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Abstract

for 5G and 6G mobile network systems.

We propose a radio-over-fiber (RoF) system with 1-bit outphasing modulation. The proposed RoF system does
not require a power-hungry digital-to-analog converter in distributed antenna units and relaxes the operation
speed of optical transceivers to reduce device cost. In the system, wide-band transmission with a signal band-
width of 1 GHz was experimentally verified complying with the 3GPP standard for the adjacent channel leakage
ratio (ACLR). Finally, the proposed RoF system has been shown to have a higher bandwidth efficiency compared
with other systems. Therefore, the proposed RoF system provides a cost-effective in-building wireless solution
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1. Introduction

High-speed wireless communication using millime-
ter-wave technology has been used for 5G (fifth-gener-
ation mobile communication system) and is expected as
a key technology in Beyond 5G/6G. When constructing
an in-building wireless system with millimeter waves, it
is necessary to consider its large propagation loss and
high straightness. These make it difficult to propagate
from base stations installed outdoors to indoor termi-
nals. Since more than 80% of mobile communication
traffic occurs in buildings®, it is essential to improve the
quality of service (QoS) in such environments with many
obstacles. While high-density deployment of millime-
ter-wave distributed antenna units (DAs) in these areas
is effective in improving QoS, miniaturization, low power
consumption, and cost reduction of DAs are necessary
for practical use. A radio-over-fiber (RoF) system shown
in Fig. 1 is a promising solution since it can provide the
flexibility to install small and low-power DAs in indoor
environments.

Current RoF systems are classified as digital RoF
(DRoF), analog RoF (ARoF), and delta-sigma (AX) RoF,

as shown in Fig. 2(a), (b), and (c), respectively. DRoF
systems have been commercialized and widely used
for indoor mobile network systems. Their DAs often re-
quire large power consumption and incur high cost be-
cause they are equipped with a high-performance digi-
tal-to-analog convertor (DAC) for wideband signal. ARoF
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DA: distributed antenna unit, RU: radio unit

Fig. 1 Radio-over-fiber system for indoor wireless com-
munication.
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Fig. 2 Block diagram of RoF systems.

DAs have the advantage of low power and small foot-
print because they do not require a DAC with large pow-
er consumption. ARoF systems require specific high-lin-
ear electrical-to-optical (E/O) and optical-electrical (O/E)
convertors to avoid signal degradation due to distortion,
leading to high cost. In contrast, A> RoF systems enable
the implementation of low-cost RoF systems with small
DAs since they do not require high-linear E/O and O/E
devices or a power-hungry DAC in the DAs??. However,
for wideband communication using millimeter waves,
the sampling rate of the AZ modulator needs to be in-
creased, meaning a higher device speed is required for
the optical transceiver, which drives up costs.

We propose a RoF system with 1-bit outphasing mod-
ulation, as shown in Fig. 2(d), to enable the use of low-
cost optical devices.

2. Operation Principle of 1-bit Outphasing Modulation

Outphasing is a technique for transforming the original
signal vector S,(t) with amplitude and phase modula-
tions into a pair of outphasing signal vectors S,(t) and
S,(t) with only phase modulation, as shown in Fig. 3%,
The amplitude A(t) and phase 6(t) are generated from
the I/Q signal by polar coordinate conversion, as shown
in the following equation,

{A(t) = JI2(t) + Q2(b)
0(t) = tan "1(Q(O)/I(D))’ 1)

Fig. 3 Principle of outphasing with vector separation.

The S,(t) and S,(t) are generated in accordance with
Egs. (2a) and (2b), respectively,

Amax
S, () = 3 cos(2nft +0(0)+ (D)), (2a)

S,(t) = Ar;ax cos(2nfct +0(t)— ¢)(t)) , (2b)

¢(t) = cos™t (A(t)> , (2¢)

Amax

where, f. and A..., indicates carrier frequency and the
maximum value in A(t), respectively. The principle of
outphasing indicates that S,(t) is reconstructed by
combining S;(t) and S,(t), as expressed with the follow-
ing equation:

Sorg(t) = A(t){cos (27rfct + 9(t))}. (3)

In the proposed RoF system, S;(t) and S,(t) are
converted into rectangle wave signals S;,(t) and S,,(t)
by comparing their amplitude with the value of zero.
These are called 1-bit outphasing signals afterward.

Fig. 4 illustrates the waveforms of S,,(t), a pair of
S.u(t), S,p(t), and the conventional AX modulator output
signal S,s(t). The period of S,4(t) is expressed as 1/f, and
those of S,,(t) and S,,(t) are also 1/f.. Thus, their pulse
width is 1/(2f.), which means the required transition
speed required of an optical transceiver is twice the
f.. However, the transition speed of S,s(t)equals the
sampling rate f;, which is much higher than twice the £,
because this waveform is updated with the clock of f..
The lower transition speed enables the use of low-cost
commercially available optical devices for millimeter-
wave communications®®. This is an advantage of the
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proposed RoF system over conventional A> RoF systems.

Moreover, the proposed system is less affected by
timing jitter depending on pulse patterns. The proposed
system basically has the uniform pulse pattern in which
high and low levels are alternately switched around
a time interval of 1/(2f.), while AZ RoF systems have
random pulse patterns, as shown in Fig. 4.

3. Circuit Configuration

In section 3, we describe the circuit configuration for
the RoF system with 1-bit outphasing modulation. Fig. 5
illustrates a block diagram of the proposed RoF system.
In the radio unit (RU), the in-phase and quadrature (I/
Q) of a digital baseband signal is given to the outphas-
ing modulator and transformed to a pair of outphasing
signals at an intermediate frequency f;: by digital signal
processing. The output signals are input to the DACs and
transformed into analog signals, S,(t) and S,(t), through
anti-alias filters. These are then transformed into S;,(t)
and S,,(t) at the comparators. These signals are trans-
ferred to a DA through an optical fiber cable. The wave-
length division multiplexing (WDM) enables the RU to be
connected to a DA through a single fiber. In the DA, S,,(t)
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Fig. 4 Waveforms of (a) S,(t), (b) pair of S;,(t) and
S,p(t), and (c) conventional S,s(t).
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Fig. 5 Block diagram of proposed RoF system.

and S,,(t) are combined to reconstruct the original signal
at fir. This combined signal is up-converted to a desired
high-frequency band, e.g., a millimeter-wave band, then
transmitted to the air after amplification and filtering.

4. Experimental Results

Fig. 6 shows the experimental setup to demonstrate
the proposed RoF system. We used two types of 5G NR
signals with 64QAM modulation at fz, of 100 MHz and
400 MHz, respectively. A pair of output signals from the
outphasing modulator, S,(t) and S,(t), was generated in
an arbitrary waveform generator (AWG). The generated
signals were input to a quad small form-factor pluggable
plus (QSFP+) module, which has maximum transmission
rate of 10 Gbps per channels and 1,310 nm wavelength.
The input signals were transformed into S,,(t) and S,,(t)
during of E/O conversion. They were then transmitted to
the receiver side through a 50 m single mode fiber (SMF)
assuming the indoor environment. On the receiver side,
the received signals were combined and measured using
a spectrum analyzer. For reference, we also measured in
case where the signals output from the AWG are directly
input to the combiner without fiber transmission.

Fig. 7 shows the measured spectrum of S,,,(t) at f;r of
2 GHz and fg, of 400 MHz. The measured ACLR was —36
dB, in compliance with the 3GPP standard.

We measured the error vector magnitude (EVM) by
a signal analyzer. Fig. 8 shows the results of the EVM
measurement versus f;. The solid lines indicate the EVM
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Fig. 6 Experimental setup for evaluating proposed RoF
system.
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Fig. 7 Measured spectrum at f;r of 2 GHz and fg,, of 400 MHz.

with the optical section, and the dotted lines indicate
the EVM without the optical section as a reference. The
circle plots indicate the EVM at f, of 100 MHz and the
diamond ones are that at f3, of 400 MHz. According to
the 3GPP standard, the upper limit of EVM for 64QAM
is defined as 8%, and all cases in this measurement
reached this limitation. The EVM was 3% or less for f;; of
1 and 2 GHz, 4.24% for 3GHz f; and 4.68% for 4 GHz f;+
in compliance with 64 QAM 3GPP standard. This means
that an appropriate f;z should be chosen according to the
system requirement of EVM.

Fig. 9 shows the measured spectrum of S,,.(t) with
1 GHz bandwidth (10 x 100 MHz) OFDM signal at f;¢
of 2 GHz for Beyond 5G/6G. The measured SNR was
more than 28 dB, and the difference between the mean
powers of the desired and adjacent channels is 26 dBc
or more. This means the ACLR complied with the 3GPP
standard for 37 to 52.6 GHz band.
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Fig. 9 Measured spectrum at f;; of 2 GHz and fg,, of 1 GHz.

5. Discussion

We discussed the performance of the proposed RoF
system in terms of device cost, by comparing it with
conventional RoF systems. Table shows the perfor-
mance comparison of our proposed RoF system and con-
ventional AX RoF systems. The device speed required
for the optical transceiver is twice the f;- in our proposed
RoF system while it is equal to the sampling rate in the
AZ RoF systems. The bandwidth efficiency is defined as
the ratio of fz, to device speed required for each optical
transceiver per channel®. Our proposed RoF system has
the highest bandwidth efficiency, complying with the
3GPP standard for ACLR.
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Table Proposed and conventional RoF systems.

21 [3] Proposed
Modulation scheme AT AT 1-bit outphasing modulation
f_or f,. (GHz) 0.96 25 2 2
f. (GHz) 5 100 = =
SNR (dB) 30 29.1 33.4 28
EVM (%) 2.8 3.76 2.85 5.7
fow (MHZ) 252 500 400 1,000
Device speed (Gb/s) 5 100 4 4
No. of channels 1 1 2 2
Bandwidth efficiency
50.4 5 100 125
(MHz/Gbps)
Complying with
the 3GPP standard for No Yes Yes Yes
ACLR

6. CONCLUSION

We proposed a 1-bit outphasing modulation RoF sys-
tem. Our system has the highest bandwidth efficiency
complying with the 3GPP standard. This indicates that
our system can be applied to 5G/6G indoor mobile net-

works at low cost.

7. Acknowledgments

This research is supported by the Ministry of Internal

Affairs and Communications in Japan (JPJ000254).

Copyright(C)2023 IEICE

References

1) J. Liu, J. Wu, J. Chen, P. Wang, and J. Zhang: Radio
Resource Allocation in Buildings with Dense Femtocell
Deployment, 2012 21st International Conference on
Computer Communications and Networks (ICCCN),
pp.1-5, August 2012
https://doi.org/10.1109/ICCCN.2012.6289286
J. Wang et al.: Delta-sigma Modulation for Next Gen-
eration Fronthaul Interface, Journal of Lightwave Tech-
nology, vol. 37, no. 12, pp.2838-2850, June 2019
https://doi.org/10.1109/JLT.2018.2872057
3) H. Li, M. Verplaetse, J. Verbist, J. Van Kerrebrouck, L.
Breyne, C.-Y. Wu, L. Bogaert, X. Yin, J. Bauwelinck,
P. Demeester, and G. Torfs: Real-Time 100-GS/s Sig-
ma-Delta Modulator for All-Digital Radio-over-Fiber
Transmission, Journal of Lightwave Technology, vol.
38, no. 2, pp.386-393, July 2019
https://doi.org/10.1109/JLT.2019.2931549
4) K. Kunihiro, S. Hori, and T. Kaneko : High Efficiency
Power Amplifiers for Mobile Base Stations: Recent
Trends and Future Prospects for 5G, IEICE TRANS-
ACTIONS on Fundamentals, vol.E101-A, no.2,
pp-374-384, February 2018
https://doi.org/10.1109/JLT.2019.2931549
5) S. Hori, Y. Kase, N. Oshima, and K. Kunihiro: Radio—
over—Fiber Systems with 1—bit Digital Modulation for
5G/6G Indoor Wireless Communication, 17th IEEE
VTS Asia Pacific Wireless Communications Symposium
(IEEE VTS APWCS 2021), 2021
https://doi.org/10.1109/APWCS50173.2021.9548764
6) Y. Kase, S. Hori, N. Oshima, and K. Kunihiro: All—
digital Outphasing Modulator for Radio—over—Fiver
System, 2020 50th European Microwave Conference
(EuMC), January 2021
https://doi.org/10.23919/EuMC48046.2021.9338002
3GPP TS 38.104: Base Station (BS) radio transmission

2

—

7

—

Y. Kase, S. Hori, N. Oshima, K. Kunihiro: Radio-over-Fi-
ber System with 1-bit Outphasing Modulation for
5G/6G Indoor Wireless Communication, IEICE Trans-
actions on Electronics, July 2023. DOI: 10.1587/
transele.2022ECP5043

and reception (Release 17), V17.4.0, December 2021

Authors’ Profiles

HORI Shinichi

Professional
Wireless Access Development Department

KASE Yuma
Wireless Access Development Department

OSHIMA Naoki

Professional
Global Mobile Solution Department

KUNIHIRO Kazuaki

Senior Professional
Wireless Access Development Department

56  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

