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Overview 

Tokyo Institute of  Technology (Tokyo Tech) is the top national university for science and technology in 

Japan with a history spanning more than 130 years. Of  the approximately 10,000 students at the 

Ookayama, Suzukakedai, and Tamachi campuses, half  are in their bachelor’s degree program while the 

other half  are in master’s and doctoral degree programs. International students number 1,200. There are 

1,200 faculty and 600 administrative and technical staff  members. In the 21st century, the role of  science 

and technology universities has become increasingly important. Tokyo Tech continues to develop global 

leaders in the fields of  science and technology, and contributes to the betterment of  society through its 

research, focusing on solutions to global issues. The Institute’s long-term goal is to become the world’s 

leading science and technology university. 

 

Mission 

As one of  Japan’s top universities, Tokyo Tech seeks to contribute to civilization, peace and prosperity in 

the world, and aims at developing global human capabilities par excellence through pioneering research 

and education in science and technology, including industrial and social management. To achieve this 

mission, we have an eye on educating highly moral students to acquire not only scientific expertise but 

also expertise in the 

liberal arts, and a 

balanced knowledge of  

the social sciences and 

humanities, all while 

researching deeply 

from basics to practice 

with academic mastery. 

Through these 

activities, we wish to 

contribute to global 

sustainability of  the 

natural world and the 

support of  human life.  

 

Tokyo Tech Seal 

The Tokyo Tech seal was designed in 1947 by Mr. Shinji Hori, who was at that time a 

professor at the Tokyo Fine Arts School. The backdrop represents the Japanese 

character “工”, which is the first character of  “engineering, 工業”. This part of  the 

seal also evokes the image in silhouette of  a window opening out on the world. Window 

is the second character of  “school, 学窓”. The central figure of  the seal depicts a 

swallow and represents the Japanese character “大”, which is the first character of  

“university, 大学”. In Japan, swallows traditionally portend good fortune. 

(Source: Tokyo Institute of  Technology Profile, https://www.titech.ac.jp/english/about/) 

 

Main Building (Honkan) with “Sakura”. 

 

https://www.titech.ac.jp/english/about/
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Mobile Communication Research Group 
Home page: https://www.mcrg.ee.titech.ac.jp 

 

Mobile Communication Research Group (MCRG) of  Tokyo Tech was established in 2001. The objective 

of  the group is to conduct advanced research related to mobile communications. MCRG conducts 

comprehensive research on the development of  mobile communication systems covering a wide range 

of  cutting edge technologies in the field of  the antenna design, wireless propagation, transmission 

systems, hard ware development, signal processing, and integrated circuit development.  

 

MCRG Members 
 

MCRG includes 5 core and 4 cooperate laboratories. Totally 8 professors, 5 associate professors, and 3 

assistant professors belong to MCRG, in which Prof. Jun-ichi Takada is the principal researcher. The 

synergy in MCRG creates an ideal environment for cross-disciplinary discussions and tapping of  

expertise resulting in various notable joint projects and developments. 

 

Core Laboratories 

 Takada Laboratory (Propagation Lab.): 

Prof. Jun-ichi Takada, Assist. Prof. Hang Song 

 Sakaguchi and Tran Laboratory (System Lab.): 

Prof. Kei Sakaguchi, Assoc. Prof. Gia Khanh Tran, and Emeritus Prof. Kiyomichi Araki 

 Hirokawa Laboratory (Antenna Lab.): 

Prof. Jiro Hirokawa and Assist. Prof. Takashi Tomura 

 Fukawa Laboratory (Signal Processing Lab.): 

Prof. Kazuhiko Fukawa and Assist. Prof. Yuyuan Chang 

 Okada Laboratory / Shirane Laboratory (Device Lab.): 

Prof. Kenichi Okada and Assoc. Prof. Atsushi Shirane 

 

Cooperate Laboratories 

 Aoyagi Laboratory: 

Assoc. Prof. Takahiro Aoyagi 

 Nishikata Laboratory: 

Assoc. Prof. Atsuhiro Nishikata 

 Fujii and Omote Laboratory: 

Specially Appointed Prof. Teruya Fujii, and  

Specially Appointed Assoc. Prof. Hideki Omote 

 Okumura Laboratory: 

Visiting Prof. Yukihiko Okumura 

  

https://www.mcrg.ee.titech.ac.jp/
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Activities 
 

Beside the general research activities, for encouraging closer cooperation within MCRG and with the 

external companies, institutes and organizations, “Open House” and “Future Communication Research 

Workshop” are holed regularly. In addition, irregular invited speeches and lectures are also hold to 

broaden the horizons of  MCRG members, especially the students. 

 

Future Communication Research Workshop 

An Future Communication Research Workshop (未来研究会) is organized every two months to share 

the latest research outcomes among internal laboratories and to gain insight on our research activities by 

the presentation and discussing in the seminar and poster section of  each workshop. 

 

Open House 

From 2005, an Open House is organized yearly in April to introduce MCRG activities and build a network 

with external companies, institutes and organizations in the field of  mobile communications. 

Distinguished speakers from both the academe and industry are invited to give key note speeches and 

lectures to contribute their visions and viewpoints for the future research and development of  the mobile 

communications. From 2016, the Open House is organized in the collaboration with Advanced Wireless 

Communication Center (AWCC) of  The University of  Electro-Communications, and it brings on the 

further active research activities of  both MCRG and AWCC.  

 

 
 

  
 



























https://youtu.be/dgABLFsirw0
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Okada Laboratory / Shirane Laboratory 

Okada Laboratory Home page: http://www.ssc.pe.titech.ac.jp/ 

Professor Kenichi Okada 

Professor Kenichi Okada received the B.E., M.E., and Ph.D. degrees in 

Communications and Computer Engineering from Kyoto University, Kyoto, 

Japan, in 1998, 2000, and 2003, respectively. From 2000 to 2003, he was a 

Research Fellow of  the Japan Society for the Promotion of  Science in Kyoto 

University. In 2003, he joined Tokyo Institute of  Technology as an Assistant 

Professor. He is now a Professor of  Electrical and Electronic Engineering at 

Tokyo Institute of  Technology, Tokyo, Japan. He has authored or co-authored 

more than 400 journal and conference papers. His current research interests 

include millimeter-wave CMOS wireless transceivers for 

20/28/39/60/77/79/100/150/300GHz for 5G/6G, WiGig, satellite and 

future wireless system, digital PLL, synthesizable PLL, atomic clock, and ultra-

low-power wireless transceivers for Bluetooth Low-Energy, and Sub-GHz 

applications. 

Prof. Okada is a member of  the Institute of  Electrical and Electronics 

Engineers (IEEE), the Institute of  Electronics, Information and Communication Engineers (IEICE), the Information 

Processing Society of  Japan (IPSJ), and the Japan Society of  Applied Physics (JSAP). He was a recipient or co-recipient 

of  the Ericsson Young Scientist Award in 2004, the A-SSCC Outstanding Design Award in 2006 and 2011, the ASP-

DAC Special Feature Award in 2011 and Best Design Award in 2014 and 2015, the MEXT Young Scientists' Prize in 

2011, the JSPS Prize in 2014, the Suematsu Yasuharu Award in 2015, the MEXT Prizes for Science and Technology in 

2017, the RFIT Best Paper Award in 2017, the IEICE Best Paper Award in 2018, the RFIC Symposium Best Student 

Paper Award in 2019, the IEICE Achievement Award in 2019, the DOCOMO Mobile Science Award in 2019, and more 

than 50 other international and domestic awards. He is/was a member of  the technical program committees of  IEEE 

International Solid-State Circuits Conference (ISSCC), VLSI Circuits Symposium, and European Solid-State Circuits 

Conference (ESSCIRC), Radio Frequency Integrated Circuits Symposium (RFIC), Asian Solid-State Circuits Conference 

(A-SSCC), and he also is/was Guest Editors and an Associate Editor of  IEEE Journal of  Solid-State Circuits (JSSC), 

an Associate Editor of  IEEE Transactions on Microwave Theory and Techniques (T-MTT), a Distinguished Lecturer 

of  the IEEE Solid-State Circuits Society (SSCS). He is an IEEE Fellow. 

Professor Hiroyuki Sakai 
Specially Appointed Professor Hiroyuki Sakai received the B.S. and M.S. degrees 

in electrical engineering from Osaka University, Osaka, in 1984 and 1986, 

respectively. In 1986, he joined the Semiconductor Research Center, Matsushita 

Electric Industrial Co., Ltd., Osaka, and engaged in research and development 

of  high-speed GaAs digital ICs. From 1991 to 1992, he took an active part in 

the development of  GaAs RF ICs for very compact cellular phones. In 1993, he 

started to research and develop the millimeter-wave devices and its ICs. In 1995, 

he joined the Electronics Research Laboratory, Matsushita Electronics 

Corporation, Osaka, and continued his research and development on millimeter-

wave devices, particularly a new millimeter-wave IC concept named millimeter-

wave flip-chip IC. From 1998 to 2000, he visited Stanford University, Stanford, 

CA, USA, as a Visiting Scholar, expanded his research subjects to new Si-based 

RF devices and their integration technologies. From 2012 to 2017, he continued 

his research on mm-wave ICs based on GaAs, GaN, Si-BiCMOS and CMOS 

http://www.ssc.pe.titech.ac.jp/
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LSI technologies at some Laboratories of  Panasonic Corporation.  

In 2020, he joined Tokyo Institute of  Technology as a Creative Manager of  Open Innovation Platform. He is now a 

Specially Appointed Professor of  Electrical and Electronic Engineering at Tokyo Institute of  Technology, Tokyo, Japan. 

Prof. Sakai is a Senior Member of  the Institute of  Electrical and Electronics Engineers (IEEE). He was a Secretary of  

the IEEE Electron Devices Society Kansai Chapter from 2002 to 2003, a member of  the Technical Program Committee 

of  the IEEE International Solid-State Circuit Conference from 2002 to 2008. 

 

 

Shirane Laboratory Home page: https://shirane-lab.ee.e.titech.ac.jp/ 

Associate Professor Atsushi Shirane 
Associate Professor Atsushi Shirane received the B.E. degree in electrical and 

electronic engineering and the M.E. and Ph.D. degrees in electronics and applied 

physics from the Tokyo Institute of  Technology, Tokyo, Japan, in 2010, 2012, 

and 2015, respectively. From 2015 to 2017, he was with Toshiba Corporation, 

Kawasaki, Japan, where he developed 802.11ax Wireless LAN RF transceiver. 

From 2017 to 2018, he was with Nidec corporation, Kawasaki, Japan, where he 

researched on intelligent motor with wireless communication. He is currently an 

Associate Professor in the Laboratory for Future Interdisciplinary Research of  

Science and Technology, Institute of  Innovative Research, Tokyo Institute of  

Technology. His current research interests include RF CMOS transceiver for IoT, 

5G, wireless power transfer and satellite communication. He is a member of  the 

IEEE Solid-State Circuits Society, and the Institute of  Electronics, Information 

and Communication Engineers (IEICE).  
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Okada Laboratory / Shirane Laboratory 

A 32kHz-Reference 2.4GHz Fractional-N Nonuniform Oversampling 
PLL with Gain Boosted PD and Loop Bandwidth Calibration 
 

  A 32.768kHz-reference (REF) phase-locked loop (PLL) can help eliminate the high frequency crystal 

oscillator in a wireless system-on-chip (SoC), which would significantly reduce the cost and improve 

power efficiency. To break the limitation of  the narrow bandwidth and poor jitter caused by low REF 

frequency (fREF), the reference-oversampling PLL (OSPLL) was studied. However, the 32kHz-REF PLL 

severely suffers from jitter transferred from voltage noise due to slow signal slope. To overcome this 

issue, a nonuniform OSPLL is proposed with a 32kHz REF.  

Fig. 1. shows the former uniform sampling method in OSPLL and the proposed non-uniform 

sampling method. With the slew rate of  REF (SREF) relationship from voltage noise to jitter, the small 

SREF at sine REF peak induces a large jitter. The uniformly distributed phase-detection clock (CLKPD) 

samples the noisy peak and degrades the overall jitter performance. To address the above issues, the 

proposed nonuniform OSPLL changes the sampling frequency based on the SREF, which avoids the noisy 

slow-slope peak of  the sine REF and the voltage-noise-induced jitter can be suppressed. 

Figure. 2 shows the detailed block diagram of  the proposed nonuniform OSPLL. The coarse PLL 

operates with the dead zone (DZ) included in the phase frequency detector (PFD) is automatically turned 

off  when the fine PLL is locked. The fine PLL directly uses the 32kHz sine REF without any buffers. 

VDAC is generated by a RDAC whose control code CDAC[n] is generated by the look-up-table (LuT)-

based calibration block and triggered by the nonuniform feedback clock (CLKFB). The 33MHz CLKbase 

is generated from DCO via MMD then decimated by the nonuniform select pulse with a DFF to generate 

CLKFB, which corresponds to the 256-oversampling ratio (OSR) in a 32kHz REF period. CLKPD is 

generated from CLKFB via DTC with the time delay tDTC,n at the nth sampling point. The DTC consists 

of  coarse and fine DTCs. The ranges of  the coarse and fine DTCs are 106ns and 1.3ns, with resolution 

of  414ps and 1.2ps respectively. As the bottom part of  Fig. 2 shows, in the proposed nonuniform OSPLL, 

the constructed DAC voltage (VDAC) is shaped with a high slope (SDAC) in the gain-boosted PD, a high 

SDAC is achieved by generating a slope on VDAC in the gain-boosted PD. 

 

   
 

Fig. 1. Proposed nonuniform OSPLL.  Fig. 2. Overall architecture of  proposed OSPLL. 
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Fig. 3 illustrates the proposed gain-boosted PD. To relieve large voltage induced jitter in the PD, the 

sloped VDAC is generated to increase PD gain (KPD). The SDAC is near -120000V/ms at the 0-degree phase 

which corresponds to a near 2ps rms ΔtVN,PD. With the gain-boosted PD, SDAC can help suppress ΔtVN,PD 

effectively without increasing fREF. The time-and-voltage noise model is shown at the bottom. 

Fig. 4 shows the measured phase noise, and the rms jitter integrated from 10kHz to 10MHz is 4.95ps. 

The REF spur is -79dBc while worst-case fractional spur is measured as -43dBc. Fig. 5 provides a 

comparison to prior art and a die micrograph of  the proposed nonuniform OSPLL, fabricated in a 65nm 

CMOS technology with an active area of  0.59mm2. The total power consumption is 3.8mW from a 1V 

supply. The presented work guarantee performance with an FoM of-220.3dB and FoMREF of  -255.2dB. 

  

 

 

Fig. 3. Proposed mismatch comp. circuits. Fig. 4. Measured constellations and EVMs. 
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Okada Laboratory / Shirane Laboratory 

A Bi-Directional 300-GHz-Band Phased-Array Transceiver in 65-nm 
CMOS With Outphasing Transmitting Mode and LO Emission 
Cancellation 
 

Frequencies above 200 GHz are among the strongest candidate bands to be utilized in beyond 5G 

wireless communication systems where very high data rates and low latency are required. This work 

introduces a four-element 300-GHz band bi-directional phased-array transceiver (TRX) in CMOS. The 

TRX utilizes the same antenna, signal path, and local oscillator (LO) circuitry to operate either in 

transmitter (TX) mode or receiver (RX) mode.  

Fig. 5 shows the block diagram of  the proposed 300-GHz-band TRX system. It consists of  two mixing 

paths with a bi-directional subharmonic mixer and a bi-directional IF distributed amplifier forming each 

path. The LO chain includes three phase shifters, two frequency quadruplers, and LO buffers to control 

the beam direction and generate the required LO frequency. The TX mode utilizes outphasing technique 

to increase output power and cancel LO feed-through, while the RX mode benefits from LOFT 

cancellation technique to suppress LO emission and reject the image signal from TX. The applied LO 

frequency is 30 GHz, and it becomes 240 GHz at the RF end after frequency multiplication and 

subharmonic mixing. The RF channel is selected by adjusting the IF center frequency.  
 

Fig. 5. Block diagram of  300GHz-band CMOS bi-directional phased-array TRX system. 

  

Fig. 6. Die micrograph Fig. 7. Photographs of  PCB used for phased-

array implementation 
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Fig. 6 shows the die micrograph fabricated in 65-nm CMOS process. The antennas are printed on 

PCBs and the connection with CMOS is designed using the flip-chip. The detailed photographs of  the 

flexible 50-μm LCP PCB are shown in Fig. 7.  

The summary of  1-element on-wafer evaluation is shown in Fig. 8. At IF center frequency of  16 GHz, 

The TX-mode achieved a maximum data rate of  52 Gb/s using QPSK and 48 Gb/s using 16QAM. 

Meanwhile, the RX-mode achieved a maximum data rate of  36 Gb/s at an RF center frequency of  256 

GHz. The TRX consumes around 750mW DC power for both TX mode and RX mode. The 

performance of  four-element phased-array is evaluated using a setup shown in Fig. 9(a) and Fig. 9(b). 

The measured beam pattern shown in Fig. 9(c) demonstrates steering range in the H-plane from -18∘ to 

18°.  

In Fig. 10, this work is compared with several state-of-the-art 300-GHz-band TRXs. The bi-directional 

architecture reduces the area considerably and the mixer-distributed-amplifier combination contributes 

to the very wide bandwidth. 

  
Fig. 8. Measured EVM and constellations of  (a) TX 

mode and (b) RX mode. 

Fig. 9. Array pattern measurement setup: (a) 

block diagram and (b) photograph. (c) 

Measured steered beam pattern. 

 

Fig. 10. Performance Comparison With State-of-the-Art 300-GHz-Band TRXs 



 

34 

Okada Laboratory / Shirane Laboratory 

A 2.95mW/element Ka-band CMOS Phased-Array Receiver Utilizing 
On-Chip Distributed Radiation Sensors in Low Earth Orbit Small 
Satellite Constellation 
 

   Small satellite technology has the potential to further extend the current satellite constellation in 

low earth orbit (LEO) by realizing a wider coverage and more robust networks all over the world. 

Compared with conventional satellites, small satellites can drastically reduce launch costs and increase the 

number of  satellites in LEO. 

Fig. 13 shows the system block diagram of  the proposed low-power circularly polarized 

beamforming receiver with on-chip TID sensors. A single path consists of  a three-stage distributed 

current-sharing LNA, a reflective type phase shifter (RTPS), two low-loss single-port-double-throw RF 

switches, and a two-stage voltage-steering current-sharing variable gain amplifier (VGA). A common path 

comprises a 4:1 lumped Wilkinson combiner, a two-stage low-power buffer, a two-stage current-sharing 

VGA, and an RTPS. H and V signal paths are separately and symmetrically implemented in this work for 

supporting linear polarization, dual-linear polarization, and circular polarization modes.   

As shown in Fig. 14, the locations of  phased-array elements and distributed TID sensors are 

represented by black dots. The measured non-uniform TID values show that the proposed distributed 

TID sensors can detect the realistic non-uniform TID distribution. Compared to the measured gain 

pattern result without the compensation technique, the results with compensation show that the 

maximum gain variation caused by the non-uniform TID is dramatically reduced to 0.12dB for 0.5Mrad 

average TID. 

 

Fig. 13. System diagram of  the proposed receiver. 
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Fig. 15 shows the die micrograph, the total chip area including pads is 11mm2, where the single-

element active area is 0.24mm2. The peak OTA EVM at 29GHz is -32.37dB with 1GHz 256APSK 

modulated signal for right-hand circular polarization mode. The highest OTA data rate of  24Gbps is 

achieved with a 1.5GHz dual linear polarization 256APSK modulation signal. 

Fig. 16 compares this work with the state-of-the-art phased-array ICs. This work achieves 

0.22dB/Mrad main lobe degradation by utilizing the on-chip TID sensor-based compensation technique. 

 

 

 

Fig. 14. Radiation compensation measured 

results. 

Fig. 15. Die photo and measured OTA results. 

 

Fig. 16. Performance comparison with state-of-the-art works. 
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Fukawa Laboratory 
Home page: http://www.radio.ce.titech.ac.jp 
 
 
Professor Kazuhiko Fukawa   
received the B.S. and M.S. degrees in physics, and 
the Dr. Eng. degree in electrical and electronics 
engineering, all from Tokyo Institute of  
Technology, Tokyo, Japan, in 1985, 1987, and 1998 
respectively. He joined Nippon Telegraph and 
Telephone Corporation (NTT), Japan, in 1987. 
Since then, he has been engaged in research on 
digital mobile radio communication systems and 
applications of  the adaptive signal processing, 
including adaptive equalization, interference 
cancellation, and adaptive arrays. He was a Senior 
Research Engineer at NTT Mobile Com-
munications Network Inc. (NTT DoCoMo), from 
1994 to 2000, and an Associate Professor at the 
Tokyo Institute of  Technology, from 2000 to 2014. 
Since 2014 March, he has been a Professor at the 
Tokyo Institute of  Technology. Prof. Fukawa is a 
senior member of  IEEE. He received the Paper 
Award from IEICE in 1995, 2007, 2009, and 2012, 
the Best Paper Prize from the European Wireless 
Technology Conference (EuWiT), and the Achievement Award from IEICE in 2009. 
 
 
 

Assistant Professor Yuyuan Chang 
He received the B.E. degree from Department of  
Control Engineering and the M.E. degree from 
Department of  Electrical Control Engineering, 
National Chiao Tung University, Hsinchu, R.O.C. 
(Taiwan), in 1997 and 1999, respectively, and 
another M.E. and the D.E. degree from Electrical 
and Electronic Engineering Department, Tokyo 
Institute of  Technology, Tokyo, Japan, in 2007 and 
2011, respectively. He served in Industrial 
Technology Research Institute (ITRI), Hsinchu, 
R.O.C. (Taiwan), from 2000 to 2005. He has been 
with Tokyo Institute of  Technology from 2011 as 
a research fellow. Since April of  2016, he has been 
an Assistant Professor of  Tokyo Institute of  
Technology. His research interests include multi-
user MIMO systems, user scheduling algorithm, 
MIMO sounder, wireless sendor networks, and 
millimeter wave wireless systems. He is a member 
of  IEICE and received the Best Paper Award of  
IEICE Communications Society in 2013 
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Our Research Interests 
 
At Fukawa laboratory, we have been conducting both fundamental and applied researches involving 

signal processing techniques for mobile communications. Recently, we have focused on transmission 
systems, especially MIMO-OFDM, multiple access, modulation and demodulation schemes for cognitive 
radio, super high-bit rate mobile communications, and millimeter wave. Below is a detailed list of  our 
research topics in recent five years. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
In this report, we will present some of  the above research topics that have been recently presented at 

international conferences or accepted for publication in international journals.  

Transmission System 

MIMO detection & CSI estimation 
 Suboptimal MLD 

 EM algorithm  
 Factor graph  
 MMSE detection avoiding noise 

enhancement  
 Adaptive blind method for 

heterogeneous streams 
 Soft decision-directed channel 

estimation (SDCE) 
 Channel estimation exploiting sparsity 

 
MIMO-OFDM system optimization 
 BER improvement 
 Minimum BER (MBER) precoding 

 PAPR reduction 
 Block diagonalization with selected  

mapping (BD-SLM)   
 Partial transmit sequence (PTS) 

 Joint BER and PAPR improvement 
 Eigen-mode transmission with 

PAPR reduction   
 Relaying system improvement 

 Amplify-and-Forward (AF) / 
Decode- and-Forward (DF) 
switching 

 
Super high rate mobile communications 
 8×16 MIMO multi-Gbps systems 

  

Research Topics in Recent Five Years 

Wireless Security 
Random phases based physical layer 
security 

Multiple Access 

Collision detection 
Interference mitigation 

 Spatial filtering 
 MBER precoding for co-channel 

interference environment 
 Neural network based power and 

beamforming controls 
 Linear interference suppression for 

multiple relay systems 
Access scheme 
 IDMA with iterative detection 
 Random packet collision solution  

Millimeter Wave Communications 

Phase noise compensation  

I/Q imbalance compensation  

Real zero coherent detection 

Others 

Constant Amplitude OFDM 

Machine Learning Schemes for 

Wireless Communications 
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Fukawa Laboratory 

Time-Varying Channel Prediction for Pilot Contamination Mitigation in 
Hybrid Massive MIMO Communications [7], [10], [26], [28] 
 
Recently, massive multiple-input multiple-output (MIMO) has attracted much attention and been 
introduced into the 5th generation mobile communications system (5G). Hybrid beamforming (HB), 
which consists of  analog beam-forming (AB) and digital beamforming (DB), can be regarded as one of  
the most feasible massive MIMO techniques, because it can significantly reduce the number of  baseband 
and radio frequency (RF) circuits. However, HB cannot accurately estimate channel impulse responses 
of  all antenna elements because the degrees of  freedom of  the received (Rx) signal are reduced by AB 
and are too small for the accurate channel estimation. To solve this problem, a scheme proposed in 
assumes that incident angles of  propagation paths (cluster) in the uplink (UL) are narrowly distributed 
and can estimate time-invariant channel frequency responses of  all the elements from those of  HB by 
using information on angle of  arrival (AoA) for the cluster. The estimated channel frequency responses 
are used to control both phase rotation of  AB and a precoding matrix of  DB so that HB can 
approximately perform block diagonalization in the downlink (DL). However, hybrid massive MIMO 
still suffers from the following pilot contamination: When the number of  user terminals (UTs) using the 
same channel simultaneously exceeds the number of  orthogonal pilot signals, the same pilot signal needs 
to be shared among multiple UTs [8]. The channel estimation using the shared pilot signal obtains an 
estimate of  combined channel frequency responses of  the multiple UTs, which can cause significant 
degradation of  transmission performance. 
    To cope with the pilot contamination even under time-varying channel conditions, this paper 
proposes to adaptively predict time-variant DL channels from UL ones while mitigating the pilot 
contamination. The predicted channel frequency responses are used to approximately perform block 
diagonalization of  HB in the DL. Note that the channel estimation in assumes time-invariant (quasi-static 
fading) channels without any pilot contamination. Considering time division duplex (TDD) multiuser 
MIMO communications, the proposed scheme firstly estimates an average AoA of  user’s cluster by 
applying multiple signal classification (MUSIC) to the Rx pilot signals, which can reconstruct the channel 
frequency responses of  the interfering UTs. Removing the reconstructed channel frequency responses 
from the combined ones can 
extract the desired channel 
frequency responses. Since the 
desired channel frequency 
responses can be considerably 
extracted, the proposed scheme 
coarsely compensates for time-
variation of  the Rx signal by 
predicting the Doppler effect of  
each cluster. The residual time-
variation can be tracked and 
removed using detected signals of  
all the streams, i.e., the replica of  the transmitted (Tx) signals, in a decision-directed manner. Finally, the 
estimated total time-variation is used to predict the DL channel frequency response. Computer 
simulations under conditions of  time-varying fading channels, two desired UTs with multiple antennas, 
two interfering UTs with multiple antennas, and one base station (BS) equipped with a 256-element array 
antenna demonstrate that the proposed scheme can sufficiently track time-varying channels and mitigate 
the pilot contamination. Consider the massive MU-MIMO system shown in Fig. 1, where the base station 
(BS) and user terminals (UTs) are assumed to perform HB and full digital beamforming (FDB), 
respectively. Suppose that the BS with 𝑁ୖ୊  antennas communicates with 𝐾  UTs having 𝑁୙୘ 
antennas. Furthermore, let us assume that 𝐾ᇱ interfering UTs are located near the cell boundary, and 
that ሺ𝐾 ൅ 𝐾ᇱሻ UTs share the same frequency channel simultaneously. Let 𝑀୆ୗ denote the number of  

 
Fig. 1. Block diagram of  the massive MU-MIMO system. 
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RF circuits (sub-arrays) in the BS and 𝑁ୖ୊/𝑀୆ୗ ൌ 𝑁୆ୗ be an integer equal to the number of  antenna 
elements per RF circuit. The number of  data streams for each UT is set equal to that of  antennas of  
each UT, 𝑁୙୘. In addition, since a TDD system is assumed, both the uplink (UL) and DL use  

the same frequency channel. Since channel frequency responses of  UL agree with those of  DL, the 
BS can control phase rotation of  AB and a precoding matrix of  DB for HB using estimated or predicted 
channel frequency responses of  DL. Furthermore, since orthogonal frequency-division multiplexing 
(OFDM) is assumed as the transmission scheme, subcarrier signals of  OFDM follow frequency flat 
fading even under frequency selective fading conditions. From now on, we focus on one OFDM 
subcarrier that experiences the Rayleigh fading.  

BS and UTs were assumed to be located as shown in Fig. 2. The central azimuth angles of  the 
clusters arriving from the desired UTs were set to 15◦ and −15◦, respectively. The central azimuth angles 
of  the clusters arriving from the interfering UTs were assumed to be uniformly distributed in the range 
from −75◦ to 75◦ with an angular difference from the central azimuth angle of  the desired UT being 45◦ 
or more. The central elevation angles of  the clusters were assumed to be normally distributed with 0◦ 
mean and standard deviation 15◦. The direction of  the movement of  the UTs was assumed to follow the 
uniform distribution.  

Fig. 3 shows the mean squared error (MSE) of  
the predicted channel at the center of  the DL packet. 
The error floor can be seen when the pilot 
contamination (PC) occurs but PC mitigation (PCM) 
is not conducted, whereas PCM can make the error 
floor much lower and near to that without PC. In 
addition, PCM can reduce differences in required 
𝐸ୠ 𝑁଴⁄  between PC and non PC to less than 3 dB. 
Especially, when the channel is time-variant, the 
difference can get close to 0 dB. It can be also seen 
that the proposed scheme can accurately predict the time-varying channels up to 𝑓ୈ ൌ 150 Hz.  

Fig. 4 shows the average packet error rate (PER) of  DL, when HB approximately performs block 
diagonalization by using the predicted DL channel. It can be seen that PCM can alleviate degradation of  
PER in the DL from PC, as effectively as that of  MSE. Note that the simulation results of  the second 
stream (the smaller eigenvalue) without PCM were not plotted because the PER is very close to 1.0 
regardless of  both the Doppler frequency and 𝐸ୠ 𝑁଴⁄ . The proposed scheme estimates the average AoA 
of  each UT’s cluster and uses the information to remove channels of  the interfering UTs from pilot 
based channel estimates. After predicting and compensating for the overall Doppler effect of  each desired 
UT’s cluster, the residual time-variation can be further tracked using the detected signals of  all the Tx 
streams. Finally, the estimated total time-variation is exploited to predict the DL channel. 
 

 
Fig. 2. The positions of  BS and UTs. 

  
Fig. 3. MSE of  channel prediction in DL. Fig. 4. Average DL PER of  each stream. 
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Random Phase based Physical Layer Security Scheme Robust against 
Multi-Antenna Eavesdroppers [16], [19] 
 

In contrast with the upper-layer security, the physical-layer security for wireless communications can repel 
physical layer attacks such as eavesdropping control signals. As conventional physical-layer security 
schemes for multi-input single-output (MISO) communications, artificial noise (AN) and artificial fast 
fading (AFF) need high transmit power, while random phase (RP) can reduce the power drastically. This 
is because RP sets phases of  transmit signals randomly and estimates their amplitudes that can minimize 
the transmit power under the constraint of  correct signal detection by the legitimate user. A major 
problem of  these schemes is that the desired signal can be intercepted by eavesdroppers (Eves) having 
multiple receive antennas. Thus, this work proposes an enhanced version of  RP that multiplies the desired 
complex symbols by random patterns so that Eve with multiple antennas cannot detect the desired 
symbols even by employing diversity combining with blind algorithms. The above multiplication changes 
the statistical property of  the desired symbol, which can destroy the basis of  the blind estimation of  the 
diversity combining weights and thus can hinder the blind diversity combining. Computer simulations of  
MISO QPSK demonstrate that the proposed scheme can prohibit Eve performing the blind diversity 

combining from detecting the desired symbols much 
more strictly than the conventional RP, while 
maintaining good transmission performance of  the 
legitimate user (Bob).  

We consider a MISO system shown in Fig. 5, 
where the transmitter is equipped with 𝑁୲  Tx 
antennas, and Eve has 𝑁ୣ Rx antennas with 𝑁ୣ ൒ 𝑁୲. 
Because of  MISO, suppose that Bob has a single Rx 
antenna. In addition, this time we focus on one 
subcarrier of  orthogonal OFDM, and QPSK is 
assumed as the modulation scheme for the subcarrier. 
From now on, all signals are represented in equivalent 
low-pass waveforms. Fig. 6 shows the conventional RP 
scheme including Eve equipped with multiple Rx 
antennas. In the RP scheme, a complex symbol (the 
desired signal) transmitted from a Tx antenna is rotated 
by a random phase, and then its amplitude is controlled 
so that the total Tx power can be minimized under the 
constraint that Bob should correctly receive the symbol. 

When Eve has only one Rx antenna, the random 
phase makes it impossible for her to detect the desired signal. When Eve has multiple Rx antennas, 
however, she can conduct diversity combining with blind algorithms. To prohibit multi-antenna Eve from 
eavesdropping the desired signal, this report proposes an enhanced version of  RP that multiplies the 
above desired signal by a random pattern. This multiplication changes the statistical property of  the 
desired signal, which can destroy the basis of  the blind estimation of  the weights and thus can hinder the 
eavesdropping.  

When QPSK is assumed as the modulation scheme of  the target subcarrier, let 𝜉  denote the 
random pattern and 𝜉 is set as follows: 

 
Fig. 5. System model. 

 
Fig. 6. Conventional RP scheme. 
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𝜉 ൌ ቐ
𝑥𝐴 ,𝑃ଵ
𝐴𝑒௝థ ,𝑃ଶ
𝐴𝑒ି௝థ ,𝑃ଶ

, 

where 𝑥  and 𝐴  are positive constants, 
𝜙  denotes a phase, and 𝑃ଵ  and 𝑃ଶ  are 
probabilities to satisfy that 〈𝜉〉 ൌ 0  and 
〈|𝜉|ଶ〉 ൌ 1 , where 〈 〉  denotes the 
statistical expectation operator. After 
generating 𝜉  according to the equation 
above, the desired signal 𝑑 is replaced by 
𝜉𝑑  as: 𝑑 ⟵ 𝜉𝑑 . Fig. 7 shows the 
constellation points of  𝜉𝑑  using some 
suboptimal parameters. Evidently from 
these figures, introducing the random 
pattern can increase the number of  
constellation points from 4 to 12 in the 
case of  QPSK. These suboptimal 
parameters can enlarge the distance 
between the nearest neighboring 
constellation points compared to most of  
the parameter candidates, while causing 
severe degradation in the BER 
performance of  Eve with multiple Rx 
antennas. Fig. 8 shows outputs of  the 
diversity combining performed by Eve in 
both the conventional and enhanced RP 
schemes,  when 𝑁୲ ൌ 4, 𝑁ୣ ൌ 16, and 
average 𝐸ୠ 𝑁଴⁄ ൌ 30 dB, where 𝜌 is the 
factor indicating the channel correlation between Bob and Eve. In the figure, “Before” indicates signals 
received by one Rx antenna while “After” indicates the diversity combining outputs after sufficient 
number of  iterations for RLS-CMA. In the case of  the conventional RP scheme, the received signals get 
closer to the QPSK constellation points as the channel correlation factor, 𝜌, increases from 0.8 to 0.9.  

It can be seen that by employing the diversity combining with RLS-CMA, Eve can detect the QPSK 
symbol with higher reliability. In the enhanced RP scheme, Eve cannot correctly receive all the 
constellation points even when she performs the diversity combining with RLS-CMA. Specifically, Eve 
can barely observe 4 constellation points located near the center but cannot detect the other points. This 
is because the random patterns are generated according to their different probabilities. Note that the 
above situation of  Eve means that the bit error rate (BER) performance is severely degraded even when 
the diversity combining with RLS-CMA is employed, which can be seen from the simulation results about 
BER. Fig. 9 shows the average BER performance of  Eve. In the conventional RP scheme, the BER of  
Eve is improved with an increase in the number of  Rx antennas, when 𝜌 ranges from 0.9 to 1.0. This is 
because increasing the number of  Rx antennas can gain more diversity effect and improve the BER. In 
the enhanced RP scheme, however, the improvement of  the BER is very limited because the enhanced 
version violates the basic assumption of  the blind algorithms and thus can hinder even RLS-CMA. 

 

(a) 𝜙 ൌ 120°,𝑃ଵ ൌ 0.55 

 

(b) 𝜙 ൌ 155°,𝑃ଵ ൌ 0.70 

Fig. 7.  Examples of  constellations (QPSK). 

 
(a) Conv. RP. 

 
(b) Enhanced RP. 

Fig. 8. Outputs of  the diversity combining in Eve. 

 
Fig. 9.  BER performance of  Eve. 
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Device-to-Device Communications Employing Fog Nodes with Parallel 
Interference Cancellers [15], [20] 
 

Device-to-device (D2D) communication allows user terminals to directly communicate with each other 
without the need for any BSs. Since the D2D communication underlying a cellular system shares 
frequency channels with BSs, co-channel interference may occur. Successive interference cancellation 
(SIC), which detects and subtracts user signals from received signals in descending order of  received 
power, can cope with the above interference and has already been applied to fog nodes that manage 
communications among machine-to-machine (M2M) devices besides direct communications with BSs. 
When differences among received power levels of  user signals are negligible, however, SIC cannot work 
well and thus causes degradation in BER performance. To solve such a problem, this work proposes to 
apply parallel interference cancellation (PIC), which can simultaneously detect both desired and 
interfering signals under the maximum likelihood criterion and can outperform SIC irrespective of  
channel conditions even when power level differences among users are small.  
    The fog node, which is located near D2D user elements (DUEs), operates as an interface between 
BS and DUEs. In addition, the fog node can be regarded as a smaller scale cloud server and provides 
DUEs with additional computing capabilities. Data of  DUEs are sent to not BS but the fog node that 
can conduct data computing, storage, and processing, which can increase network reliability and protect 
core networks. Furthermore, it can discover the D2D pairs, store information, schedule the resource 
block (RB), control the transmit power of  the D2D devices, continuously monitor the D2D environment, 
and perform channel estimation. Note that fog node employing SIC can improve energy efficiency of  
D2D communications. Under some channel conditions, SIC with channel decoding can be superior to 
PIC with channel decoding in terms of  BER performance. From SIC and PIC, adaptive interference 
cancellation (AIC) selects one canceller that can yield better BER performance.  

This work considers both simple and complex system models. In the simple model of  Fig. 10, one 
DUE communicates with another DUE via one fog node and shares one channel with one cellular user 
element (CUE). Let us assume that the fog node can perfectly estimate its relevant channels and carries 
out functions of  SIC, PIC, or AIC. In the complex system model, a number of  DUEs are connected to 
fog nodes and a number of  CUEs are supposed to be distributed in a cell. Let us assume a fully loaded 
network in which each CUE uses two RBs to communicate with one BS. DUEs are assumed to share 
RBs with CUEs and to generate data packets following a Poisson process. 

It can be seen from Fig. 11 that these two curves intersect with each other when 𝐸ୠ 𝑁଴⁄  = 12.5 
dB and power ratio (PR) = 0.6. This means that when the channel coding is employed, SIC can 

outperform PIC under low SNR conditions. Fig. 12 shows two-
dimensional areas (𝐸ୠ 𝑁଴⁄ , PR) where SIC or PIC is superior to 
the other in terms of  average BER, with R = 1/2. 

SIC and PIC can provide better average BER performance 
of  both the strong and weak users, in the horizontally and 
diagonally hatched areas of  Fig. 12, respectively. In the vertically 
hatched region, PIC is superior when the DUE signal has higher 
received power than that of  the interfering signal whereas SIC is 
superior when the DUE signal has lower received power than 
that of  the interfering signal. In general, when the received 
power difference is small, PIC outperforms SIC. On the other  

 

Fig. 10. System model. 
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hand, when the difference is very large, SIC can show 
better BER performance than PIC under some channel 
conditions. 

Since DUE senders are expected to exceed 
available RBs in the number, the fog node should 
schedule packet transmission of  DUEs on the basis of  
their waiting time, data size, and so on. The highest 
priority DUE is supposed to select the RB that can 
maximize its throughput. Since one CUE shares the 
selected RB, the lower priority DUEs are not allowed 
to pair up with the CUE and should select the best one 
from the other available RBs. When the selected RB 
cannot satisfy the requirement of  BER, the DUEs have 
to wait until suitable RBs become available, which 
makes the transmission delay time longer. Fig. 13 
shows the average throughputs, where no interference 
cancellation (NIC) case assumes that one DUE directly 
communicates with another DUE without any fog 
nodes. It can be seen, PIC and AIC achieve the almost 
constant gain of  10% over SIC irrespective of  the 
transmit power of  DUE. This implies that PIC has a 
larger dominant region than that of  SIC and that 
selecting proper code rate can increase the average 
throughput more drastically than SIC. As for NIC, its 
throughput is the worst because it cannot cancel any interfering signals. Fig. 14 shows the cumulative 
distribution functions (CDFs) of  delay times. Since NIC does not use any fog nodes, its transmission 
delay time can be less than 1 ms. For interference cancellers employing the fog nodes, their transmission 
delay time must exceed the sub frame length of  1 ms, which can be regarded as a bottleneck. Even though 
NIC does not suffer from such a bottleneck, many DUEs cannot pair up with suitable CUEs in sharing 
RBs, which increases the transmission delay time of  NIC. It can be seen from the figure that plots of  
AIC and PIC overlap, which implies that PIC showed better BER performance than SIC. Further, PIC 
can make the transmission delay time shorter than SIC. In addition, PIC can increase times of  successful 
packet transmissions more than SIC.  

 

Fig. 11.  Average BER for weak user. 

 

Fig. 12.  Dominant Regions (R = 1/2). 

  

Fig. 13. An example of  average throughput. Fig. 14. Transmission delay time. 
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