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Abstract

The mainstays to increase cell throughput for the beyond 5G or later are multiple-input multiple-output (MIMO) tech-
niques, the use of millimeter wave and sub-THz, and a modulation scheme. Orthogonal frequency-division multiplexing
(OFDM) modulation, which is used for 4G and 5G, has high spectral efficiency and high robustness to multi-path fading
channels. In contrast, OFDM has low robustness to time-varying channels for moving terminals, which is more important
at millimeter wave and sub-THz transmission than for sub-6 GHz. This paper describes the experimental investigation of
orthogonal time frequency space (OTFS) modulation using a 28 GHz multi-user distributed MIMO testbed in over-the-air
and mobility environments. We measure OTFS and OFDM up-link signals with up to four user simultaneous connections
using zero-forcing precoding. OTFS indicates higher robustness to time-variant channels than OFDM. The error vector
magnitude and system throughput of OTFS are —22 dB and 1.9 Gbps with 100 MHz signal bandwidth, respectively. OTFS
enables cell throughput enhancement for moving terminals in millimeter wave and sub-THz bands.
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1. Introduction

Multiple-input multiple-output (MIMO) techniques, the
use of a millimeter wave (mmW) band and a sub-THz
band, and a new modulation scheme are the key factors
to enhance cell throughput for the beyond 5th gener-
ation (B5G) and 6th generation (6G) mobile services.
The MIMO system using spatial division multiplexing
(SDM) techniques can multiple the larger number of lay-
ers than that using direction based beam-forming. The
advantage of using mmW and sub-THz is wide available
frequency range, whereas the difficulty is that mmW and
sub-THz change the propagation channel more sensi-
tively than sub-6 GHz. A modulation scheme having high
robustness to the channel sensitivity is required for B5G
and 6G. The modulation technique for 4th and 5th gen-
eration mobile services is orthogonal frequency-division
multiplexing (OFDM). Although OFDM has high spectral
efficiency and good robustness to multi-path fading,
inter-carrier interference due to the Doppler spread of
time-varying channels degrades OFDM performance for
mobility environments. Especially, Doppler spread in
mmW and sub-THz is larger than that in sub-6 GHz. To

suppress the degradation, an OFDM system allocates
reference signals (RS) more frequently and calculates
SDM weight matrixes for each OFDM symbol. However,
increasing RS allocations decreases spectral efficiency
and increases computational complexity for weight cal-
culation.

Orthogonal time frequency space (OTFS) is suggested
to tackle the time-varying channels”. OFDM multiplexes
information symbols in the time-frequency (TF) domain,
whereas OTFS multiplexes them in the delay-Doppler
(DD) domain. Because the OTFS modulation spreads
each element in the DD domain into the TF domain en-
tirely, all OTFS elements experience the same and near-
ly constant propagation channel. Using simulation, the
previous works report that OTFS has a lower bit error
rate than OFDM for high mobility environments™™.

We investigate the robustness of OTFS modulation in
the Doppler environment with over-the-air (OTA) ex-
periments using a 28 GHz multi-user distributed MIMO
(D-MIMO) testbed. D-MIMO is one of the technique to
maximize the SDM performance by using geometrically
distant multiple number of antennas®”). This paper de-
scribes the practical OTFS channel estimation and chan-
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nel quality with simultaneous multiple user connections
for mobility environments.

2. Signal Processing

2.1 OTFS Modulation

Fig. 1 shows the OTFS signal processing diagram. An
OTFS pre-processor on a personal computer (PC) generates
a multi-user transmitted (TX) signal xi'?}?k) € CY*, where
U = 1,2,0or 4 is the number of user equipment (UEs). The
OTFS signal x?(]l)’k) is TX information in i-th subframe,
where i =0, 1,...,, 9, and is allocated to the DD domain
element of a delay domain index / = 0,1,...,9,M-1 and a
Doppler domain index k = 0,1,...,N-1, where M and N
are 1200 and 14, respectively. An OTFS frame has 10
subframes. The OTFS pre-processor converts x]l%]l),k) toa
TF domain signal xl-T(Fm’n) € €U, where m = 0,1,...,M-
1 is a frequency domain index and n =0,1,...,N-1is a
time domain index, using the inverse symplectic finite
Fourier transform (SFFT)V™®. A distributed unit (DU) for
UE, called UE-DU, generates a time domain digital signal
s;(t) € CY*Y, where t is time, by modulating the TF do-
main signal xl-T(Fm’n) with OFDM modulation. The numer-
ology of the OFDM modulation is based on the specifica-
tions of 3GPP TS 36.211 format® except for subcarrier
spacing and signal bandwidth, which are 60 kHz and 80
MHz respectively. A radio unit (RU) for UE, called UE-RU,
converts the time domain digital signal s,(t) to an ana-
logue signal and then radiates it from UE antennas.

Subframe 0 has only reference signals to estimate a
channel impulse response (CIR), which are called CIR-
RS. CIR-RS using the root Zadoff-chu sequence with a
length of 19 as defined in 3GPP TS 36.211% is allocated
to the DD domain elements as shown in Fig. 2. Table 1
shows delay indexes /., and Doppler indexes k., for the
CIR-RS center locations of four UEs, UEO to UE3. The

OTFS pre-processor (PC)

OFDM Modulator (UE-DU) 28 GHZ&
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Estimation
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Fig. 1 Block diagram of OTFS signal processing.
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Fig. 2 OTFS signal allocation for UEO from subframe 0 to
subframe 1.

Table 1 Numerology for CIR-RS.

UEO UE1 UE2 UE3
Length of CIR-RS 19 19 19 19
Centre of CIR-RS
Delay index /_, 150 750 450 1050
Doppler index kc/u 1 9 5 12
CIR-RS analysis range
Delay domain /,, 150 150 150 150
Doppler domain k,, | 3(walk) 0 0 0
0(stop)
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Fig. 3 Time domain OTFS waveform of UEO.

other elements in subframe 0 are blank. Subframe 1 to
subframe 9 have quadrature phase shift keying (QPSK)
TX information and phase compensation reference signals
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(PCRS). PCRS for the u-th UE is a QPSK sequence and
is allocated to x]i)(]l)p,o)r where [, = 48v+u, v = 0,1,...,24,
and u=0,1,2,3, as shown in Fig. 2. The PCRS and CIR-RS
locations are different for each UE to prevent contamina-
tion between UEs. The amplitude of CIR-RS is 17 dB larg-
er than those of the TX information sequence and PCRS
to equalize the peak power of the time domain signal s,(t)
between subframe 0 and the other subframes as shown
in Fig. 3.

2.2 OTFS Demodulation

An RU for AP, called AP-RU, receives the 28 GHz OTA
signal and converts the received signal to the digital
baseband signal, r;(t) € C°*1, where D = 8 is the
number of distributed antennas (DAs). A DU for access
point (AP), called AP-DU, generates a TF domain OTFS
signal yiT(Fm,n) € CP*1 from the baseband signal ri(t) us-
ing OFDM demodulation.

The propagation channels are estimated by using sub-
frame 0 having CIR-RS. Firstly, the channel estimator in
the OTFS post-processor on a PC converts the TF domain
signal yg](:m’n) to the DD domain signal yE’(‘?,k)E (e
using SFFT, and then extracts CIR-RS from ylgg’k). The
extracted signal for the u-th UE is expressed as

D (lc’u— Ly <U<ly+ly and)
DD _ Yoty kew—kry Sk < kcytkey

Gui= <ley=bLrasl > Loy loa Y’

> (k< kcy— kyysor k> kc,u+kr,u>

(1)

where /., and k,, are the CIR-RS analysis ranges of de-
lay domain and Doppler domain, respectively, as shown
in Table 1. The CIR-RS analysis range is larger than the
CIR-RS allocation range because CIR-RS is distributed
by delay and Doppler effect. When the Doppler indexes
of CIR-RS analysis range are over subframe 0, the in-
dexes are folded in subframe 0 as shown in Fig. 2. The

DD
channel estimator converts the extracted signal G (1,k)

to the TF domain signal gZ?m,n) € CP*1 with inverse
SFFT and calculates the propagation channel of the u-th

UE as
_ TF TF
hu(m,n) = gu(m,n)/xo,u(m,n)v ()

where, x({i(m,n) is the TF domain TX signal of the u-th
UE in xg’l;(m’n) . The channel estimator obtains the
channel matrix as Hinny = [ Aogmm Piemm,...Pu-1imm ] -

The first equalizer (EQ1) performs channel equaliza-
tion in the TF domain. The equalized OTFS signal is cal-

culated as
EQl  _ w TF
Zi(?n,n) =Wmumn)Yitmmn), (3)

(CUXD

where W(m’n) € is the equalization weight calcu-

lated from the channel matrix H,, ., by ZF. Subsequently,
the OTFS post-processor converts the equalized signal
ZE(?r:,n) to the DD domain signal Zli)(?k)e cv! using
SFFT.

The second equalizer (EQ2) corrects the DD domain

signal as follows,

EQ2 _ DD
Zi((l),k) =Zi(0 O Cip, 4)
where,
_ DD DD
Ci(tel, k) = Xi(1et,,0) %) Zi(1€1,,0). (5)

The symbols of () and ) denote the Hadamard product
and division, respectively. The correction parameters
ci(lelp,k) in the delay indexes without PCRS are linearly
interpolated from the adjacent correction parameters in
Ci(lety k).

3. Over-the-Air Measurements

The newly developed 28 GHz D-MIMO testbeds” are
used for UE-RU and AP-RU. The D-MIMO testbed for
UE-RU has four DAs, and that for AP-RU has eight DAs.
Each DA of UE-RU is used as a UE. The DA is connected
to a mixed signal processing unit by a single 20 m coaxi-
al cable and thus can be located at arbitrary place within
the cable length.

Fig. 4 shows the experimental layout of eight DAs,
DAO to DA7, and four UEs, UEO to UE3, on an office
floor. The heights of DAs and UEs are about 1.7 m from
the floor. UEs are located in the line of sight of any of
DAs. UEO is used for single user measurements, and
UEO and UE1 are used for two user multiplexing. Our
measurements have two parts as follows. In the part-
1, UEO moves to left direction in Fig. 4 at walking speed,
whereas the other UEs are fixed at the initial locations.
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1.5mIDA7 DAO]: 1.5m
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Fig. 4 Experimental layout on the office floor. The Anten-
na directions of DAs and UEs are correspond to the direc-
tions of antenna symbols.
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Because CIR-RS is spread in Doppler domain for mobil-
ity environments, the CIR-RS analysis range of Doppler
domain for UEOQ, k,,-, , is three as shown in Table 1. The
CIR-RS analysis ranges k,, for the other UEs are zero to
decrease additive white Gaussian noise contaminated to
the channel estimation. In the part-2, all UEs are fixed
at the initial locations, and their CIR-RS analysis ranges
k., are zero.

4. Measurement Results

Fig. 5 shows the UEO OTFS constellations in the part-
1 measurements. Although the constellation without us-
ing EQ2 shown in Fig. 5(a) is rotated for each subframe
by Doppler frequency shift, the rotation is corrected by
EQ2 as shown in Fig. 5(b).

Fig. 6 shows the measured error vector magnitudes
(EVMs) as a function of the number of simultaneous-
ly connected UEs. AP D-MIMO can demodulate the
multi-user OTFS signals, which are emitted in the same
frequency band and the same time, using ZF in the ac-
tual OTA and Doppler environments.

In the part-2 measurements, which all UEs are fixed,
the OTFS EVMs are about the same as the OFDM EVMs
regardless of the number of connected UEs. In contrast,
the EVMs of the moving OTFS UEO in the part-1 mea-
surements are several dB less than those of the moving
OFDM UEO, which is shown by the solid circles in Fig. 6.
The circle dashed line in Fig. 6(b) shows the EVMs of the
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Fig. 5 Measured UEO OTFS QPSK constellations.
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Fig. 6 Measured EVMs as a function of the number of UEs.

Table 2 Comparison with the previously reported OTFS

system.
Ant. Mod. STP Spectral eff.
Ref. Experiment n ° peeiEl @
config. Scheme (Gbps) (bps/Hz)
Fig. 13 Sim. 4x4 OFDM = 14
in 10) Sim. 4x4 OTFS = 18
This Yes 4x8 OFDM 1.79 17.9;
Work Yes 4x8 OTFS 1.93 11933}

moving OFDM UEO using phase tracking reference sig-
nals (PTRS).

PTRS is based on the specifications in 3GPP TS
38.211%, which is allocated for each 48 subcarriers
intervals in fourth to 14™ OFDM symbols for each sub-
frame. The OFDM EVMs of UE1 to UE3 with PTRS are
about the same as those without PTRS because these
UEs are fixed. Although the moving OFDM UEO with
PTRS has less EVM than the moving OTFS UEO, compu-
tational complexity for equalizations increases to use
PTRS. The OTFS demodulator calculates the equalization
weights for each 10 subframes, whereas the OFDM de-
modulator using PTRS calculates the weights for each
subframe. Thus, the computational complexity to obtain
the equalization weights of OFDM using PTRS is 10 times
greater than that of OTFS.

Table 2 shows comparison with the previously report-
ed OTFS and OFDM systems without using PTRS. The
system throughput (STP) and spectral efficiency of this
work are estimated from the UEO EVMs in the part-1
measurements by using MATLAB 5G toolbox. The STP is
sum of four user throughputs with 100 MHz bandwidth
signals. The experimentally estimated spectral efficien-
cies of this work are compatible with those of the previ-
ous work'® calculated by simulation.

5. Conclusion

This paper has presented experimental investigation of
OTFS performances using our newly developed 28 GHz
D-MIMO testbed in OTA and mobility environments. We
have measured EVM with up to four user simultaneous
connections in the actual office room. OTFS has better
EVM and higher spectral efficiency than OFDM without
PTRS for moving UE and achieves higher robustness to
time-variant channels. These findings suggest that OTFS
is one of the key technology to realize the B5G and 6G
mobile communication systems used for high mobili-
ty environments and in high frequency range such as
mmW and sub-THz.

NEC Technical Journal /Vol.17 No.1/ Special Issue on Open Network Technologies 65



Wireless Technologies for 5G/Beyond 5G

28 GHz Over-the-Air Measurements Using an OTFS Multi-User Distributed MIMO System

6. Acknowledgement Authors’ Profiles
TAWA Noriaki
This research is partially supported by the Minis- Professional
try of Internal Affairs and Communications in Japan Wireless Access Development Department
(JP1000254). KUWABARA Toshihide
Senior Professional
Wireless Access Development Department
MARUTA Ya hi
References ) u sus
Senior Professional
1) R. Hadani et al.: Orthogonal Time Frequency Space Wireless Access Development Department
Modulation, 2017 IEEE Wireless Communications and
Networking Conference (WCNC), pp.1-6, March 2017 KANEKO Tomoya
https://ieeexplore.ieee.org/document/7925924 Senior Professional

2) R. Hadani et al.: Orthogonal Time Frequency Space Wireless Access Development Department

(OTFS) modulation for millimeter-wave communica-
tions systems, 2017 IEEE MTT-S International Micro-
wave Symposium (IMS), pp. 681-683, June 2017
https://ieeexplore.ieee.org/document/7925924
3) W. Shen, L. Dai, J. An, P. Fan and R. W. Heath: Chan-
nel Estimation for Orthogonal Time Frequency Space
(OTFS) Massive MIMO, IEEE Transactions on Signal
Processing, vol. 67, no. 16, pp.4204-4217, August 2019
https://ieeexplore.ieee.org/abstract/document/
8727425
4) N. Tawa, T. Kuwabara, Y. Maruta and T. Kaneko: 28 GHz
Over-the-Air Measurement using an OTFS Multi-User
Distributed MIMO, 2021 51st European Microwave
Conference (EuMC), London, United Kingdom, pp.450-
453, June 2022
https://ieeexplore.ieee.org/document/9784236
N. Tawa, T. Kuwabara, Y. Maruta and T. Kaneko: Mea-
suring Propagation Channel Variations and Reciprocity
using 28 GHz Indoor Distributed Multi-user MIMO,
2020 IEEE Radio and Wireless Symposium (RWS),
pp.104-107, March 2020
https://ieeexplore.ieee.org/document/9050046
6) I. C. Sezgin et al.: A Low-Complexity Distributed-MIMO
Testbed Based on High-Speed Sigma-Delta-Over-Fi-
ber, IEEE Transactions on Microwave Theory and Tech-
niques, vol. 67, no. 7, pp.2861-2872, July 2019
https://ieeexplore.ieee.org/document/8678474
7) N. Tawa, T. Kuwabara, Y. Maruta and T. Kaneko: 28 GHz
Distributed-MIMO Comprehensive Antenna Calibration
for 5G Indoor Spatial Division Multiplex, 2021 IEEE
MTT-S International Microwave Symposium (IMS),
pp.-541-544, June 2021
https://ieeexplore.ieee.org/document/9574898
Evolved Universal Terrestrial Radio Access (E-UTRA);
Physical channels and modulation, version 10.7.0:
3GPP TS 36.211, February 2013
9) NR; Physical channels and modulation, version 15.8.0:
3GPP TS 38.211, December 2019
10) 3GPP TSG RA WG1: OTFS Modulation Waveform and
Reference Signals for New RAT, R1-162930, April 2016
https://www.cohere-tech.com/wp-content/up-
loads/2017/06/R1-163619-0OTFS-Waveform-for-New-
RAT.pdf

5

—~

8

~

66  NEC Technical Journal /Vol.17 No.1/Special Issue on Open Network Technologies



Information about the NEC Technical Journal

Thank you for reading the paper.

If you are interested in the NEC Technical Journal, you can also read other papers on our website.

Link to NEC Technical Journal website

Japanese

Vol.17 No.1 Special Issue on Open Network Technologies

— Network Technologies and Advanced Solutions at the Heart of an Open and Green Society

Remarks for Special Issue on Open Network Technologies
NEC’s Technological Developments and Solutions for Open Networks

Papers for Special Issue

Open RAN and Supporting Virtualization Technologies

Innovations Brought by Open RAN

Reducing Energy Consumption in Mobile Networks

Self-configuring Smart Surfaces

Nuberu: Reliable RAN Virtualization in Shared Platforms

vrAIn: Deep Learning based Orchestration for Computing and Radio Resources in VRANs

Wireless Technologies for 5G/Beyond 5G

NEC'’s Energy Efficient Technologies Development for 5G and Beyond Base Stations toward Green Society
Millimeter-wave Beamforming IC and Antenna Modules with Bi-directional Transceiver Architecture
Radio-over-Fiber Systems with 1-bit Outphasing Modulation for 5G/6G Indoor Wireless Communication
28 GHz Multi-User Massive Distributed-MIMO with Spatial Division Multiplexing

28 GHz Over-the-Air Measurements Using an OTFS Multi-User Distributed MIMO System

Comprehensive Digital Predistortion for improving Nonlinear Affection and Transceivers Calibration to Maximize
Spatial Multiplexing Performance in Massive MIMO with Sub6 GHz Band Active Antenna System

Black-Box Doherty Amplifier Design Method Without using Transistor Models

39 GHz 256 Element Hybrid Beam-forming Massive MIMO for 8 Multi-users Multiplexing

Initiatives in Open APN (Open Optical/All Optical)

NEC’s Approach to APN Realization — Towards the Creation of Open Optical Networks

NEC’s Approach to APN Realization — Features of APN Devices (WX Series)

NEC’s Approach to APN Realization — Field Trials

Wavelength Conversion Technology Using Laser Sources with Silicon Photonics for All Photonics Network
Optical Device Technology Supporting NEC Open Networks — Optical Transmission Technology for 800G and Beyond

Initiatives in Core & Value Networks

Technologies Supporting Data Plane Control for a Carbon-Neutral Society

NEC’s Network Slicing Supports People’s Lives in the 5G Era

Application-Aware ICT Control Technology to Support DX Promotion with Active Use of Beyond 5G, 1oT, and Al
Using Public Cloud for 5G Core Networks for Telecom Operators

Enhancing Network Services through Initiatives in Network Automation and Security
NEC’s Approach to Full Automation of Network Operations in OSS

Autonomous Network Operation Based on User Requirements and Security Response Initiatives
Enhancing Information and Communications Networks Safety through Security Transparency Assurance Technology
Enhancing Supply Chain Management for Network Equipment and Its Operation

Network Utilization Solutions and Supporting Technologies

Positioning Solutions for Communication Service Providers

The Key to Unlocking the Full Potential of 5G with the Traffic Management Solution (TMS)

Introducing the UNIVERGE RV1200, All-in-one Integrated Compact Base Station, and Managed Services for Private 5G
Vertical Services Leveraging Private 5G to Support Industrial DX

Integrated Solution Combining Private 5G and LAN/RAN

Global 5G xHaul Transport Solutions

xHaul Solution Suite for Advanced Transport Networks

xHaul Transformation Services

xHaul Transport Automation Solutions

Fixed Wireless Transport Technologies in the 5G and Beyond 5G Eras

SDN/Automation for Beyond 5G

OAM Mode-Multiplexing Transmission System for High-Efficiency and High-Capacity Wireless Transmission

Toward Beyond 5G/6G
NEC'’s Vision and Initiatives towards the Beyond 5G Era

NEC Information

2022 C&C Prize Ceremony

[rrem—————— N | = o

NEC
Technical

Yol 17 s
e

b
VVol.17 No.1

September 2023

Special Issue TOP



https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230101.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230102.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230103.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230104.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230105.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230106.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230107.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230108.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230109.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230110.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230111.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230112.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230113.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230113.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230114.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230115.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230116.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230117.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230118.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230119.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230120.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230121.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230122.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230123.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230124.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230125.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230126.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230127.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230128.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230129.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230130.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230131.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230132.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230133.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230134.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230135.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230136.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230137.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230138.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230139.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230140.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/pdf/230141.pdf?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/g2301pa.html?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/g23/n01/g2301pa.html?fromPDF_E7501
https://jpn.nec.com/techrep/journal/index.html?fromPDF_E7501
https://www.nec.com/en/global/techrep/journal/index.html?fromPDF_E7501

