratory. I hope we could see in the future at somewhere in the

world, as the family of Takada laboratory.

My special gratitude goes to Prof. Toyohiko Ishihara, Dr. Keiji Goto

and Dr.Tohru Kawano of National Defense Academy. Their ideas and at-

titudes on the study of electromagnetic wave propagation lead me the field

of research. I also wish to thank people of Japan Grand Self-Defense force,

Ministry of Defense, Japan, for giving me this precious opportunity to study

at Tokyo Institute of Technology.

Last but not the least, I would like to thank my loving family Chie, Yukiko

and Kakeru. Your dedicated supports and smiles were the true driving force

of my study.





Abstract

The recent explosion of mobile Internet usage results in the need for higher

data rates in mobile applications. If this trend continued, it has projected

in [1] that data rates of several tens of Gbps will be required in the future

mobile systems. To achieve such a high data rates, use of multiple-input-

multiple-output (MIMO) technology with bandwidth of several hundreds of

MHz will be mandatory requirements. However due to the congestion of

conventional frequency spectrum used for mobile systems, it will be unavoid-

able to shifts the operating spectrum towards unoccupied higher microwave

bands.

On the other hand, achievable MIMO multiplexing gain in the real en-

vironment at higher frequency have not yet been fully revealed. Increase in

propagation and shadowing loss at higher frequency limits the communica-

tion coverage, so it may limits the available parallel propagation channels

due to the existence of significant line-of-sight (LoS) components. Moreover

the channel property will be more specific to individual environment. There-

fore, it should be necessary to characterize the channel properties in the field

measurement. In particular, the analysis and design of multi-link scenarios

such as mult-iuser MIMO and base station cooperation will be important to

compensate the reduction in MIMO independent paths. This requires more

sophisticated channel models of correlation among links and the ranks of the

channels.

The inherent motivation of this work is to implement wideband channel

sounding functionality to generic MIMO system testbed. This strategy en-
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ables simultaneous testing of transmission performance and MIMO channel

properties. In this regard, 24 × 24 MIMO channel sounder at 11 GHz is

developed based on a scalable fully-parallel MIMO architecture so that it

can be flexibly configured with 3 transmitter and 3 receiver casings. This

flexibility allows the measurement for various purposes including double-

directional channel modeling and investigation of multi-link MIMO commu-

nication systems. Implementation issues related to the multi-link operation

and the fully-parallel architecture are successfully solved by appropriate sys-

tem design and applying several calibration techniques. Performance of the

developed system is validated by various evaluation experiments. Finally,

multi-link channel characteristics in an indoor environment are investigated

utilizing the system developed in this study. The results demonstrate the ca-

pability of the system for channel modeling in future mobile communication

systems.
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Chapter 1

Introduction

1.1 Overview

The rapid growth of mobile Internet usage results in the demand for further

increase in data rate and system capacity. Although the use of multiple-

input-multiple-output (MIMO) transmission [2, 3, 4] is a promising solution

to improve spectral efficiency, its benefits rely on the uncorrelated fading

between antenna elements which will not always be satisfied in the prac-

tical systems (array is packed in a compact terminal) and environments

(ill-conditioned propagation channel). Moreover due to the congestion in

frequency spectrum under 5 GHz, spectrum shift toward higher frequency

bands will be one of the most possible solutions to satisfy the traffic demands

required [5]. At frequency bands above 6 GHz, increase in path loss and

shadowing loss will limit the cellular coverage, and radio channels received

at multiple antennas will be more correlated as illustrated in Figure 1.1. In

addition, influence of Doppler frequency shift in a dynamic radio environment

will also increase with the carrier frequency.

For these reasons, multi-link cooperative transmission technology is at-

tracting a lot of attention as a key enabler for high data-rate and high capac-

ity wireless systems in the fourth-generation (4G) [6] and beyond. Basically,

the concept of multi-link technology includes joint signal processing among
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Figure 1.1 Illustration of propagation channel properties when higher
frequency is utilized.

spatially distributed multiple user equipments (UEs) and/or base stations

(BSs), which provides more spatial diversity gain compared with conven-

tional single-link MIMO systems. Multi-user MIMO (MU-MIMO) [7] and

coordinated multi-point (CoMP) [8] networks which utilize the spatial diver-

sity among UEs and BSs, respectively, have recently attracted much interest

not only to satisfy the requirements in 4G but also for further performance

enhancement [9].

However, the performance of multi-link MIMO systems will be heavily

dependent on the level of channel correlation between different links [10, 11].

Moreover since each of the UEs and BSs will also be equipped with multi-

ple antennas, directional characterization both at transmitter (Tx) and re-

ceiver (Rx) is also important for the design of antenna arrays. Accordingly,

there must be a strong demand for a flexible and versatile measurement

system suitable for the purposes mentioned above. It should offer a more

detailed channel analysis from two important aspects of the evaluation of

MIMO transmissions system and the investigation of physical radio propa-

gation mechanisms.
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Tx Rx

Channel correlation between antennas 
cause rank-deficient MIMO channel 

Figure 1.2 Conventional single-link MIMO systems that utilize
multi-antenna adversity. Appropriate antenna design is
necessary to avoid signal correlations between antenna
elements.

1.2 Benefits of Multi-link MIMO Systems

Considering a MIMO system with Ntx antennas at the Tx, and Nrx antennas

at the Rx, the time-variant channel transfer function between the jth Tx

antenna and the ith Rx antenna is denoted by Hi,j(t, f), where t is the

observation time and f is the frequency. The MIMO channel matrix can be

written by

H(t, f) =


H11(t, f) H12(t, f) · · · H1Ntx(t, f)

H21(t, f) H22(t, f) · · · H2Ntx(t, f)

· · · · · · . . .
...

HNrx1(t, f) HNrx2(t, f) · · · HNrxNtx(t, f)

 . (1.1)

Theoretical channel capacity in fading channel derived in [4] is maximized

if all the elements of Hij are distributed as circular-symmetric complex-

Gaussian independent identically (i.i.d.). In this ideal channel condition, the

MIMO channel matrix becomes full-rank, hence simultaneously transmitted

multiple signal streams can be separated at receiver side (spatial multiplex-
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Figure 1.3 Multi-link MIMO systems that utilize spatial diversity among
spatially distributed transmitters and receivers.

ing). However, i.i.d. fading channel can not be always realized in practical

systems and environment where antenna elements can not be spaced so large,

especially at user equipments (Figure 1.2). Moreover, channel itself will be

rank-deficient when higher frequency is used since Tx and Rx link have to has

line-of-sight (LoS) like condition keeping required signal-to-noise-power-ratio

(SNR) to cover increased propagation loss.

In this regard, multi-link MIMO systems that exploit spatial diversity

among multiple UEs and/or BSs is attractive for the improvement of to-

tal system capacity. The benefits of multi-link MIMO systems come from

the reduced channel correlation among UEs and/or BSs thanks to scattered

UEs/BSs distribution.

It is obvious that multi-link MIMO gain over the single-link MIMO system

is still dependent on the level of inter-link correlation as shown in Figure 1.3,

where most of the existing studies assumed sufficiently low correlation be-

tween links. Although there exist several measurement-based evaluation to

confirm the benefit of multi-link MIMO system, channel models obtained

from channel sounding campaign are very limited [12, 13, 14] due to the lack

of multi-link MIMO channel sounder. In [14], multi-link correlation phenom-

ena in an indoor environment was investigated by using dual-link MIMO
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channel sounder [15]. The significance of common scatterers at two links

was identified as the cause of inter-link correlation. This concept should be

confirmed in various channel environments and system configurations.

1.3 Prior Studies

To date, a lot of measurement systems for the evaluation of MIMO wire-

less applications have been developed. Basically, the hardware architecture

determines the fundamental capability of channel sounder. The most com-

monly used architecture is the switched array system which consists of single

Tx and single Rx RF ports, and they are shared among the array antennas

with RF multiplexer (e.g. [16]). Although switching sounder significantly

reduces cost and complexity, the number of antennas to be switched usually

limits the channel acquisition rates, thus the measurement in some environ-

ments with high Doppler frequency is difficult to be managed. The trade-off

between the measurement speed (MIMO snapshot rate) and hardware com-

plexity in various channel sounder architecture is shown in Figure 1.4. The

drawback can be avoided by using parallel architecture at receiver side. Ob-

viously, Nrx channels at the receiver can be simultaneously measured, so

the measurement time can be reduced by 1/Nrx of switching sounder. The

MIMO snapshot rate must be first enough since it determines the measurable

Doppler frequency due to the time-variant radio channel. Moreover as shown

in Figure 1.5, the influence of Doppler shift will be increased according to the

center frequency. It should be noted that simultaneous transmission can not

reduce the measurement time to keep the orthogonality of transmission sig-

nals. Therefore, the use of fully-parallel MIMO architecture is considered as

the optimal architecture when only the single-link measurement is targeted.

However, the same hardware can be utilized in fully-parallel channel sounder

for both transmission evaluation and channel sounding simultaneously.

Existing channel measurement systems can be classified into two cate-

gories as follows based on the purpose of evaluation.
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Most of the multi-dimensional
 channel sounder

MIMO testbed

Figure 1.4 Comparison of sounder architecture in terms of MIMO
snapshot rate and hardware complexity.

1. MIMO system testbeds

MIMO testbeds focus on the performance evaluation of specific MIMO

transmission systems. It basically requires real-time processing based

on fully-parallel MIMO architecture for the practical evaluation of

transmission performances. Although the same hardware can be uti-

lized for the channel sounding purpose as in [17, 18, 19], directional

channel estimation has never been considered in fully-parallel architec-

ture due to its hardware complexity. Moreover, there exist several prac-

tical issues to fictionalize generic MIMO testbed into channel sounder,

such as synchronization between transmitter (Tx) and receiver (Rx)

and back-to-back calibration to remove the influence of hardware from

measured channel transfer characteristics.

2. Multi-dimensional MIMO channel sounders

Multi-dimensional channel sounders [20] focus on the investigation of

physical radio propagation mechanisms. Fully-switched array architec-
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Figure 1.5 Requirement of MIMO snapshot rate to measure Doppler
effect.

ture that has a single radio front-end at both sides of Tx and Rx has

been widely employed (e.g. [16, 21, 22, 23]) due to its cost-effectiveness,

simple hardware implementation and easy calibration [24]. Such sys-

tems realize the double-directional analysis of propagation channel [25],

but are mainly designed for the point-to-point MIMO channel charac-

terization due to the difficulty in synchronization among multiple links.

Also in the fully-switching architecture, temporal channel acquisition

rate is usually limited by the time for array switching, hence the mea-

surable maximum Doppler frequency will be restricted.

3. Measurement Systems for Multi-link Wireless Applications

Figure 1.6 shows the currently proposed multi-link channel measure-

ment techniques.

(a) Single sounder sequential measurement
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Tx Rx
Rx

Rx
Tx

Tx repetition

(a) Sequential multi-link measurement. Use single channel
sounder and repeat the measurement by moving equip-
ments. The selected measurement points are treated
as multiple Txs or Rxs.

Tx Rx

(b) Distributed antenna technique. Use single channel
sounder but distribute antenna array via long RF ca-
bles.

Tx Rx
Rx

Rx
Tx

Tx
(c) Real-time multi-link measurement. Multiple channel

sounders are required.

Figure 1.6 Schematics of several multi-link measurement techniques.
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(b) Distributed antenna measurement

(c) Synchronized simultaneous measurement using multiple channel

sounders

Testbeds for multi-link MIMO networks have also been developed to

evaluate multi-link cooperation gain in practical environments e.g. [26,

27, 28, 29, 30]. The required level of synchronization (time, frequency

and phase) basically depends on the selected cooperation scheme. For

example, joint transmission and/or reception in CoMP networks re-

quire precise phase synchronization among BSs. It can be realized ei-

ther by central processing unit with remote radio heads (RRHs) [26] or

by sharing a common carrier among BSs via optical fibers. However, it

significantly increases the development cost, and also limits the flexibil-

ity to evaluate various measurement environments. A channel sounder

for the double-directional channel investigations of multiple links was

reported in [15]. The system is composed of two individually developed

fully-switching MIMO channel sounders (single Tx and two Rxs). Fre-

quency synchronization is achieved by a highly stable atomic oscillator

which is used as the reference for local oscillators (LO) at each of the

distributed devices. Array switching sequences are not synchronized

since two Rxs are individually designed. This timing offset at two Rxs

can be estimated and removed in post-processing thanks to the same

switching periods at Rxs (both of Rxs have same elements of array). Al-

though its capability in estimating directional channel both at Tx and

Rx with high resolution is valuable, the single Tx dual-link scenario will

not be enough to cover a large variety of multi-link scenarios including

MU-MIMO (i.e. distributed UEs) and CoMP (distributed BSs) net-

works. Several multi-link channel measurement techniques have also

been proposed as summarized in [11] for some limited measurement

scenarios. In [31] and [32], multi-link channel measurements were real-

ized based on a single sounder distributed antenna technique. In this

method, frequency and phase synchronization can be achieved by con-

necting multiple antenna arrays to single MIMO sounder via RF cables.
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However, the measurement range is restricted by the loss in RF cables,

so the applicable measurement scenarios are limited.

In summary of prior studies, specifications of existing channel sounders

used in multi-link measurements are summarized in Table 1.1. It is clear

that although there exist many measurement systems focusing on transmis-

sion performance evaluation of MIMO systems or investigation of MIMO

propagation mechanisms, no system can be found covering both the aspects

of transmission evaluation and physical radio channel. Only the multi-link

channel sounder capable of investigating physical radio propagation mecha-

nism developed by the collaboration ob Lund and Aalt universities [15], sys-

tem flexibility is very limited so the evaluation of various multi-link MIMO

applications to be considered in future wireless communication systems is

still difficult.

It should be also noted that all of the prior studies focused on the fre-

quency bands between 2 - 5 GHz, and usability of MIMO applications at

unused higher microwave band above 6 GHz is not sufficiently investigated,

where both of the transmission performance and influencing propagation

properties will be different from lower frequency bands.

1.4 Motivations for Study

As described in Section 1.1, there is a strong demand on the significant

system capacity improvement in 4G and beyond. There are several novel

transmission technologies such as conventional MIMO and multi-link MIMO,

and utilization of higher frequency spectrum. However, since the benefits of

MIMO transmission result from spatial diversity which depends on the char-

acteristics of physical propagation channel and operating frequency band,

radio channel have to be sufficiently investigated for the proper system de-

sign and development. Therefore, one of the strong motivation of this thesis

is to contribute the realization of 4G and beyond from the view point of radio

channel propagation.
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Table 1.1 Specifications of Existing Sounders used in Multi-link
Measurements.

Parameter LU-Aalt (RUSK) [15] Eurocom EMOS [33] RUSK-Stanford [34]
Center frequency 5.3 GHz 800 MHz, 1.9 GHz 2.45 GHz

Bandwidth 120 MHz 4.8 MHz 240 MHz
Transmit power 30 dBm 30 dBm N/A

Architecture switching parallel switching
Num. of Tx antenna 30 4 8
Num. of Rx antenna 30 2 8
MIMO snapshot rate 25.4 Hz 375 Hz N/A

Synchronization Rubidium over-the-air Rubidium
Multi-link mea. method real-time real-time distributed ant.

cont’d

RUSK-Ilmenau [35] EASY-C (Berlin) [36] EASY-C (Dresden) [36] Titech. (this thesis)
2.53 GHz 2.53 GHz 2.53 GHz 11 GHz
80 MHz 20 MHz 21.25 MHz 400 MHz
46 dBm 41 dBm 41 dBm 23.8 dBm

switching parallel parallel parallel
16 16 2 24 (8)
48 10 16 24 (8)

75 Hz 500 Hz 1150 Hz 3400 Hz
Rubidium optical fiber GPS Cesium
sequential real-time real-time sequential (real-time)

From the view point of engineering research, role of measurement-based

radio channel characterization for several research fields such as service op-

eration, transmission scheme and antenna, have to be clearly determined in

the design of MIMO channel sounder. Basically, the service operators are

interested in site-specific channel properties, while stochastic channel models

generalized as mathematical form derived at a cost of reality are required for

the development of transmission scheme. However when higher frequency

is used where channel properties will be much different in individual envi-

ronments (i.e. it may be difficult to develop channel model for canonical

environments such as urban, rural etc.), the importance of measurement-

based channel characterization is solid in every aspects of system develop-

ments including hardware implementation. Contributions to every aspects

of transmission performance evaluation, antenna design and hardware imple-
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mentation is also the motivation of this thesis.

1.5 Problem Statement

Based on the review of prior studies related to the evaluation of MIMO system

performance and the investigation of propagation channel, novel architecture

and channel sounder are identified as essential for the practical development

of multi-link MIMO communication systems. Use of fully-parallel MIMO

architecture in channel sounder that is advantageous in extensibility to the

transmission evaluation is adopted in this thesis, but several practical issues

have to be solved as follows.

• Synchronization method among spatially distributed devices

• Choice of frequency reference source for channel sounding purpose and

its actual performance

• Design of hardware performance to be used and its actual performance

• Compensation method for hardware imperfections and its simple im-

plementation for field measurement

• Development of back-to-back calibration technique for fully-parallel

MIMO sounder

1.6 Objectives

The goal of this thesis is to develop channel sounder for multi-link MIMO

channel characterization at 11 GHz with 400 MHz bandwidth. The system

has to be flexible for the evaluation of various multi-link scenarios which

is under consideration as candidate technologies in 4G and beyond. More

specifically, the system should be capable of measuring both of the transmis-

sion performance and physical propagation mechanism, due to the expected
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channel properties at 11 GHz which is sensitive to the individual environ-

ments. By applying the comparative analysis on the observed MIMO trans-

mission performance and identified propagation mechanism, channel param-

eters and physical propagation phenomena critical to the multi-link MIMO

transmission systems can be clarified.

The thesis particularly focuses on the implementation of hardware and

verification of system performance that clarify the actual pros and cons of

proposed fully-parallel MIMO channel sounder architecture. Besides the ar-

chitectural discussions, achievable hardware performance at 11 GHz with

400 MHz bandwidth and its impact on channel sounder performance have

to be evaluated. Since the developed channel sounder shares the hardware

architecture with generic transmission system, this evaluation is directly com-

parable in the development of MIMO transmission systems at 11 GHz with

400 MHz bandwidth.

1.7 Limitations of this Thesis

Despite the sufficient channel sounder performance verified in this thesis,

there exists several limitations that are remained as future considerations.

• Compensation of frequency dependent hardware imperfection

In the implemented hardware compensation techniques for baseband

circuits and RF analog-front-end, the imperfections are assumed to be

frequency independent across system bandwidth of 400 MHz.

• Compensation of non-linear distortion in RF analog-front-end

In the system performance evaluation, relatively significant 2nd har-

monic was observed. The compensation of this non-linear distortion

was not considered in this study since the level of the distortion was

sufficiently small.
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1.8 Related Works

It should be noted that the channel sounder described in this thesis was

realized thanks to a lot of related works. Since it was impossible to include

all the achievements from the related works, representative references are

listed as follows.

• Scalable channel sounding scheme and system design [37]

Scalable channel sounding technique for a fully parallel transceiver

architecture that employs a layered scheme of frequency and space-

time division multiplexing is based on this work. The influence of

the transceiver imperfections on the measurement accuracy is also dis-

cussed based on the computer simulation which provided the desired

compensation quality.

• Automatic IQ imbalance compensation technique for quadrature mod-

ulator [38]

An automatic IQ imbalance compensation technique for quadrature

modulators by using spectrum analyzer and feedback control is based

on this work.

1.9 Overview of this Thesis

The rest of the dissertation is organized as follows.

Chapter 2: Measurement Systems for MIMO Applications

Implementation issues to realize multi-link fully-parallel MIMO channel sounder

is presented based on the detailed review of existing measurement systems

including MIMO system testbed, multi-dimensional MIMO channel sounder

and multi-link MIMO evaluation systems. Design considerations for multi-

link MIMO channel sounder to be developed are also discussed in terms

of hardware architecture and synchronization method. By presenting the
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proposed scalable fully-parallel MIMO sounder architecture and flexible syn-

chronization method, pros and cons of the proposed system architecture is

also discussed in this chapter.

Chapter 3: System Implementation

This chapter presents main contribution of this thesis, realization of channel

sounder for multi-link MIMO channel characterization. Implemented chan-

nel sounding methodology, realized hardware components and calibration

method are described together with the methodology for synchronized data

acquisition among spatially distributed receivers.

Chapter 4: Performance Evaluation

Results of performance evaluation tests are presented. Influence of separated

frequency references at Tx and Rx systems, phase noise stability and receiver

sensitivity were evaluated. To verify the total system performance after ap-

plying several compensation techniques for hardware imperfection and back-

to-back calibration, measurement results were compared with commercial

vector network analyzer (VNA).

Chapter 5: Measurement Campaign

Results from indoor measurement campaign using the developed channel

sounder are presented. The measurement aimed at testing the developed

system in practical measurement environment, and demonstrating the system

capability.

Chapter 6: Conclusion

The achievement and contributions of this work are summarized. Several

considerations in the future research are also presented for the further uti-

lization of the achievements in this thesis.
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Chapter 2

Measurement Systems for

MIMO Applications

2.1 Existing Measurement Systems

This section provides the detailed review of existing channel measurement

systems. Based on the brief discussion in Chapter 1, MIMO system testbed

and multi-dimensional MIMO channel sounder are first investigated. Then,

existing multi-link measurement techniques are discussed for the appropriate

system design in this thesis.

2.1.1 MIMO System Testbed

MIMO testbeds focus on the performance evaluation of specific MIMO trans-

mission systems. It basically requires real-time processing based on fully-

parallel MIMO architecture for the practical evaluation of transmission per-

formances. Although the same hardware can be utilized for the channel

sounding purpose as in [17, 18, 19], directional channel estimation has never

been considered in fully-parallel architecture due to its hardware complexity.

Testbeds for multi-link MIMO networks have also been developed to eval-

uate multi-link cooperation gain in practical environments e.g. [26, 27, 28,
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29, 30]. The required level of synchronization (time, frequency and phase)

basically depends on the selected cooperation scheme. For example, joint

transmission and/or reception in CoMP networks require precise phase syn-

chronization among BSs. It can be realized either by central processing unit

with remote radio heads (RRHs) [26] or by sharing a common carrier among

BSs via optical fibers. However, it significantly increases the development

cost, and also limits the flexibility to evaluate various measurement environ-

ments.

2.1.2 Multi-dimensional MIMO Channel Sounder

Multi-dimensional channel sounders [20] focus on the investigation of phys-

ical radio propagation mechanisms. Fully-switched array architecture that

has a single radio front-end at both sides of Tx and Rx has been widely

employed (e.g. [16, 21, 22, 23]) due to its cost-effectiveness, simple hardware

implementation and easy calibration [24]. Such systems realize the double-

directional analysis of propagation channel [25], but are mainly designed for

the point-to-point MIMO channel characterization due to the difficulty in

synchronization among multiple links. Also in the fully-switching architec-

ture, temporal channel acquisition rate is usually limited by the time for

array switching, hence the measurable maximum Doppler frequency will be

restricted.

2.1.3 Multi-link Channel Sounding Techniques

A channel sounder for the double-directional channel investigations of mul-

tiple links was reported in [15]. The system is composed of two individually

developed fully-switching MIMO channel sounders (single Tx and two Rxs).

Frequency synchronization is achieved by a highly stable atomic oscillator

which is used as the reference for local oscillators (LO) at each of the dis-

tributed devices. Array switching sequences are not synchronized since two

Rxs are individually designed. This timing offset at two Rxs can be esti-
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mated and removed in post-processing thanks to the same switching periods

at Rxs (both of Rxs have same elements of array). Although its capability

in estimating directional channel both at Tx and Rx with high resolution is

valuable, the single Tx dual-link scenario will not be enough to cover a large

variety of multi-link scenarios including MU-MIMO (i.e. distributed UEs)

and CoMP (distributed BSs) networks.

Several multi-link channel measurement techniques have also been pro-

posed as summarized in [11] for some limited measurement scenarios. In [31]

and [32], multi-link channel measurements were realized based on a single

sounder distributed antenna technique. In this method, frequency and phase

synchronization can be achieved by connecting multiple antenna arrays to

single MIMO sounder via RF cables. However, the measurement range is

restricted by the loss in RF cables, so the applicable measurement scenarios

are limited.
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2.2 Design Considerations for Multi-link MIMO

Channel Sounder

#1 #2 ... #8
...

Tx-1

Single-link setup
double-directional measurements

#1 #2 ... #24
...

Rx

#1 #2 ... #24
...

Tx

#1 #2 ... #8
...

Tx-2

#1 #2 ... #8
...

Tx-3

#1 #2 ... #8
...

Rx-1

#1 #2 ... #8
...

Rx-2

#1 #2 ... #8
...

Rx-3

Multi-link setup
synchronized multi-link measurements

Figure 2.1 Scalable architecture for double-directional and multi-link
measurements.

2.2.1 Choice of Hardware Architecture

The problem identified through the review of prior studies was that exist-

ing systems focus either on transmission aspect or on propagation aspect

only. However at higher operating frequency, inter-relation of transmission

performance and physical propagation phenomena need to be investigated in

detail. For this reason, fully-parallel MIMO architecture was adopted for the

channel sounder developed in this thesis. In parallel architecture, hardware

calibration have to be carefully conducted to obtain the accurate channel

estimates. Also there is two important practical issues that are not requisite

in transmission system as follows.
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1. Precise synchronization between Tx and Rx

This is to estimate the absolute propagation delay and also for the

directional estimation, precise synchronization is required in channel

sounder. This is not the case in transmission system where delay due

to the propagation channel is not the parameter of interest, hence the

influence can be compensated using know training signals.

2. Back-to-back calibration

This is to remove the influence of system hardware from measured chan-

nel. Back-to-back calibration becomes significantly difficult in fully-

parallel architecture since all the combination of Tx-Rx RF port pairs

must be connected one-by-one.

Despite its huge hardware complexity, the use of fully-parallel architecture

realize the flexibility in evaluation of various multi-link MIMO scenarios. Ac-

cordingly, scalable modular-based channel sounder architecture is proposed

as shown in Figure 2.1.

2.2.2 Choice of Synchronization Method

As briefly described in Sect. 1.1, the level of required synchronization de-

pends on the channel parameters to be measured. Basically, precise syn-

chronization in time and frequency are essential in any channel sounder for

the estimation of absolute propagation delay and accurate TF estimation

processing, respectively. It can be simply realized by using a highly stable

atomic oscillator as reference for system clocks and RF carriers at separated

devices. Although the phase-synchronized setup provides best accuracy in

estimated TF neglecting the influence of system PN by sharing common

LO or distributed antenna technique, it is not realistic in channel sounders

where various measurement scenarios have to be investigated. In this regard,

optimal synchronization setups for multi-link and directional measurements

are proposed as follows. Schematics of synchronization setups are shown in

Fig. 2.2.
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(a) Multi-link measurement
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10MHz
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(b) Directional measurement

Figure 2.2 Synchronization setups for multi-link and directional
measurements.

• Multi-link measurement setup [Fig. 2.2(a)]

To enable the spatial separation of multiple Txs and Rxs, each of the

casings needs to own individual LO while the reference signal from

atomic oscillator can be shared within transmit or receive system since

cable loss at 10 MHz can be negligible. Since directional estimation is

not considered in this setup, the requirements on LO in terms of PN

performance can be relaxed although the error in Doppler estimation

is inevitable. Instead, multiple LOs within transmit or receive system

should have comparable PN performances to minimize the influence of

system PN imbalance which result in different TF estimation qualities

at multiple casings.

• Directional measurement setup [Fig. 2.2(b)]
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For the double-directional measurement, precise phase synchronization

is required both at Tx and Rx. Since PN can be one of a major source

of directional estimation error as reported in [39], high-precision LO

is desired in this setup. Particularly the characteristics of PN should

be analyzed in terms of standard deviation and phase drift during the

symbol length to be processed. It should be noted that required level of

synchronization in the directional setup corresponds to the joint proces-

sing in CoMP network. However, phase drift compensation technique

which is commonly used in data transmission systems can not be ap-

plied in channel sounding since it is impossible to distinguish between

phase drifts due to the propagation channel and phase drifts due to the

system PN.

When considering the whole measurement duration of about several hours,

system clock phases at transmit and receive systems may also shift due to

the slight frequency offset between separated reference sources. The influence

should be evaluated in terms of error in estimated absolute delay.

2.2.3 Scalable Sounder based on Fully-Parallel Archi-

tecture

To measure Nrx × Ntx MIMO channel matrix, multiplexing techniques are

utilized to separate all transmitted signals from multiple antennas at receiver

side. Basically, TDM (time division multiplexing), FDM (frequency division

multiplexing) and CDM (code division multiplexing) schemes can be ap-

propriately chosen depending on the system architecture. In this thesis,t o

realize the scalability in probing symbol for MIMO channel TF estimation,

FDM-STDM layered multiplexing proposed in [37] was implemented. The

designed sounding parameters and resulting capabilities are summarized in

Table 2.1, together with the symbol notations used throughout this paper.

Fig. 2.3 shows the structure of probing signal frame which provides the sin-

gle set of Nrx × Ntx MIMO channel matrix estimates (commonly called as

snapshot).
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Table 2.1 Sounding Parameters and Resulting Capabilities

System configuration
No. antennas/casing (2NA) 8
No. Tx casings (NUtx/2) 1, 2, 3
No. Rx casings (NUrx/2) 1, 2, 3
No. Tx antennas (Ntx) 8, 16, 24
No. Rx antennas (Nrx) 8, 16, 24

Probing signal parameters (unit symbol)
Waveform Wideband multitone

(with Newman phase [37])
No. FFT points (Nf ) 4096
No. multitones (N) 2048
Signal bandwidth (2B) 400 MHz
Tone separation (∆F ) 195.31 kHz

Frame format
Symbol length (Tsym) 5.12 µs
GI length (TGI) 1 µs
FDM order (= NA) 4
TDM order (= NUtx) 6
FDM frequency shift (∆f ) 48.83 kHz
Frame length (Tframe)

† 48.96, 97.92, 146.88µs

Sounder capabilities
Time delay resolution (= 1/2B) 2.5 ns
Max. delay (τmax) 5.12 µs
Max. Doppler freq. (fD,max)

† 10.21, 5.11, 3.40 kHz
† for Ntx = 8, 16, 24

Multitone signal is often used to measure the channel response over a

wide frequency range. Similarly to orthogonal frequency division multi-

plexing (OFDM), multi-tone signal is advantageous over the single carrier

pseudo random sequence from the viewpoint of the spectrum efficiency al-

though peak-to-average power ratio (PAPR) is higher. A method to mini-

mize PAPR of multitone signals by introducing the Newman phase condition

was proposed in [37]. The complex baseband multitone signal with Newman

phase is given by





1

2
GI

3

4  

: Tone separation

: FDM freq. shift

...

...
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Figure 2.3 Frame format based on the FDM-STDM layered multiplexing.

m(t) =
1√
N

N−1∑
n=0

exp(j2πn∆F t+ jϕ(n)) (2.1)

where n and ϕ(n) = n2π/N are the frequency and Newman phase of the

n-th tone, respectively. N is the number of tones to be allocated over the

given frequency band and ∆F is the carrier spacing. Multitone signal of (1)

is frequency shifted for the amount of ∆f = ∆F/NA to ensure the orthogo-

nality among tones. Resulting sounding symbol for the k-th FDM channel is

represented following and transmitted from the k-th Tx antenna.

s(k)(t) = m(t) exp(j2π(k − 1)∆f ), k = 1, · · · , NA (2.2)

For the multi-link measurement, STDM technique by transmit beamform-

ing is also utilized. One STDM symbol consists of multitone signal with the

length equal to the inverse of the FDM tone separation ∆F . The beamform-

ing weighted sounding symbols are represented by

x(k)
n (t) = wns

(k)(t) (2.3)
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where wn ∈ CNUtx×1 is the transmit orthonormal beamforming weight vector

for n-th TDM slot. On the other hand, the received signal for each of TDM

slot can be represented in frequency domain as

Y (k)(f) = H(k)(f)W (f)S(k)(f) + N (f) (2.4)

where W (f), S(k)(f) and N (f) denote the Fourier transforms of the weight-

ing vector, FDM symbol s(k)(t) and white Gaussian noise process n(t). Single

FDM symbol can be obtained by Ý (f) = Ý (k)(f) W−1. Here, the received

signal Ỹ (f) contains all the subcarrier components mixed through propa-

gation channel. By using known transmitted FDM signal X(k)(f), channel

matrix can be estimated by

H̃(f) = Ỹ (f)X(k)(f)H (2.5)

where H denotes the complex conjugate operator. Note that the estimated

channel matrix of H̃(f) includes the characteristics of measurement system,

and it can be removed by calibration process described in latter chapter.

Four transmitting signals within the same unit are multiplexed by FDM

and then the signals of the same FDM channel from six different units are

generated by orthogonal beamforming over six consecutive symbols. The

STDM provides the additional processing gain compared with conventional

TDM method in fully-switching architecture. Although the probing signal

format can be scalable in units of 4, a single casing of the actual devel-

oped system consists of 8 RF ports for convenience in hardware realiza-

tion. Accordingly, the resulting frame length for the 24 Txs configuration

becomes Tframe = 146.88 µs. The frame length Tframe determines the maxi-

mum Doppler frequency can be estimated from the continuous measurement,

since its inverse frep = 1/Tframe corresponds to the channel sampling rate in

the real-time t-domain. To satisfy the sampling theorem to avoid aliasing,

the Doppler frequency can be managed becomes
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fD <
1

2
frep (2.6)

Hence, maximum Doppler frequency of 1/2Tframe = 3.40 kHz can be man-

aged.

2.3 Summary

In this chapter, a scalable channel sounding technique was described based

on the review of existing studies. The use of fully-parallel MIMO architecture

realize the flexibility for directional measurement by combining casings and

for multi-link MIMO measurement by separating casings. The flexibility

allows the the evaluation of various multi-link scenarios with knowledge of

physical propagation mechanism that is beneficial for understanding observed

multi-link MIMO transmission performance and channel modeling.

A scalable multiplexing scheme based on the FDM-STDM hybrid multi-

plexing was also described. In this scheme, measurable Doppler frequency

shift of 3.4 kHz is achieved thanks to the parallel architecture. This is high

enough to investigate time-variant radio channel even at 11 GHz frequency

band. However in a practical system, continuous signal acquisition is limited

to about 1.3 seconds with current memory capacity. This is because the fast

sampling rate of 800 MHz at each of 24 parallel receiver chains. In this re-

gard, time-grid acquisition is implemented, and the detail is described in the

next Chapter.
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Chapter 3

System Implementation

3.1 Introduction

This chapter presents the implementation of scalable channel sounder de-

signed in previous chapter. The schematic diagram of the overall system is

shown in Fig. 3.1. Each Tx and Rx system is composed of 3 casings with

8 RF ports, laptop PC for casing control and Cesium frequency standard for

synchronization. System control and TF estimation processing were imple-

mented in C language. The remote laptop PCs can connect to the CPU of

each casing via Ethernet/WiFi network for setting up the sounding param-

eters and checking estimated results on site. The details of the developed

system is described in the following sections.

3.2 Choice of Frequency Reference Source

The performances of the frequency reference source and the LO are the funda-

mental element in channel sounder design. The principle of the synchroniza-

tion is shown in 3.2. Frequency offset between Tx and Rx causes long-term

phase drift, thus limiting the estimation accuracy in Doppler frequency shift

and absolute delay of propagation paths. The required accuracy and stability
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of the frequency reference should be determined by the resulting frequency

offset in 11 GHz carrier frequency, since every LO is driven by a 10 MHz

output of a reference oscillator. Here, the performance of Rubidium [40] and

Cesium [41] oscillators are compared among commercially available products.

As shown in Tab. 3.1, the typical performances of Rubidium and Cesium fre-

quency standards are in order of 10−11 and 10−13 in frequency accuracy (with

consideration of stability within < 100 s) and resulting phase drift at 11 GHz

can be calculated as 36◦/s and 0.36◦/s, respectively. It is clear that even with-

out considering the influence of PN at LO, the use of Rubidium results in

significant phase drift at 11 GHz. Accordingly, Cesium frequency standard

was selected in the developed channel sounder. It enables the complete sepa-

ration of Tx and Rx systems with acceptable system phase drift, and realize

the flexibility in measurement including outdoor large scale scenarios.

RF front-end

DAC

Trig. Generator

CPU

RF front-end

DAC

Trig. Generator

CPU

RF front-end

DAC

Trig. Generator

CPU

RF front-end

ADC

Trig. Generator

CPU

RF front-end

ADC

Trig. Generator

CPU

RF front-end

ADC

Trig. Generator

CPU

Cesium freq. standard Cesium freq. standard

10MHz ref.10MHz ref.
Hub Hub

Ethernet / WiFi
Network

Tx control PC Rx control PC

Tx - 1
(ch. 1~8)

Tx - 2
(ch. 9~16)

Tx - 3
(ch. 17~24)

Rx - 1
(ch. 1~8)

Rx - 2
(ch. 9~16)

Rx - 3
(ch. 17~24)

Figure 3.1 Schematic diagram of 24× 24 scalable MIMO channel
sounder.
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RF carrier
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Figure 3.2 Synchronization principle of general channl sounder.

Table 3.1 Performance of the commercially available frequency standard.

Precision at 10 MHz Phase drift at 11 GHz
Rubidium [40] ±1.0× 10E−11 Hz 36 deg./sec.
Cesium [41] ±1.0× 10E−13 Hz 0.36 deg./sec.

3.3 System Implementation

3.3.1 Developed Hardware Components

3.3.1.1 8× 8 MIMO Channel Sounder

Each of the Tx and Rx casings that consists of 8 parallel transmit or receive

chains, respectively, was implemented based on the generic software defined

radio (SDR) platform [42]. The platform is also utilized as a 8 × 8 MIMO-

OFDM experimental system in [47]. Fundamental specifications of the 8 ×
8 MIMO channel sounder are summarized in Table 3.2. Figs. 3.3 and 3.4 are

the block diagrams and photos of the casing, respectively. The whole system

is composed of three sets of 8× 8 MIMO channel sounders.
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Table 3.2 System Specifications

Base platform (TD-SPP3000 [42])
Casing CompactPCI (6U)
No. slots 10

Baseband Circuit
Sampling rate 800 MHz
FPGA (Xilinx Inc.) Virtex-5 VLX110T [43]
DAC (Texas Instruments Inc.) 16 bit, 1 GSPS (DAC5682 [44])
ADC (Texas Instruments Inc.) 12 bit, 1 GSPS (ADS5400 [45])
Delay chip (ON Semiconductor) 10 ps step (MC10EP195 [46])
Waveform memory 1 G samples / channel

RF Front-end
Architecture direct-conversion
Center frequency 11 GHz
Cut off freq. at LPF 250 MHz
Transmit power / ant. 10 mW
PA gain −3 ∼ +17 dB (Tx)

+33 ∼ +57 dB (Rx)

The casing is based on a compact PCI (cPCI) standard [48], and ten 6U

(160mm × 233 mm) cPCI boards can be packed in a single casing. A CPU

board for transmit/receive processing, clock-trigger board for sampling clock

and trigger pulse generation, four DAC/ADC boards and two RF up/down

converter boards are installed in a Tx/Rx casing, respectively. All the system

clocks within the casing are generated from the 10 MHz reference signal from

the external Cesium oscillator for synchronization. An 11 GHz carrier can be

generated at each casing by an internal synthesizer module. However due to

the space limitation, PN performance of the internal LO could not be so high

(−60 dBc/Hz @ 1 kHz offset), and its influence on TF estimation accuracy

was identified as significant. To avoid this issue, an external high-precision

LO was developed based on the design guidelines proposed in [37]. The

detailed PN performance of the developed LOs is presented in Chapter 4..

The trigger pulses synchronize transmission and reception timing of sound-
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Figure 3.4 Photos of single casing for (a) Tx and (b) Rx.

ing frames. All the trigger pulses at 3 Tx and 3 Rx casings are first synchro-

nized during the calibration process automatically by connecting each other

via cables. Trigger pulse synchronization can be maintained within the sta-

bility of reference signal from Cesium oscillator, and actual synchronization

performance and its impact on channel sounding is evaluated in the perfor-

mance evaluation section in Chapter 4. The FPGA on the DAC/ADC board

serves as the interface among peripheral circuits (i.e. DAC/ADC, waveform

memory and PCI bus), and transmission and reception are processed at the

CPU. Programmable delay chips can control the 800 MHz sampling clocks

with 10 ps precision, and calibrate the timing mismatch (skew) of outputs

from DACs and ADCs. At the Rx casings, each receive chain is equipped

with memory as temporary storage for the received waveforms.

As for the RF analog front-end, both of the quadrature up and down-

converters are developed based on a direct-conversion architecture due to

the advantages in low-cost and small-size implementation. However, the

direct-conversion architecture is usually sensitive to the IQI and carrier leak-

age problems [49], and digital compensation is necessary. Details of the

implemented technique is described in Chapter 4.
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3.3.1.2 Antenna Array

Two types of antennas were developed for two purposes, directional measure-

ments (Fig. 3.5) and MIMO performance evaluation (Fig. 3.6). Both of the

antennas are composed of dual-polarized (vertical and horizontal) elements

so that polarized MIMO channel behavior could be measured. The complex

spherical radiation patterns of 12-elements uniform circular array (UCA) was

carefully measured in an anechoic chamber to enable the directional estima-

tion by means of beamforming and maximum likelihood parameter estima-

tion. The angular resolution of the UCA is about 23 ◦ as shown in Fig. 3.7

which is defined as the half-power beam width (HPBW) calculated when

the every elements were assumed as omni-directional and beam forming is

applied into 0 ◦ direction. The radiation pattern of the single element of the

UCA measured in an anechoic chamber is also shown in Fig. 3.8 for each

of the polarization pairs. For the MIMO performance evaluation, an omni-

directional sleeve antenna (4 dBi) and sector antenna (15 dBi) with HPBW

of 65◦ can be selected to compose antenna array in Fig. 3.6. The orienta-

tion and inter-element spacing can be flexibly changed for the evaluation of

MIMO performance in various antenna configurations.

�������

�������

	
���
��

Figure 3.5 12 elements dual polarized circular array for directional
estimation.
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Figure 3.6 Dual-polarized antennas for MIMO performance evaluation.
(8 elements example configuration is shown)
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Figure 3.7 Simulated angular resolution of the 12-elements UCA.
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Figure 3.8 Radiation pattern of the 12-elements UCA measured in an
anechoic chamber (8th element). The order of the notation:
element at Rx, element at Tx. i.e. VH: horizontal
polarization at Tx, vertical polarization at Rx.

3.3.2 Time-Grid Data Acquisition

Due to the ADC’s fast sampling rates, possible continuous measurement du-

ration is limited to about 1.3 seconds with current memory capacity. For the

block-wise storage of the consecutive snapshots into the memory in regular

interval, time-grid data acquisition is implemented as shown in Fig. 3.9. In

this scheme, the data acquisition mode at Rx is specified by block inter-

val Tb and the number of consecutive snapshots in single block period, Ns.

The block interval Tb can be selected within the range 5 × Tframe × 20,1,··· ,10

(0.73 ms ∼ 0.75 sec. in case of Ntx = 24) considering the expected maximum
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Figure 3.9 Synchronized data acquisition and time-grid principle. The
data acquisition mode at Rx is specified by block interval Tb
and the number of consecutive snapshots in single block
period, Ns.

Doppler frequency in the environments. The number of continuous snapshots

Ns is selected depending on the necessary continuous measurement duration

and averaging gain of 10 × log 10(Ns) for signal-to-noise-power-ratio (SNR)

enhancement.

3.4 Calibration

This section presents the calibration techniques for the developed MIMO

channel sounder. The system calibration aimed at measuring the TFs of

the system hardware accurately across the sounding bandwidth (commonly

called as back-to-back calibration), so that the system characteristics can be

removed from channel TFs obtained by propagation measurements. However,

each parallel hardware chain suffers from IQI in terms of phase, amplitude

and DC offset, which degrades the accuracy in channel TF estimation [37].

Therefore, such hardware impairments must be compensated prior to the

back-to-back calibration. Also in the fully-parallel MIMO architecture, all

the TFs of Tx-Rx RF port pairs (i.e. 24 × 24 = 576) need to be measured
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Figure 3.10 Calibration procedure and corresponding block diagrams.
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in back-to-back calibration whenever the system is turned on. For these

purposes, several calibration techniques were implemented as described in

the following subsections.

3.4.1 Calibration Procedure

Effects of hardware impairments in the FDM-STDM layered multiplexing

sounder was evaluated in [37] by means of computer simulation. The normal-

ized mean square error (NMSE) was used as a metric of estimation accuracy

defined as

NMSE =

∑
k

∣∣∣Ĥ[k]−H[k]
∣∣∣2∑

k |H[k]|2
, (3.1)

where Ĥ[k] and H[k] are the estimated TF and simulated known TF for mul-

titone index k, respectively. The square root of NMSE corresponds to the

error vector magnitude (EVM) which is widely used as a quality measure of

transmission systems [50], namely NMSE = (EVM)2. Basically, the effects

of IQI are observed as mirror image distortion and carrier leakage in the fre-

quency domain. The influence of carrier leakage can be easily compensated

in post-processing by replacing the center frequency tone with the mean of

neighboring tones. On the other hand, the mirror image components cause

interference between FDM tones, and degrade the system performance. Ac-

cordingly, the image rejection ratio (IRR) [51] that is defined as the relative

level of image tone against the fundamental tone is appropriate to evalu-

ate the effects of IQI. The desired compensation level proposed in [37] was

−40 dB in IRR at both Tx and Rx, and was adopted as the compensation re-

quirement in this study. This threshold results in an NMSE of approximately

2.0×10−4 (equivalent EVM of 1.4%) in case of single-input-single-output test

measurement with no influence of PN.

Although the evaluation in [37] considered IQI in the RF front-end only,

the same criteria can be applied in the actual hardware since the errors in
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measured TFs are observed as a combined effect. However, compensation

has to be conducted individually for baseband and RF circuits due to the

difference in stability. Basically, the IQI in the baseband circuits are rel-

atively stable. On the other hand, IQI in the RF front-end is sensitive to

the temperature of surrounding environment and heat-run condition. In this

regard, compensation was first applied to the baseband circuits using pro-

grammable delay chip, then IQI in the RF front-end was compensated by

means of digital pre-/post-distortion techniques at Tx and Rx, respectively.

Fig. 3.10 shows the flow of hardware impairments compensation and their

corresponding block diagrams.

3.4.2 Baseband Circuit Tuning

The block diagrams for baseband compensation at ADCs and DACs are

shown in Fig. 3.10(a) and 3.10(b), respectively. A programmable delay

chip [46] can be used to delay the sampling clock for DACs with precision

of 10 ps. However in the Rx baseband board, the delay chip could not be

installed due to some limitation in hardware structure. For this reason, a

digital interpolation filter was implemented in the FPGA which can adjust

the delay of ADC output signals with 10 ps resolution. The skew in the ADC

IQ chains was first compensated by referring to a 25 MHz single tone from a

signal generator (SG), assuming frequency independent IQI. The delay chip

was controlled by the FPGA based on the measured IQ skew in output sig-

nals from ADCs. The skew in DACs can be compensated in same way as

ADCs but calibrated ADCs. As a result, baseband IQ skew of < 50 ps, which

corresponds to ∼ 5×10−5 of NMSE, could be achieved through compensation

at both DACs and ADCs.





10.9 10.95 11 11.05 11.1
−60

−50

−40

−30

−20

−10

0

10

Frequency [GHz]

P
ow

er
 S

pe
ct

ru
m

 [
dB

m
]

Before comp.
After comp.

Fundamental

Carrier leakage

Image leakage

2nd harmonic
Rejection ratio:
 - Carrier:      -61.5 dB
 - Image:       -63.0 dB
 - 2nd harm.:  -44.7 dB

Figure 3.11 The effect of IQI compensation at quadrature modulator.

3.4.3 IQ Imbalance Compensation for RF Imperfec-

tions

For the compensation of IQI at the quadrature modulator, digital pre-distortion

technique was utilized based on the method proposed in [38, 52]. In this

method, IQI model parameters (phase and amplitude mismatches and DC

offsets at IQ branches) need to be accurately estimated to determine the

coefficients for pre-distortion processing. A feedback loop system for the

parameter estimation was realized using the Ethernet interface of a spec-

trum analyzer (SA, FSU43, Rohde&Schwarz) as shown in Fig. 3.10(c). IRR

and carrier rejection ratio (CRR) measured by the SA are sent to the CPU

of the Tx casing, and IQI model parameters can be estimated. The re-

sult of IQI compensation at the quadrature modulator is shown in Fig. 3.11

when a 25 MHz exponential tone is used as test signal. As a result, both
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(b) After IQ compensation.

Figure 3.12 Channel impulse responses measured by back-to-back before
and after applying IQ compensation.

the IRR and CRR were sufficiently suppressed below the threshold level of

−40 dB. It should be noted that relatively large second harmonic compo-

nent was observed in the developed up-converter module, and it could not

be compensated using the current method. However, influence of the har-

monic component is sufficiently small since its rejection ratio is still below

the desired threshold level.

Compensation of the quadrature de-modulator IQI can be conducted

much more easily as shown in Fig. 3.10(d), since all the other circuit ele-

ments were already calibrated and down-converted digital signals can be used

to calculate the IQI model parameters. The obtained parameters were used

for digital post-distortion to eliminate the IQI at quadrature de-modulator.

3.4.4 Back-to-back System Calibration

n order to remove the transfer characteristic of the system itself from the

measured channel, it is necessary to measure the TF of the system across the

signal bandwidth. Basically in the fully-parallel MIMO architecture, all the
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Figure 3.13 Concept of back-to-back calibration to remove the system
characteristics from measured channel.

combinations of Tx-Rx RF ports need to be connected one by one via RF

cable with known transfer characteristics to obtain the desired system TFs.

This method is not realistic in the developed channel sounder which has 24

RF ports both at Tx and Rx since repetitive cable connections may cause

loss in measurement accuracy. Moreover, calibration time needs to be short

enough to avoid the effect of long-term phase drift in case the Tx and Rx

systems are driven by individual reference signals.

For these reasons, a switching circuit which is equipped with 8 input/output

ports and a −45 dB attenuator was developed as shown in Fig. 3.14. The

input switching can be controlled from an external PC, hence 8 × 8 system

TFs can be measured at once without any change in the physical setting.

The influence of the switching circuit, whose transfer characteristics were

measured beforehand by a vector network analyzer (VNA), can be removed

from measured system TFs in post-processing. In this calibration method,

total time for back-to-back calibration can be reduced to within 30 minutes

which is short enough to avoid the long-term system phase drift.
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Figure 3.14 A 8× 8 input switch circuit used for back-to-back
calibration.

3.5 Summary

In this chapter, implementation of channel sounder based on the proposed

fully-parallel MIMO architecture is presented. Also a time-grid measurement

principle was proposed to avoid the problem in waveform memory size. The

parameters of snapshot interval, number of continuous snapshot can be flex-

ibly selected depending on the Doppler effect to be measured and snapshot

averaging for the SNR improvement.

Several system calibration techniques that was identified as one of main

issue in fully-parallel MIMO channel sounder was proposed. First, compen-

sation techniques for hardware imperfection (IQ imbalance) is implemented
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based on the required compensation accuracy identified through computer

simulation. The effect of IQ imbalance compensation is confirmed by com-

paring the measured channel impulse response before and after the com-

pensation. The positive effect was observed as the reduction in cross-talk

between MIMO channels.

Finally, the simplified back-to-back calibration method using 8×8 switch-

ing circuit is proposed. The proposed method not only improve the accuracy

of calibration, but also significantly reduce the time for calibration measure-

ment to within 30 minutes. This is to avoid the influence of long-term system

phase drift during the switching measurement across 24×24 MIMO hardware

chains. Actual influence of system phase drift is evaluated in Chapter 4.
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Chapter 4

Performance Evaluation

4.1 Influence of Separated Frequency Refer-

ences

As discussed in previous chapter, Cesium frequency standards were used to

keep the synchronization among separated casings. Due to the excellent

accuracy and stability (∼10−13) of the Cesium standard, influence of center

frequency offsets (CFO) can be negligible even at the 11 GHz frequency

band [53]. However, actual channel sounding campaigns will take at least half

a day. Therefore the influence of a slight frequency offset on channel sounding

performance should be checked. For this purpose, trigger pulses at each of the

casings, which are synchronized to 10 MHz reference signals from individual

Cesium oscillators, were measured by oscilloscope for 12 hours. The measured

trigger pulses and calculated offset values are plotted in Fig. 4.1(a) and 4.1(b),

respectively. Observed linear increase in offset value is clearly the result of

the frequency offset between separated frequency references. The slope of the

pulse offset is about 0.77 ns/hour, which is within the range of the expected

offset value based on the precision of Cesium oscillator. Considering the delay

resolution of 2.5 ns and practical measurement duration of about 6 hours,

the observed trigger pulse offset will cause ambiguity in estimated delay of
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Figure 4.1 Trigger pulse offset due to frequency offsets between
separated Cesium oscillators.

≤ 7.5 ns. The results in Fig. 4.1 also confirmed that the about 30 min. time

for back-to-back calibration based on the switching circuit is short enough

to avoid the influence of separated frequency references.

4.2 Phase Noise

In the developed channel sounder, two types of LOs can be selected depending

on the measurement setups. The LOs installed in every casing (internal

LO) are used for the multi-link measurement, where the casings have to be
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Table 4.1 SSB-PN Performances of Local Oscillators (Typical)

[dBc/Hz] 1 kHz 10 kHz 100 kHz 1 MHz
Internal LO −60 −70 −100 −120

(normal)
External LO −103 −113 −119 −143

(high-precision)
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Figure 4.2 Variations of system phase noise.

separated from each other. Two external LOs for Tx and Rx sides can be

used in the single-link directional measurement. Typical performance of the

developed LOs are shown in Table 4.1 in terms of single-side-band phase
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noise (SSB-PN) spectrum. Influence of the PN on TF estimation accuracy

was evaluated by computer simulation in [37] based on the two SSB-PN

models which corresponds to the LOs used in the developed system (normal-

precision internal LO and high-precision external LO). The paper concluded

that the influence of PN in high-precision external LO is negligible, and effect

of IQI dominates the channel sounder performance.

To confirm the actual PN performances, system PN was measured for

two types of LOs. In the measurement, Tx and Rx RF ports were connected

via cable and a −45 dB attenuator. The Tx and Rx casings were driven by

individual reference sources from Cesium oscillators. Fig. 4.2 shows the phase

variations during 0 ∼ 100× Tframe (in case of Ntx = 24, Tframe = 146.88 µs).

In this time range, there was no influence of separated reference sources since

the long-term mean of the PNs were not drifting in both of the LOs.
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Figure 4.4 Probability density of phase offset within a frame length
when external LOs are used both at Tx and Rx.

A random walk PN behavior was observed when internal LOs were used at

both Tx and Rx. The root-mean-square (RMS) values of measured PNs were

plotted in Fig. 4.3 for the quantitative evaluation. When internal LOs were

used, the RMS value of phase offset was about 4◦ at a frame length and in-

creased to about 12◦ at 100×Tframe duration. Influence of the observed phase

fluctuations are not negligible, so the internal LO can not be used for the

directional measurement where accuracy in estimated directional parameters

is sensitive to the system PN effect [39]. However for the purpose of MIMO

performance evaluation in multi-link measurement, the estimated multi-link

channels are still comparable with each other since developed internal LOs

have more of the same PN performance shown in Table 4.1.

On the other hand, the use of external LO results in very small fluctu-

ations in system PN. The calculated RMS value in Fig. 4.3 was as small as

0.3◦ across the time duration of interest. Moreover, it was observed that

the PN variation can be characterized by the white noise as confirmed by

the probability density plot in Fig. 4.4. The standard deviation of the fitted
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normal distribution was 0.15◦ which is small enough compared with PN per-

formances of existing directional channel sounders (e.g. std. ≥ 3◦ in [15]).

Therefore, it could be confirmed that the developed external LO can be used

for the purpose of directional measurement.
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Table 4.2 Link Budget Specifications and Measured Performance

Design specifications

Block Parameter Notation Unit Value Accum.

Tx

Tx output power Pt dBm 10.0 10.0

Cable loss Lcable dB 5.0 5.0

Ant. gain (sector) Gt dBi 15.0 20.0

Rx

Ant. gain (sleeve) Gr dBi 4.0 24.0

Cable loss Lcable dB 5.0 19.0

Noise figure NF dB 8.0 11.0

Processing gain 1 Gproc dB 13.8 24.8

Required SNR 2 SNR0 dB 5.9 18.9

Thermal noise 3 N0 dBm −88.0 106.9

Allowed loss in air dB − 106.8

Allowed loss w/o ant. gain dB − 93.8

Measured performances

Allowed insertion loss dB 93.1

Allowed loss in air dB 106.2

Allowed meas. range in free-space m 450
1 in case of Ntx = 24, Gproc = 10 log10Ntx.

2 calculated so that the error in Rx output to be smaller than 1 dB.
3 at temperature of 300 K, resistance of 50 Ω and 400 MHz bandwidth.

4.3 Receiver Sensitivity and Dynamic Per-

formance

The dynamic performance of a channel sounder is basically characterized by

the sensitivity level of Rx. The Rx sensitivity is determined by the noise

figure (NF) in the RF front-end and quantization noise in the ADC, and

such hardware specifications need to be carefully designed.

Table 4.2 shows the design specifications of link budget parameters and
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Figure 4.5 Schematic diagram of the measurement for the receiver
sensitivity evaluation.

actual dynamic performance evaluated in back-to-back measurement. The

developed channel sounder has no automatic gain control (AGC) function-

ality in Rx, but is equipped with variable low noise amplifier (LNA) whose

gain can be manually controlled between 33 ∼ 53 dB. The value of NF in the

table is for the case of 53 dB gain at LNA which corresponds to the worst case

in Rx sensitivity. As a result, allowed propagation loss in design is 106.8 dB

including antenna gains and processing gain due to STDM multiplexing.

To confirm the dynamic performance of the developed sounder, a back-

to-back measurement was conducted by connecting Tx-Rx RF ports via RF

cables with a variable attenuator inserted between them. The setup of the

measurement is shown in Fig. 4.5. The results are shown in Fig. 4.6. The

level of attenuator (Latt) was varied between 40 ∼ 120 dB. For the evaluation,

wide-band path gain was calculated for different Rx port input power levels

by summing all the absolute power of 2048 delay bins. The path gain is

defined as the relative power level of measured channel impulse response

(IR) which is calibrated by the IR at Latt = 45 dB. The vertical axes on
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Figure 4.6 Variations of estimated path gain and SNRIR in different
input power level.

the right in Fig. 4.6 is SNRIR which is defined as the power level difference

between the peak and noise floor in estimated IR.

It was observed that the path gain could not be correctly estimated at

the input power level below −82.4 dBm. Rx input level below 1 dB from this

reference point was selected as the Rx sensitivity level, which corresponds

to −93.1 dB insertion loss. The SNRIR was 27.4 dB at sensitivity level.

Therefore by including antenna gains of 19 dB and required SNR of 5.9 dB,

total propagation loss of 106.2 dB can be allowed which corresponds to the

measurement range of about 450 m in free-space. It was confirmed that

the actual level of propagation loss allowed in the developed system well

agreed with the design specification, and resulting dynamic performance is

reasonable for the evaluation of micro cellular scenarios at 11 GHz [54].
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Figure 4.8 Comparison with VNA in the test circuit measurements.

4.4 Test Circuit Measurement

To check overall system performance after the IQI compensation and back-

to-back calibration, TFs measured by the developed sounder and a vector

network analyzer (VNA) were compared. The internal LOs were used both

at Tx and Rx to evaluate the influence of relatively large system PN identified

in previous section. A channel simulator circuit was developed as shown in

Fig. 4.7 to generate a reproducible channel in the repetitive measurements

by the sounder and the VNA. The circuit is composed of a 4 m RF cable

which was connected to a T-junction. The channel property can be kept
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constant by fixing the shape of the RF cable. The channel response of the

simulator circuit was measured in advance by the VNA as a reference. Fig. 4.8

shows the comparisons of measured TFs in terms of power level (Fig. 4.8(a))

and phase (Fig. 4.8(b)). Good agreement between measured TFs by the

developed sounder and the VNA is obvious. Particularly, the influence of the

system PN fluctuations within a frame length were not identified as shown by

the agreement in the phase comparison. The results verified the performance

of the developed sounder including the effects of several calibration techniques

and other system imperfections.

DoorWindowed Door Table

Table

Metallic
Rack

Metallic
Rack

Tx

Rx

Tx array Rx array
Absorber

Figure 4.9 Layout of the indoor propagation test.

4.4.1 Indoor Propagation Measurement

Propagation measurement is conducted at experiment room in Tokyo Insti-

tute of Technology. Fig. 4.9 shows the layout of the measurement site. The
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room is furnished with several tables and metallic racks. Radio wave absorber

is placed between the Tx and Rx arrays to avoid clear LoS and saturation at
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receiver system. The distance between Tx and Rx is set to 4 m. The VNA

is used to obtain the reference data fixing the layout of the measurement

layout. The channel stationarity is confirmed by taking comparing the 10

snapshots of 4× 4 MIMO channel matrix using VNA.

Fig. 4.10 shows the normalized frequency autocorrelation function by

sounder and VNA. The results shown are obtained by averaging all the el-

ements of channel matrix. Measured frequency autocorrelation using devel-

oped sounder is well fitted with the results by VNA. The coherence band-

width is computed as 20.2 MHz and 19.1 MHz from the results by sounder

and VNA, respectively. The results of eigenvalue distributions are shown in

Fig. 4.11. Distribution of all the eigenvalues could be well estimated by using

channel sounder.
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4.5 Summary

In this chapter, performance of the developed system including the proposed

IQI compensation techniques and back-to-back calibration method were ex-

amined. For each of the hardware components, measurement for the influence

of separated frequency references at Tx and Rx systems, characteristics of

the two types of local oscillators were conducted. Also the receiver sensitivity

which determines the applicable measurement range is carefully confirmed.

It was observed that the performance of the hardware components were well

within the level expected in design , although the system phase noise varia-

tion was relatively larger that result in the phase variation within sounding

frame when internal normal-precision local oscillator was used.

The total performance of the developed system was also compared with

commercial vector network analyzer (VNA) by two types of measurements:

1) direct-connection measurement using simulator circuit, 2) over-the air

test in indoor environment to confirm the performance when measurement

antennas were included. In both of the measurements, the results obtained

by developed sounder showed the good agreement with the results from VNA.

Through the examinations presented in this chapter, the performance of

the developed channel sounder is verified in the laboratory environment. The

results from more realistic measurement is presented in Chapter 5.
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Chapter 5

Measurement Campaign

5.1 Intdocution

This chapter presents the results from channel sounding in an indoor hall en-

vironment, that demonstrate the capability of the developed channel sounder

in the multi-link channel characterization. Two measurements of 1) direc-

tional measurements in terms of three Rx positions and 2) simultaneous mea-

surement of the three links were conducted sequentially. Since the Tx and

Rx antennas were located at the same positions in both of the measurements

and also the environment was maintained static during whole the measure-

ment duration, two results can be comparable. That is to say, we can observe

the angle-delay power spectrum for each link as well as the multi-link MIMO

channel property, which can provide insightful information of the site-specific

propagation mechanism. In the following sections, setup of the measurement

is briefly explained in Sec. 5.2. To evaluate the performance of the devel-

oped channel sounder, measurement results are compared with the results

from computer simulation by means of ray-tracing (sub-section 5.3.2). In

sub-section 5.3.3, analysis on the inter-relation between inter-link correlation

and the propagation mechanisms is shown.
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Figure 5.1 Floor plan of the indoor hall environment and layout of the
measurement.

5.2 Measurement Setup

5.2.1 Overview of the measurement setup

Fig. 5.1 shows the floor plan of the indoor hall and layout of the measure-

ments. The Tx was moved along the route from T1 to T2, and three Rxs

were placed at R1, R2 and R3. Panoramic photos taken at each Rx position

are shown in Fig. 5.2. All the three links share the line-of-sight (LoS) to most

of the Tx positions except for the shadowing regions by two pillars. High-

level diagrams of the measurement setup are shown in Fig. 5.3 and Fig. 5.4.

A 10 MHz reference signal was shared among all the casings. The choice of

LOs were based on the proposed synchronization setups shown in Fig. 2.2,

i.e. external LOs for directional measurements, and internal LOs for 2) three

links simultaneous measurement.
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Figure 5.2 Photos taken at Rx positions R1, R2 and R3. (Blue dots
indicate the Tx positions of T1 and T2.)

1. Single-link measurement

• 10 MHz reference signal: shared by all the measurement system

• 11 GHz LO signal: high-precision LO are used both at Tx and Rx

2. Multi-link measurement

• 10 MHz reference signal: shared by all the measurement system

• 11 GHz LO signal:

– Tx side: High-precision external LO

– Rx side: Normal-precision internal LO at each of Rx
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Figure 5.3 High-level diagram of the single-link measurement (external
high-precision LO were used both at Tx and Rx).

Figure 5.4 High-level diagram of the multi-link measurement. (external
high-precision Lo was used at Tx, but at Rx side, internal
normal-precision LOs were used to enable spatial separation
of Rxs.)
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5.2.2 Antenna orientation

In the single-link setup, 12-elements UCA were used both at Tx and Rx

to enable double-directional angular estimation. In the multi-link setup,

MU-MIMO down-link scenario was considered where the number of antenna

elements were set to Ntx = 6, Nrx = 2 at each of three Rxs, where vertical

polarized sleeve antennas with omni-directional directivity were used. Vari-

ous antenna orientation were evaluated at Tx side as shown in Fig. 5.5 and

Fig. 5.6 to know the realistic MIMO channel property and its antenna depen-

dence. Antenna orientation at Rx side was kept same for all the multi-link

measurements as shown in Fig. 5.7.

Tx Antenna

x direction

y 
di

re
ct

io
n

degree

degree
degree

degree

Figure 5.5 Antenna orientation at Tx for multi-link measurement.
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Figure 5.6 Photo of the antenna orientation at Tx for multi-link
measurement (6-elements configuration).
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Figure 5.7 Antenna orientation at Rx for multi-link measurement.
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5.3 Results

In this section, measurement results from indoor hall environment were ana-

lyzed. First in sub-section 5.3.1, results of fundamental channel properties are

shown including evaluation of the influence of measurement antenna. Sub-

section 5.3.2 shows the comparison of measurement results and simulated re-

sults based on commercial ray-tracing simulator [55]. The comparison aimed

at verifying the fundamental performance of the developed channel sounder

and applied calibration method. Finally in sub-section 5.3.3, observed inter-

link correlation is discussed based on the propagation mechanism obtained

by single-link measurement.

5.3.1 Fundamental analysis

It should be noted that both of the measurement results by single-link di-

rectional and multi-link simultaneous measurements include the influence

of measurement antenna. Therefore in precise sense, conducted two mea-

surements can not be compared each other without applying antenna de-

embedding processing. In general, antenna de-embedding can be achieved by

applying super-resolution parameter estimation such as SAGE [56], however,

it is not considered in this study. Also in the following, data analyses are all

based on the measured channel for vertical polarization, and 6-elements cir-

cular array (as shown in Fig. 5.6) in multi-link setup. To check the influence

of measurement antenna, delay power spectrum of single-link and multi-link

measurements are compared as shown in Fig. 5.8. The results in left column

of Fig. 5.8 (i.e. figures (a), (c) and (e)) are the delay power spectrum si-

multaneously measured in multi-link measurement. On the other hand, the

results in right column (i.e. figures (b), (d) and (f)) were sequentially mea-

sured one-by-one in single-link measurements by changing the positions of

Rx antennas. The results show that the line-of-sight (LoS) components and

other primal clusters are well agreed in two measurement setups. Moreover

the clusters traveled relatively long path lengths are also observed in both of

the setups. Accordingly, although the single-link setup were not measured
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simultaneously and influences of the measurement antennas were included,

results from two setups could be considered as comparative under the static

channel environments.

(a) Multi-link at R1 (b) Single-link at R1

(c) Multi-link at R2 (d) Single-link at R2

(e) Multi-link at R3 (f) Single-link at R3

（Delay is converted into paht length [m]）

Figure 5.8 Delay power spectrum obtained by multi-link (left column)
and single-link (right column) setups.





5.3.2 Comparison with the ray-tracing simulation

In this sub-section, measurement results are compared with ray-tracing sim-

ulation based on detailed building model obtained by 3D laser scanner. Al-

though the channel sounder measurement provides most realistic channel

properties, the estimated propagation mechanism is heavily dependent on

the channel sounder performance. For example in the developed channel

sounder in this study, the delay resolution is 2.5 ns (75 cm in path length)

and the angular resolution is limited to about 23 ◦. Therefore without apply-

ing super-resolution parameter estimation, detailed analysis of propagation

mechanism is challenging in angular dimension. In this regard, use of ray-

tracing simulation to support and verify the channel sounder measurement

is very useful.

5.3.2.1 Process of 3D ray-tracing simulation

1. Production of building model

3D point cloud data sets are first converted into CAD-based building

model. Fig. 5.9 shows the process of building model generation from

point clouds data sets to simplified 3D model suited for ray-tracing

simulation. In the processing of 3D simplified model generation (from

(b) to (c)), relatively small objects included in the 3D CAD model in

(b) were removed and build as surface model. Also the building mate-

rials are expressed by concrete and glass which have different reflection

characteristics.

2. Execution of the ray-tracing simulation

For the execution of the ray-tracing simulation, commercial ray-tracer

of Raplab [55] was selected. For the purpose of simplification, number

of reflection is set to 2 times and only single diffraction is calculated.

Also the reflection from roof is not included since the roof height can

be considered as enough high. For the antenna model, omni-directional

dipole antenna is assumed both at Tx and Rx.
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(a) Point clound data measured by 3D scanner.

(b) Detailed CAD building model obtained from point cloud data.

(c) Simplified 3D building model for ray-tracing simulation.

Figure 5.9 Process of 3D building model generation. (a): 3D point cloud
data sets, (b): 3D CAD model obtained from point clouds
and (c) simplified 3D surface model used in ray-tracing
simulation.
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3. Simulation result example

As a result of ray-tracing simulation, detailed channel parameters such

as path loss, angle of departure, angle of arrival and propagation path

(reflection and diffraction points) were obtained. Fig. 5.10 shows the

example results in 2D and 3D views.

(a) 2D view (b) 3D view

Figure 5.10 Example results of ray-tracing simulation in 2D and 3D
views..

5.3.2.2 Reconstruction of system dependent channel response from

the ray-tracing simulation

In the ray-tracing simulation, propagation channel is expressed as geometri-

cal optics based on high-frequency approximation. Therefore, resolution of

the obtained channel parameters have infinite delay and angular resolution,

are the comparison with measurement results becomes difficult. In the fol-

lowing processing, system dependent (band-limited) channel responses are

reconstructed. The reconstruction is done assuming following signal model

which consists of l propagation paths.

(5.1)H(f) = GR(f)

LX

l=1

Ã
bf (¿l) ¢BR(ÁR;l; µR;l) ¢

"
°HH;l °VH;l

°HV;l °VV;l

#
¢BTT(ÁT;l; µT;l)¢

!
GT(f)
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Figure 5.11 Comparison of double-directional angular power spectrum:
ray-tracing outputs and reconstructed channel response.(The
ray-tracing outputs paths are indicated by the colored dots.)

where, GR(f) and GT(f) are the TFs of Rx and Tx respectively. BR(φR,l, θR,l)

and BT(φT,l, θT,l) are the radiation patterns of Rx and Tx antennas respec-

tively. bf (τl) is the phase rotation due to propagation delay, γ is the com-

plex path weight which corresponds to complex amplitude components of

each of the polarization pairs. In the channel response reconstruction, ra-

diation pattern of the 12-elements UCA measured in an anechoic chamber

was used, and outputs from ray-tracing simulation were used for other pa-

rameters (delay, path loss, angle-of-departure and arrival). Fig. 5.11 shows

the double-directional angular power spectrum obtained from reconstructed

channel response (beamforming is applied). Well agreement between ray-

tracing outputs and reconstructed angler power spectrum shows the validity

of the applied reconstruction processing.
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5.3.2.3 Comparison and discussion

Fig, 5.12 shows the variations of delay, angle-of-departure and angle-of-arrival

power spectrum for measured and simulated channels. The results in the

left column of Fig. 5.12 are obtained from reconstructed channel response

using ray-tracing outputs. The results in the right column are obtained

from measured channel utilizing the developed channel sounder. In all the

dimensions, simulated and measured results are agreed well. However at the

specific Tx antenna positions, some propagation paths were not observed in

simulated channel compared with measured one as follows.

• Fig. 5.12 (b): Path length ≈ 35 ∼ 40 m

• Fig. 5.12 (d): Angle-of-departure ≈ 100◦ (Tx at 3 m position)

• Fig. 5.12 (f): Angle-of-arrival ≈ 0◦ (Tx at 4 m position)

The reason for the above differences can not be exactly explained by

either of lack of building model accuracy or measurement reliability. For

more detailed analysis, ray-tracing simulation should be conducted by using

more detailed building model so to consider the influence of the neglected

small objects.
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(a) Delay (simulated) (b) Delay（measured）

(c) Horizontal angle at Tx (simulated) (d) Horizontal angle at Tx (measured)

(e) Horizontal angle at Rx (simulated) (f) Horizontal angle at Rx (measured)

Figure 5.12 Variations of power spectrum in delay, angle-of-departure
and angle-of-arrival domains for measured and simulated
channels.





Tx position [m]

E
ig

en
va

lu
e 

[d
B

]

51015
2

4

6

8

10

Rx1

Rx2

Rx3

Figure 5.13 Eigenvalue variations measured in simultaneous
measurement of three links.

5.3.3 Analysis of propagation mechanisms and inter-

link correlation

From the simultaneous measurement of three links, eigenvalues of 2×6 MIMO

channel matrix were obtained for each of the links as shown in Fig. 5.13. The

three MIMO channel matrices were individually normalized as

Ĥi(s) =
Hi(s)√
Pi

, (5.2)

where

Pi =
1

NsNrNt

Ns∑
s=1

‖Hi(s)‖2F . (5.3)

In the equations, s is the snapshot index corresponding to the Tx positions,

Hi(s) is the channel matrix of the i-th link, and ‖•‖F returns the Frobenius
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Figure 5.14 Variations of delay power spectrum at R1, R2 and R3
estimated in directional measurement setup.
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Figure 5.15 Variations of DoA power spectrum at R1, R2 and R3
estimated in directional measurement setup.

norm. In Fig. 5.13, the eigenvalues did not change significantly except at

Rx2 when Tx was moving around Tx positions 4 m and 14 m.

To obtain insights regarding directional propagation mechanism, Fig. 5.14

and Fig. 5.15 show the estimated power spectrum variations in terms of path

length and direction-of-arrival (DoA) domains, respectively, which were es-

timated from the directional measurements. The DoA power spectrum was

obtained by means of Bartlett beamformer [57] utilizing the calibrated an-

tenna radiation patterns of UCA. Strong LoS components and shadowing

effects by pillars were clearly illustrated. The observed eigenvalue fluctua-

tions at Rx2 can be explained from the identified propagation mechanism
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since LoS components were always significant at Rx2 even around the shad-

owing region by pillars, while the level of strongest non-LoS components were

decreased around the shadowing region. This phenomenon did not happen

at other Rx positions.

5.4 Summary

The measurements were aimed at examination of sounder capability in a re-

alistic measurement condition. A simultaneous multi-link measurement pro-

vided the MIMO channel condition at three links simultaneously influenced

by the shadowing effect. Directional spectrum could be obtained from repe-

tition of single-link measurement with same layout as mutl-link setup. Com-

parative analysis of the results from two measurements enabled the physical

interpretation of multi-link MIMO channel performance, hence demonstrated

the capability of the developed scalable channel sounder.
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Chapter 6

Conclusions

6.1 Concluding Remarks

In this dissertation, a 24×24 MIMO channel sounder that has been developed

based on a scalable fully-parallel MIMO architecture was proposed so that

it can be flexibly configured with 3 Tx and Rx casings, each of which has

8 antennas. This flexibility allows the measurement for various purposes

including double-directional channel modeling and investigation of multi-link

MIMO communication systems, which can provide insightful information for

the evaluation of multi-link cooperative MIMO communication systems.

Several calibration techniques were implemented to solve the practical

issues related to the multi-link operation and the fully-parallel architecture.

The resulting system performance was validated through various evaluation

experiments regarding the influences of separated frequency references, sys-

tem phase noise and dynamic performance. Finally, the results from di-

rectional and multi-link channel measurements in an indoor environment

demonstrated the capability of the developed system.
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6.2 Contributions

The contributions that have been developed in this thesis are listed as follows.

• development of measurement system for double-directional and multi-

link channel investigation

• identification of practical issues when extending generic MIMO testbed

into directional-multi-link channel sounder

• development of simple calibration techniques appropriate for field op-

eration

• clarification of synchronization requirements at 11 GHz frequency band

6.3 Future Prospects

There are several prospect related in this research that may be considered in

the future studies. So the suggested topics are listed in the following.

1. Study on alternative synchronization methods

Cesium frequency standards are utilized in this thesis as reference sig-

nals for the complete separation of Tx and Rx systems, despite its

drawback in cost and spatial size. This was due to the significant long-

term phase drift at 11 GHz. However, if the short-term stability of the

system phase noise is dominated by the performance of local oscillator,

Rubidium oscillator may be utilized by keeping the long-term stability

by global positioning system (GPS).

2. Study on frequency-dependent IQ imbalance compensation

Since the developed IQ compensation techniques in this thesis assumed

the frequency-independent hardware characteristics. This assumption

may not be satisfied in the system that has broader bandwidth such as

ultra-wide–band (UWB) communication systems.
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3. Study on non-linear distortion at RF analog front-end

Through the performance evaluation of the RF analog-front-end at

transmitter side, relatively strong 2nd harmonic distortion was ob-

served, and that component could not be compensated by the digi-

tal pre-distortion technique utilized in this study. The study on the

mechanism of the observed non-linear distortion and development of

the compensation technique is interesting to be considered, since that

is also beneficial for the development of MIMO transmission system.

4. Implementation of real-time transmission signal processing

Since the developed channel sounder shares its architecture with generic

MIMO transmission systems, implementation of real-time transmission

processing and simultaneous field testing of transmission performance

and propagation channel analysis is possible. It will provides insightful

information on the site-specific evaluation of MIMO system from both

the aspects of transmission performance and channel condition in that

instant.
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