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Abstract—We propose different fronthaul systems for facilitat-
ing future mobile networks based on the seamless convergence of
fiber-optic and wireless systems in the millimeter-wave (mmWave)
bands. First, a flexible and high-performance wireless fronthaul
system is proposed through an encapsulation of radio signals
onto a converged fiber-mmWave system. A simultaneous trans-
mission of three radio signals over the system is successfully
demonstrated. Second, a high-performance optical self-heterodyne
system is proposed and demonstrated for the generation and trans-
mission of radio access signals in high-frequency bands. Third, a
high-spectral-efficiency optical fronthaul system for the simulta-
neous transmission of multiple radio signals in different frequency
bands is proposed using a subcarrier-multiplexing intermediate-
frequency-over-fiber system. Satisfactory performance is experi-
mentally confirmed for the transmission of three different radio
signals in the microwave and low- and high-mmWave bands. The
proposed systems can overcome the challenges and bottlenecks of
the current mobile fronthaul systems and can be useful in different
usage scenarios of 5G and beyond networks.

Index Terms—S5G and beyond networks, fiber-wireless conver-
gence, mobile fronthaul, radio-over-fiber.

I. INTRODUCTION

ECENTLY, ITU-R and 3GPP have defined main use cases

for 5G and beyond networks, in which the main 5G
features comprise enhanced mobile broadband (eMBB), mas-
sive type communications (mMTC), and ultra-reliable and low-
latency communications (uRLLC) [1], [2]. At the ITU-R, these
three features are considered the key usage scenarios of the IMT-
2020 system. At the 3GPP, the main requirements for 5G new
radios (NRs) for each usage scenario have been determined. For
the eMBB use case, the peak data rates of 20 Gbps and 10 Gbps
have been set in the downlink and uplink, respectively. The
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use of high carrier frequencies and carrier aggregation spanning
multiple bands is also anticipated. The key performance indica-
tors for the mMTC usage are to increase the connection density
and expand the coverage to support the spread of internet of
things (IoT). For the uRLLC use case, a very low latency of
0.5 ps has been set as a target value. For radio access networks
(RANSs), frequency bands below 6 GHz will be used for the
evolution of long-term evolution-advanced (LTE-A) and LTE-
A Pro, such as Release 15 and beyond, with the enhancement
to machine type communication or narrow-band-IoTs. New fre-
quency bands below 6 GHz can also be used for new waveforms
and NRs with ultra-dense small cells and wireless local access
networks. Some pre-5G standards, such as Verizon wireless [3],
operate primarily in the 28 GHz band. In other NRs, frequencies
from 30 to 40 GHz are expected to be mainly utilized. For ex-
ample, the United States has defined 27.5-28.35 GHz, together
with the 38.6-40 GHz and 37-38.6 GHz bands, as their spec-
trum frontier bands. Japan has defined the 27.5-29.5 GHz band
as a candidate for 5G and planned to provide 5G services during
2020 Tokyo Olympic Games [4]. For new RANs beyond 2020,
frequency bands up to 100 GHz or higher are considered poten-
tial candidates for achieving the target increase of 1000 times
in the throughput to end users. Together with the use of high-
frequency RANSs, other advanced technologies, such as massive
multiple-input multiple-output (MIMO) and beamforming, will
be employed to overcome the propagation loss of radio signals
in high-frequency bands [5].

The evolution of RANs in 5G and beyond networks with strin-
gent requirements on data rate, latency, and density will pose
significant challenges to the transport networks, especially to the
fronthaul systems for transporting radio signals from a cloud to
antenna sites. Recently, a next-generation fronthaul interface
(NGFI) has been proposed for reducing the required data rate of
fronthaul systems using function splitting between distribution
and remote units [6]. The proposed NGFI can be very useful to
overcome drawbacks in the current fronthaul system, which is
based on a digitized baseband signal transmission using inter-
face protocols. It can be applied to 5G phase 1 networks in which
RANS in sub-6-GHz bands will be deployed. However, several
challenges still exist, including the extra processing latency and
the capability to support advanced coordination among remote
sites [7]. The lack of fiber infrastructure in dense urban and re-
mote areas is another challenge to support ultra-dense small-cell
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Fiber—wireless converged systems for 5G and beyond networks: (a) signal encapsulation on converged fiber—mmWave system; (b) optical self-heterodyne

system for mmWave RANS; (c) SCM IFoF system for multiple RAN signal transmissions.

networks. The transmission of RAN signals in high-frequency
bands to a large number of antenna sites and supporting the co-
existence of multiple RANs in different frequency bands will
be other major challenges facing the fronthaul systems, even
with the use of NGFI. Thus, a new transmission method that
can exploit the cooperation between optical transport networks
and RANSs should be developed.

In this paper, we propose different mobile fronthaul systems
for various usage scenarios by exploiting the convergence and
cooperation of fiber transports and RANs. In the first system,
shown in Fig. 1(a), an encapsulation of multiple RAN signals
in the microwave bands on a seamlessly converged fiber and
millimeter-wave (mmWave) system is presented for realizing
a flexible fronthaul system where the use of fiber cables is not
possible or is too expensive. This system can be useful for 4G
and pre-5G networks where RANs in sub-6-GHz bands are
deployed. In the second system, shown in Fig. 1(b), a converged
and cooperated fiber transport and RAN system based on
optical self-heterodyne (OSH) technology is proposed for the
generation and transmission of RAN signals in high-frequency
bands. In the third system, shown in Fig. 1(c), a subcarrier-
multiplexing intermediate-frequency-over-fiber (SCM IFoF)
system is proposed for the simultaneous transmission of
multiple RAN signals in different frequency bands over the
same optical fronthaul system.

The paper is an expanded version of the work presented in [8].
Here, new results and details of experiments are presented. For
the first system, the transmission of three different services over
a converged system is presented. We investigate and compare
the effects of fiber dispersion on the signal transmission using
single- and dual-wavelength modulation schemes. The trans-
mission of radio signals assigned for some typical services in
pre-5G networks over the systems is experimentally confirmed.
In the second system, the performances of the OSH systems
using different techniques at the transmitter and receiver are
evaluated and compared. The effects of optical and electrical
phase noises on the signal performance are also investigated.
For the SCM IFoF system, the transmission of three services in
the microwave, 25-GHz, and 96-GHz bands over the system is
presented. The remainder of this paper is structured as follows.
Section II presents and discusses the wireless signal encapsula-

tion on an mmWave link for a flexible wireless fronthaul system.
In Section III, we present an OSH system and demonstrate
the generation and transmission of high-speed radio signals
in the 90-GHz band over the system. In Section IV, we present
the SCM IFoF system and its experimental demonstrations. Fi-
nally, Section V concludes the paper.

II. SIGNAL ENCAPSULATION ON FIBER-MMWAVE SYSTEM

Wireless fronthaul systems are useful in mobile networks ow-
ing to their flexibility and ease of installation and deployment in
comparison with wireline solutions. In addition, as the speed of
radio waves in air is greater than that in cable media, the trans-
mission delay can be reduced. For the realization of high-speed
wireless fronthaul systems, a seamless fiber—wireless system us-
ing a radio-over-fiber (RoF) technology is a promising solution.
In addition, for low-latency signal transmission, an encapsu-
lation of analog mobile signals on the seamless fiber—wireless
system can be a promising method [9]-[11]. In this section, we
present the simultaneous transmission of three different radio
signals, including orthogonal frequency-division multiplexing
(OFDM), LTE-A, and IEEE 802.11ah signals, over the seam-
less system in the 90-GHz band. These three signals can rep-
resent new RAN signals for transmission of an NR below the
6-GHz band, an mMTC, and an IoT service in 5G phase 1
networks [12]. We evaluate the signal performance in terms
of error vector magnitude (EVM) metric and investigate the
effects of fiber dispersion in the systems using dual- and single-
wavelength modulation schemes. Notably, a similar system was
presented in [13], namely, a band-mapped RoF system, for the
transmission of a real-time television, Wi-Fi, and baseband sig-
nal over an RoF and a 60-GHz wireless link. However, only a
dual-wavelength modulation with an envelope detection at the
receiver was considered. In [14], noise and nonlinear effects
on the signal transmission using dual-and single-wavelength
modulation were investigated. However, only one signal was
transmitted over the system at a time, and the effect of fiber
dispersion was not evaluated.

A. Experimental Setup

Fig. 2 presents the setup for the transmission of three wire-
less signals over the seamless fiber-mmWave system. First, a
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Fig. 2.  Experimental setup for signal encapsulation on a seamless fiber-mmWave system: (a) dual-wavelength modulation; (b) single-wavelength modulation.
TABLE Ia TABLE Ib
SPECIFICATION OF TRANSMITTED RADIO SIGNALS PARAMETERS OF THE EXPERIMENTS
Signals Carrier Freq. | Bandwidth | Modulation Parameter Value Unit
OFDM 3 GHz 50 MHz 64 QAM Fiber length 10, 20, 30, 45 km
IEEE 802.11ah | 920 MHz 10 MHz 64 QAM Optical modulation Intensity modulation | -
LTE-A 2.6 GHz mmWave distance 1 m
CCl1 - 20 MHz 64 QAM mmWave carrier freq. 92 GHz
cc2 - 1.4 MHz 256 QAM Antenna gain 23 dBi
CC3 - 20 MHz 64 QAM mmWave receiver SHD -

two-tone optical signal is generated by a high-extinction-ratio
dual-parallel Mach—Zehnder interferometer modulator. Details
of the signal generator are available in [15]. In this method,
by setting the bias point of the main Mach—Zehnder modula-
tor at the null point and selecting the second-order sidebands,
two coherent optical sidebands with a frequency separation of
quadruple the frequency of the fed synthesized electrical sig-
nal can be generated. In this experiment, an electrical synthesis
signal at 23 GHz is inputted to the generator; thus, an opti-
cal mmWave signal with a frequency separation of 92 GHz is
generated. For the evaluation of multiple radio signal transmis-
sions, we generate three different radio signals with the speci-
fications shown in Table Ia and transmit them over the system.
These signals include a 50-MHz-bandwidth (BW) OFDM sig-
nal at 3 GHz, an LTE-A signal at 2.6 GHz aggregating two
20-MHz-BW carrier components (CCs) and one 1.4-MHz CC,
and a 10-MHz-BW 802.11ah signal at 920 MHz. The LTE-A
and the 802.11ah signals are standard-compliant, and the OFDM
signal is set to emulate an NR signal having 256 subcarriers. All
the signals are generated using commercially available signal
studios in a computer and downloaded to vector signals gen-
erators (VSGs). The signals from the outputs of the VSGs are
combined using power combiners before modulating the gener-
ated optical signals. In the dual-wavelength modulation system,
both the optical sidebands of the generated two-tone optical sig-
nal are modulated by the radio signals. In the single-wavelength
modulation system, only one of the optical sidebands is mod-
ulated and the other sideband remains unmodulated. In this
case, the two optical sidebands are separated by an arrayed
waveguide grating, and after the data modulation, the optical
signals are re-combined using a 3-dB optical coupler (OC).
The signals are amplified by an erbium-doped fiber amplifier

(EDFA) before being fed into a single-mode fiber (SMF) and
transmitted to an optical receiver located at a remote antenna
unit (RAU). At the RAU, the received optical signal is directly
up-converted to a wireless signal centered at 92 GHz using a
high-bandwidth photodiode (PD). The frequency fluctuation of
the generated mmWave carrier signal in the system is very small
and can easily follow the radio regulation [16]. After the PD,
the signal is filtered using a bandpass filter and amplified using
a W-band power amplifier (PA) before being emitted into free
space by a 23-dBi horn antenna. After being transmitted over
approximately 1 m in the air, the signal is received by another
horn antenna, amplified using a low-noise amplifier (LNA), and
down-converted to the original wireless signals. In our previous
work [17], we confirmed that a coherent detection receiver is not
suitable for the system because of high electrical phase noise.
We also confirmed that an incoherent receiver using an envelope
detector, such as a Schottky barrier diode (SBD), can limit the
system dynamic range and the performance owing to its low
receiver sensitivity and high distortion [18]. Therefore, in this
experiment, we use a self-homodyne detection (SHD) receiver
for the signal down-conversion. Details of the SHD are available
in [18], [19]. The recovered signals are amplified using another
LNA, sent to real-time spectrum analyzers (VSAs), and finally
analyzed using commercially-available software [Agilent 89600
series vector signal analyzer (VSA)]. The specifications of the
experimental setup are listed in Table Ib.

B. Experimental Results

We evaluate the signal performance and investigate the ef-
fects of fiber dispersion and nonlinear distortion. Fig. 3 shows
the performance of the dual-wavelength modulation system.
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Experimental results of the dual-wavelength modulation system for different received optical powers (upper) and transmit IF powers (lower): (a) 50-MHz

OFDM,; (b) 10-MHz 802.11ah; (c) 64-QAM 20-MHz CC LTE-A; (d) 256-QAM 1.4-MHz CC LTE-A.
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Examples of the frequency spectra of the OFDM, IEEE
802.11ah, and LTE-A signals after being transmitted over the
system are shown in Fig. 4. In this scheme, after the radio sig-
nals are transmitted over the system, they are re-constructed
from four different beating notes of optical signals, as shown
in Fig. 2(a). Thus, the bit walk-off effect induced by fiber dis-
persion can be large and can affect the signal performance. To
investigate the effect of fiber dispersion, we transmit the signals
over the seamless system using 20-, 30-, and 45-km SMFs. The
upper figures show the performance for different received opti-
cal powers at the RAU, and the lower figures show the perfor-
mance for different transmit powers of the radio signals. In both
cases, the performance of the OFDM, 802.11ah, 20-MHz-BW
LTE-A CC, and 1.4-MHz-BW CC LTE-A signals are shown in
sub-figures (a), (b), (c), and (d), respectively. The performance
is relatively satisfactory compared with the requirements speci-
fied in the standards. However, owing to the bit walk-off effect,
the signal performance at some specific SMF lengths is signif-
icantly degraded. For instance, the performances of the OFDM
signal and the 802.11ah signal are considerably degraded af-
ter the transmission over the system using a 45-km SMF, and
the performance of the LTE-A signals is significantly reduced
after a 20-km SMF transmission. Notably, owing to the period-
ical power fluctuations of fiber dispersion, both the SMF length
and the carrier frequency of the radio signals contribute to the

degradation of the signal performance. For the 802.11ah signal,
the performance degradation after a 45-km SMF transmission
is also because the throughput drops after the long transmis-
sion [20]. From this observation, a joint optimization of fiber
transmission distance and carrier frequency of the radio sig-
nals should be considered for the dual-wavelength modulation
system.

We subsequently evaluate the performance of the single-
wavelength modulation system, and the results are shown in
Fig. 5. The upper figures show the performance for different
received optical powers at the RAU, and the lower figures show
the performance for different transmit powers of the radio sig-
nals. The performances of the OFDM, 802.11ah, 20-MHz CC
LTE-A, and 1.4-MHz CC LTE-A signals are shown in sub-
figures (a), (b), (c), and (d), respectively. Compared with the
dual-wavelength modulation system, a more stable and better
EVM performance can be observed. The improvement of the
signal performance in this system is because of the reduction
of the bit walk-off effect. As shown in Fig. 2(b), after the radio
signals are transmitted over the system, they are re-constructed
from only two beating notes of optical components. Therefore,
for the transmission of narrow-bandwidth signals over the seam-
less system, a conventional optical-double-sideband modulation
on a single optical sideband is appropriate to achieve satisfactory
performance.

To compare the fiber dispersion effects in the dual- and single-
wavelength modulation systems, we transmit and measure the
power fluctuations of an IF carrier signal at different frequen-
cies over the systems. The measurement results for the dual- and
single-wavelength modulation systems are shown in Figs. 6(a)
and 6(b), respectively. The powers are measured after the fiber
and mmWave link transmission and are normalized to the pow-
ers of the system without inserting any SMF. In the case of the
dual-wavelength modulation, several power fading dips at dif-
ferent carrier frequencies are observed, depending on the fiber
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transmission distance. For instance, after a 20-km SMF trans-
mission, there is a large power dip at approximately 1.5 GHz
to 2.8 GHz, and after a 45-km SMF transmission, power fading
dips appear at approximately 1 GHz and 3 GHz. This explains
why the EVM performance of the LTE-A signal at 2.6 GHz
was significantly degraded after the transmission over the
20-km SMF system, and the performances of the 802.11ah and
OFDM signals were reduced after the transmission over the
45-km SMF system. In contrast, the single-wavelength modu-
lation system does not show any significant power fading dips.

This result is consistent with the performance results shown
in Fig. 5. The performance degradation of the 802.11ah signal
after the transmission over the 45-km SMF system is due to
the throughput reduction. Notably, in practice, the transmission
distance of fronthaul systems can vary from several kilome-
ters to tens of kilometers, depending on the latency requirement
of the transmitted signals. For delay critical services, such as
uRLLC, the transmission distance of fronthaul systems should
be less than 20 km to satisfy an end-to-end latency requirement
of less than I ms.

Transmission of multiple radio signals over the same fron-
thaul system is very important to support the co-existence of
multiple RANs in the future mobile networks. In an analog
waveform transport system, this can be easily implemented us-
ing the SCM technique, as shown in this experiment. In this
method, radio signals at different carrier frequencies can be com-
bined before being transmitted over the system. However, the
performance of the signals can be affected by nonlinear distor-
tions owing to a high input power. This phenomenon frequently
occurs in RoF systems and can be severe in the converged fiber—
mmWave systems because of the inclusion of nonlinear com-
ponents, such as the optical modulator, photodetector, power
amplifier, and mmWave down-converter at the receivers. Here,
we evaluate the feasibility of the simultaneous transmission of
three radio signals over the seamless system, and the results are
shown in Fig. 7. In this measurement, we turn on the outputs
of all VSGs and simultaneously transmit the three radio signals
over the system. We increase the transmission powers of the
other radio signals to investigate the effects of nonlinear dis-
tortion on the performance of a radio signal. The performances
of the system using the dual- and single-wavelength modula-
tion schemes are shown in the upper and lower figures, respec-
tively. Furthermore, the performances of the OFDM, 802.11ah,
20-MHz CC LTE-A, and 1.4-MHz CC LTE-A signals are shown
in sub-figures (a), (b), (c), and (d), respectively. It is observed
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that increasing the transmit powers of other radio signals slightly
degrades the performance of a radio signal. However, the per-
formance degradation is not significant, and very satisfactory
performance can be achieved for all signals simultaneously. In
these measurements, we optimized the radio transmit power
and the optical received power for each case. In this experi-
ment, owing to the availability of signal generators, we generate
and transmit three radio signals over the system. However, the
encapsulation and transmission of a larger number of radio sig-
nals over the system can be achieved if the radio signals are
located at appropriate IF frequencies to avoid the interference
and inter-modulation distortions during the transmission.

III. OPTICAL SELF-HETERODYNE SYSTEM

As mentioned before, RANs in the mmWave bands are po-
tential candidates for high-traffic demand and hotspot applica-
tions in 5G phase 2 and beyond networks. The transmission
of mmWave RAN signals over an optical fronthaul system can
be challenging owing to transmission impairments, including
high fiber dispersion and nonlinear distortion effects [21]-[23].
In addition, high-speed optical modulators will be required for
converting the mmWave mobile signals to optical signals, thus
significantly increasing the system cost, especially when RANs
in high mmWave or sub-terahertz-wave bands are used. Thus,
an optical heterodyne method for the generation and transmis-
sion of mmWave radio signals over a fiber fronthaul system
is a promising solution. Several works have been reported in
this regard [24]-[27]. However, in these works, mmWave links
worked as the transport systems; thus, powerful digital signal
processing (DSP) can be employed at the receivers to compen-
sate for the transmission impairments. In the OSH systems for
the transmission of mmWave RAN signals, mmWave receivers
are located at the end users; therefore, low-complexity and

simple DSP receivers are indispensable to reduce the system
cost, power consumption, and latency. Thus, the development
of a stable and simple OSH system with high performance is
highly required.

A. Experimental Setup

The experimental setup for the generation, transmission, and
up-conversion of RAN signals in the mmWave band over an
optical fronthaul system is shown in Fig. 8. In this system, in-
stead of transmitting mobile signals in the mmWave band over
the fronthaul directly, the signals in a low IF band should be
generated and transmitted. At the optical receiver, radio signals
in high-frequency bands can be generated by up-converting the
received optical signal using a high-speed PD [28], [29]. First, a
two-tone optical signal is generated using high-precision optical
modulation technology [15]. In this experiment, a signal with
a frequency separation of 89.6 GHz between the sidebands is
generated. The two optical sidebands are separated, and one of
them is modulated by IF OFDM signals. The OFDM signals at
6.5 GHz, consisting of 512 subcarriers with different BWs, as
shown in Table Ila, are generated in MATLAB, downloaded to
an arbitrary waveform generator (AWG), and amplified using a
driver amplifier before modulating the optical signal. To mini-
mize the fiber dispersion effect, an optical IQ modulator is used
to generate an optical single-sideband (SSB) signal. The modu-
lated optical signal is amplified using an EDFA to compensate
for the insertion loss and is filtered using an optical bandpass
filter to reduce the amplified spontaneous emission noise. The
signal is thereafter re-combined with the unmodulated optical
sideband using a 3-dB OC. To avoid the effect of polarization-
mode dispersion, which is incurred owing to the differential
delay transmission between the modulated and unmodulated
sidebands, an optical polarization controller is used to adjust
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TABLE IIb
SPECIFICATIONS OF THE OSH SYSTEM EXPERIMENTS

the polarization state of the unmodulated signal. The combined
optical signal is amplified using another EDFA before being
transmitted over an SMF to an optical receiver, which is located
at a remote radio head (RRH). At the RRH, an optical variable
attenuator is used to adjust the received optical power before
the signal is inputted to a high-speed PD for up-converting to
mmWave radio signals. The signal is filtered using a bandpass
filter and amplified using a PA before being transmitted into
the air by a horn antenna. After being transmitted over approxi-
mately 1 m in free space, the signal is received by another horn
antenna, which is located at the user equipment (UE) in prac-
tical systems and amplified using an LNA before being down-
converted. For the signal down-conversion, a coherent detection
using an electrical mixer is used to increase the receiver sensitiv-
ity for the wideband signal detection. To reduce the optical and
electrical phase noises, incoherent detections using an SBD and
an SHD are also used. After being down-converted, the signal is
amplified using an LNA, sent to a real-time oscilloscope (OSC),
and is finally demodulated in MATLAB. The parameters of the
experimental setups are summarized in Table IIb.

B. Experimental Results

In the OSH systems, optical sidebands at the output of the two-
tone optical signal generator are phase-correlated. However,
after the fiber transmission, owing to fiber dispersion effects,
the two optical signals experience a differential propagation
delay, which can be calculated as [30]

2

A
ATdisp = D-L-?-fmmW'avm (D

Signal [ IF | Bandwidth | Modulation Parameter | Value | Unit
Single-signal transmission Single-signal transmission
OFDM 6.5 GHz 8 GHz 16 QAM Fiber length 10, 20, 30 km
6.5 GHz 4 GHz 32 QAM Optical modulation Optical SSB -
6.5 GHz 2 GHz 64 QAM mmWave distance 1 m
6.5 GHz 1 GHz 64 QAM mmWave carrier freq. 96.1 GHz
Multiple-signal transmission mmWave receiver Coherent, SHD, SBD | -
F-OFDM 2.55 GHz Multiple-signal transmission
CCl1,2,3,4 - 800 MHz 16 QAM Fiber length 20 km
LTE-A 2.6 GHz Optical modulation Intensity modulation | -
CC1 - 20 MHz 64 QAM mmWave distance 1 m
CC2 - 20 MHz 256 QAM mmWave carrier freq. 90.8 GHz
mmWave receiver Coherent -

where D is fiber dispersion, L is the fiber transmission distance,
A is the wavelength, ¢ is the speed of light in vacuum, and
fmmw ave 18 the frequency of the mmWave carrier signal. In
addition, for the data modulation, the two optical signals are
separated and propagated via separate optical paths before being
combined into the same fiber; therefore, they experience an
additional differential propagation delay, which is calculated
as [30]

AL
AT[)ath = i%ﬂlna ()

where AL, 4, is the path length difference and n is the refractive
index of the device material.

The two differential delays are combined, resulting in a state
of partial phase decorrelation, which leads to an increase in the
phase noise and the carrier-to-noise ratio (CNR) penalty of the
generated mmWave carrier signals. The CNR penalty induced
by the differential delays is calculated as [30]

1
Acnr =10log (exp 27 Atior AV, ) ’ 3)

where ATy, is the sum differential delay of (1) and (2), and
AY,, is the full-width half-maximum linewidth of the laser
used for the two-tone optical signal generation. The phase noise
induced by the differential delay is expressed as the rms phase
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error and is given by [30]
2 B, 2A19m
(Uw)dela,y —Jo 72 [1 — cos (2m.f. ATior)] df
2
~ 2.7. A19m Bn (ATtot) s (4)

where B, is the noise bandwidth of the mmWave receivers.
Using (3), we can estimate the CNR penalty in different cases.
For example, for the transmission over a 30-km SMF link with an
optical path difference of 10 m, the mmWave signal at 96.1 GHz
has a CNR penalty of approximately 14 dB and 0.00002 dB
using a laser having a linewidth of 10 MHz and 15 Hz, respec-
tively. Notably, in this case, the optical path imbalance delay is
dominant. The increase in the phase noise results in the broad-
ening of the generated mmWave carrier signal after the optical
beating at the PD and can significantly reduce the signal perfor-
mance. The spectra of the generated 96.1-GHz carrier signal at
the output of the PD for the system using a 10-MHz-linewidth
distributed feedback (DFB) laser and a 15-Hz-linewidth fiber
laser (FL) are shown in Fig. 9. In the measurement, only the
carrier signal of the IF signal is transmitted. In the figures, we
compare the results when no fiber or a 10-m-SMF cable is in-
serted to the unmodulated optical sideband to compensate for
the optical path imbalance. For the system using the FL, ow-
ing to its narrow linewidth, a very narrow linewidth mmWave
carrier signal can be generated. However, in the system using
the DFB, the large phase noise of the laser interplays with the
differential delay, resulting in the partial phase decorrelation
and broadening of the generated mmWave carrier signal. We
measure the SSB phase noise characteristics of the generated
mmWave carrier signal. Figs. 10(a) and 10(b) show the results
for the system using the FL after an optical back-to-back and a
fiber transmission (a 30-km SMF is inserted into the system as
an example of the fiber transmission), respectively. The results
for the system using the DFB laser are shown in Figs. 10(c) and
10(d), respectively. In each figure, we compare the results when
no fiber cable, a 5-m fiber cable, and a 10-m fiber cable are
inserted to the unmodulated optical sideband to compensate for
the differential transmission delay. It is observed that the phase
noise of the system using the FL is very stable and the results

are relatively constant in all cases. At a frequency offset of 1
MHz, a low phase noise of approximately —110 dBc/Hz can be
achieved. In contrast, the phase noise of the system using the
DFB is relatively high, and the result for the case of inserting
a 10-m fiber to the unmodulated sideband is slightly better. At
a frequency offset of 1 MHz, a large phase noise of approxi-
mately —75 dBc/Hz is observed. To compensate for the phase
noise in the system using a coherent detection, strong phase
noise compensation algorithms should be employed [31], [32].
However, this inclusion significantly increases the complexity,
power consumption, and latency of the receivers. Other phase
noise compensation technologies, such as that in [33], can be ap-
plied; however, the implementation is not easy and not practical
for mobile fronthaul systems.

We thereafter investigate the signal performance after it is
transmitted over the optical fronthaul and the radio access link.
Fig. 11 shows the performance of the OFDM signals. In this
measurement, the 15-Hz FL is used for the two-tone optical sig-
nal generation, and the coherent detection by an electrical mixer
is used at the receiver. To evaluate the system performance for
the transmission of different wideband signals, including sig-
nals having different BWs and modulation orders, we generate
OFDM signals with a 1-GHz, 2-GHz, 4-GHz, and 8-GHz BW as
the examples and transmit them over the system. Owing to the
high performance of the system, for 1- and 2-GHz-BW signals,
64-QAM modulation can be applied. For the 4-GHz-BW signal,
the EVM performance can satisfy the requirement for 32-QAM
modulation. For the 8-GHz-BW signal, 16-QAM signal can be
generated and transmitted successfully over the system. Owing
to the use of the SSB optical modulation in a single-wavelength
modulation, the effect of fiber dispersion is negligible and the
performances of the transmission over the system using 10-, 20-,
and 30-km SMF are relatively similar. The results show that the
OSH method is a promising method for the transmission of
mmWave RAN signals over the optical fronthaul with low fiber
dispersion effects and satisfactory performance. Notably, the
specifications of the transmitted signals and the parameters of
the experimental setup used in this experiment are designed to
show the capability of the system in different cases and have not
yet been fully optimized. With this method, it is possible to pro-
vide an adaptive generation and transmission of mobile signals
using appropriate bandwidths and modulation levels, depending
on the transmission conditions and demands.

However, the results shown in Fig. 11 are achieved only when
a very narrow-linewidth laser is used. When the DFB laser with
a linewidth of approximately 10 MHz is used, it is not possi-
ble to demodulate the signals owing to the broadened linewidth
and the increased phase noise of the carrier signal, as shown in
Figs. 9 and 10. The use of narrow-linewidth lasers is a simple
method to achieve high performance. However, the cost of the
system can be significantly increased owing to the high cost of
the lasers. The use of inexpensive lasers should be considered
to reduce the system cost. To reduce the phase noise effects,
an incoherent detection at the receiver can be used. However,
the receiver sensitivity and the system dynamic range of this
method are limited; thus, the signal performance and the trans-
mission range of the radio links can be significantly reduced.
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Thus, an SHD detector can be a promising alternative. Fig. 12
compares the performance of the system using the SBD and the
SHD as the signal down-converter at the receiver. Owing to the
bandwidth limitation of the SHD, we limit the signal bandwidth
to 1 and 2 GHz. The SBD is a zero-bias Schottky diode with a
full bandwidth in the W band. The performance of the system
using the SBD at the receiver and the DFB and the FL at the
transmitter is shown in Figs. 12(a) and 12(b), respectively, and
those of the system using the SHD at the receiver and the DFB
and the FL at the transmitter is shown in Figs. 12(c) and 12(d),
respectively. It is observed that, using the incoherent and self-
homodyne methods, the phase noise induced by the differential
transmission delay and the laser phase noise can be cancelled
out, and the performances of the system using the DFB and the
FL are relatively similar. In addition, owing to the better receiver
sensitivity and dynamic range, the SHD system demonstrates a
much better performance, and high-modulation signals can be
transmitted and received. The results show that mmWave mo-
bile signals can be generated and transmitted with satisfactory

performance using the OSH system with the SHD at the re-
ceiver. The system is relatively simple and inexpensive; thus, it
can be appropriate for mobile fronthaul transmission. Notably,
the OFDM signals used in this experiment do not include any
strong phase noise and fiber dispersion compensations, which
is suitable for RAN signals in the future mobile networks. In
these systems, fiber dispersion and phase noise effects should
be optimized in the systems instead of being optimized by the
DSP at the receivers. This is different from the current systems
where the receivers are located at RRHs, and a strong DSP can
be employed to compensate for the transmission impairments.
Furthermore, the generation and transmission of multiband
radio signals by the optical heterodyne systems can be realized.
In addition, the transmission of multiple RAN signals over the
same mobile fronthaul is important to reduce the number of fiber
links. We investigate the generation and transmission of multi-
band and multiple RAN signals over the same optical fronthaul
using the OSH system. In the experiment, a four-CC signal,
as an example of multiband signal generation and transmission
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over the system, is generated in MATLAB and downloaded to
an AWG. The CCs are placed next to each other using a filtered
OFDM (F-OFDM) method [34]. An empty gap of 50 MHz is
inserted between the second and third CCs to insert an LTE-A
signal, which consists of two 20-MHz CCs, and is generated by
a VSG. The specifications of the transmitted signals are listed
in Table ITa. The OFDM and LTE-A signals are combined using
a power combiner and they modulate an optical sideband, as
shown in Fig. 8. In this experiment, an optical intensity modu-
lator is used for the optical signal modulation instead of using
an optical IQ modulator [34]. The parameters of the experi-
mental setup are listed in Table IIb. Examples of the signal
performance are shown in Fig. 13 for the OFDM and LTE-A
signals. Fig. 13(a) shows the frequency spectrum of the received
signal, consisting of the four-band OFDM and LTE-A signals.
Figs. 13(b) and 13(c) show the performance of the OFDM sig-
nals for different received optical powers and different transmit
powers of the LTE-A signal, respectively. Satisfactory perfor-
mance could be confirmed for 16-QAM OFDM signals carried
by all the CCs. The performance of the signals at high frequen-
cies is relatively degraded because of the non-flat frequency
response of the system. Increasing the transmitting power of
the LTE-A signal has a small impact on the performance of
the OFDM signals. The performance of the LTE-A signals is
shown in Fig. 13(d) for different received optical powers. All
the signals are successfully transmitted with EVM values much
better than the requirements specified in the standard, i.e., 8%
for 64-QAM and 3.5% for 256-QAM signals. In this measure-
ment, the LTE-A signal is measured after the optical fronthaul
and the mmWave access link; however, we can easily extract
and evaluate it only after the optical fronthaul system.

IV. SUBCARRIER MULTIPLEXING IFOF SYSTEM

The co-existence of multiple RANs at different frequency
bands is very important in 5G and beyond networks [35]. LTE-A
with new releases and NRs below the 6-GHz bands can provide
high data rate and large coverage communications in pre-5G net-
works. New RANs using new waveforms and multiple access
methods in low-mmWave bands, such as up to 30-GHz bands,
can be deployed to provide high data rate, massive connectiv-
ity, and low latency use cases in 5G phase 1 networks by the
year 2020. In addition, RANSs in high-mmWave bands and sub-
terahertz-wave bands can be deployed for hotspot and massive
traffic areas in beyond 5G networks after the year 2020. To re-

Fig. 14. Concept of an SCM IFoF system and its application for multiple
RAN signal transmissions.

alize such application scenarios, an efficient fiber transmission
system from a cloud to many remote sites is of paramount
importance. A digitized baseband signal transmission requires
very high data rate fiber links and complicated remote sites. RoF
systems require expensive high-bandwidth optical components
and are vulnerable to the fiber dispersion and distortion effects.
In the previous section, we presented the generation and trans-
mission of RAN signals in the mmWave and microwave bands
using the OSH system. However, the transmission is limited to
a RAN signal in the mmWave band and the other RAN in the
microwave band. For the transmission of multiple RAN signals
in different high-frequency bands, the system is not scalable.
A simple, low-cost, and high-spectral-efficiency system using
an SCM IFoF system with a remote delivery of local oscillator
(LO) signals can be a promising solution [36]. In this system,
as shown in Fig. 14, different signals can be mapped to differ-
ent IFs in the electrical domain before modulating a lightwave
signal. An appropriate LO signal can also be delivered remotely
from the central station for up-converting the signals to appro-
priate frequency bands at antenna sites. At the antenna sites, IF
signals can be mixed with the LO signals to generate the RAN
signals in the desired frequency bands. These LO signals can
be generated flexibly from the originally transmitted LO signal
using electrical frequency converters. This method can provide
a cost-effective and scalable solution for the simultaneous trans-
mission of multiple radio signals in the future mobile networks.

Notably, a wavelength-division-multiplexing IFoF system
can provide a simple system in which each radio signal can
be fed to a wavelength for being transmitted to appropriate
antenna sites. However, with the deployment of ultra-dense
small cells and the need to transport a large traffic volume for
massive MIMO and carrier aggregation in the future mobile
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TABLE III
PARAMETERS OF SIGNALS IN THE SCM IFOF SYSTEM

Signal IF Bandwidth Modulation
OFDM 2 GHz

CCl1 - 400 MHz 16 QAM

CC2 - 400 MHz 16 QAM

CC3 - 400 MHz 16 QAM

CC4 - 400 MHz 16 QAM
LTE-A 1.94 GHz

CCl1 - 20 MHz 256 QAM

CC2 - 20 MHz 256 QAM

CC3 - 10 MHz 256 QAM
OFDM/FBMC | 1 GHz 50 MHz 64-QAM

networks, optical resources can be exhausted. Especially, in the
areas where the optical wavelengths are fully used, the reuse of
the deployed optical resources is very important for easy and
quick deployment of new RANS. In [37], a transmission of base-
band, microwave band, and 60-GHz band over a fiber link was
implemented using an RoF system. However, it was relatively
difficult to optimize the performance for all signals, and the
system was not scalable to the frequency of the mmWave signals.
An all-band RoF system was also proposed for the multiple-
service transmission over a fiber link [13], [38]; however, the
optical spectral efficiency is low [38], and proper PDs and am-
plifiers must be used to filter out unwanted beating signals [13].
It was also relatively difficult and not scalable for the transmis-
sion of multiple mmWave signals in different frequency bands.
Thus, the SCM IFoF system with an electrical up-conversion is
a very promising solution. In [39], an IFoF system with a remote
LO signal transmission was reported for a 28-GHz RAN signal
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Experimental setup for the simultaneous transmission of an LTE-A, a 25-GHz, and a 96-GHz radio signal over the SCM IFoF system.
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Fig. 16.  (a) Spectrum of optical signal; (b) frequency spectrum of received
signal (before being filtered).

transmission. However, the LO signal was transmitted together
with the IF signals at the same wavelength, and the system is
not scalable for multiple RAN signal transmissions.

A. Experimental Setup

The experimental setup for the simultaneous transmission
of three different radio signals, including an LTE-A signal at
1.94 GHz, an OFDM signal at 25 GHz, and an F-OFDM signal
at 96 GHz over an SCM IFoF system is shown in Fig. 15 [36].
The specifications of the transmitted signals in this experiment
are listed in Table III. The radio signals in these frequency bands
are used to emulate the transmission of RAN signals in differ-
ent frequency bands, including those in the microwave band,
low-mmWave bands, and high-mmWave bands, which can be
deployed in pre-5G, 5G, and beyond 5G networks, respectively.
The LTE-A signal aggregating three CCs at 1.94 GHz and the
OFDM signal with a BW of 50 MHz at 1 GHz are generated
by VSGs. The F-OFDM signal aggregating four 400-MHz-BW
CCs is generated in MATLAB and downloaded to an AWG.
The F-OFDM signal can represent the mapping of different



DAT et al.: SEAMLESS CONVERGENCE OF FIBER AND WIRELESS SYSTEMS FOR 5G AND BEYOND NETWORKS 603

20 20 8 8
X -@-CCH1 -©-cc1 - - CC1 (20-MHz) - B -0FDM
. -B-cc2 -B-cc2 - © -CC2 (20-MHz) % -
. ~8-cee —g-c03 6 6 % -FBMC
<16 N v =16 = -H-CC3(10-MHz)| | L,
£ g b -p-ccs |® -p-cca) |8 < B ‘'
'~ 7
S rg B s £ 24 “m., X
0 Beegs i W 2 A N w Brsgoco"
12 Tgeopipp werBige "8y -4
YT o 2 B-Bigogogtt ?
(@ (b) (c) (d)
8 8 0 0
9 8 7 -6 5 -4 6 8 10 12 14 16 6 10 14 18 6 10 14 18

Rx. Opt. Power (dBm) Tx. LTE-A Power (dBm)

Fig. 17.
transmit powers; (¢) LTE-A signal at 1.94 GHz; (d) 25-GHz RAT signal.

CCs or different MIMO signal components and can be flexibly
arranged so that the LTE-A and OFDM signals can be inserted
at appropriate positions. The generated signals are combined
using power combiners before modulating a lightwave signal
from a laser diode at an optical modulator. In this experiment,
for simplicity, we use an optical intensity modulator for con-
verting radio signals to optical signals. However, an 1Q optical
modulator, which is similar to the one shown in Fig. 8, can
be used to generate an optical SSB signal to reduce the fiber
dispersion effects. In addition, an optical LO signal is generated
by a frequency doubler using a dual-parallel Mach—Zehnder
interferometer modulator. In contrast to the signal generator
shown in Fig. 8, the main MZM is biased at the full point so
that the first-order sidebands can be generated. The modulated
signal and the optical LO signal are combined using a 3-dB OC,
amplified using an EDFA, and transmitted to a division point
via a 20-km SMF. At the division point, the optical signals are
divided (using an optical splitter in this experiment) to transmit
the optical signals to different RRHs. In this experiment, we
consider that the LTE-A and 96-GHz RAN signals are detected
from the same optical signal. However, we can further divide
the optical signal to transmit to different RRHs. At the RRH for
the LTE-A and 96-GHz signals, the optical signals are separated
to recover the LO and the modulated optical signals using opti-
cal bandpass filters. After being converted to electrical formats
using PDs, the LTE-A signal can be detected and sent to a VSA
for signal demodulation and analysis. The detected F-OFDM
signal is up-converted to a radio signal at 96 GHz band by being
mixed with the 96-GHz LO signal. This 96-GHz LO signal is
generated by inputting the 24-GHz signal, which is generated
from the optical LO signal, to a frequency quadrupler. The up-
converted signal is amplified using a PA before being emitted
into free space by a 23-dBi horn antenna. After transmission
over approximately 2 m in free space, the signal is received
by another antenna, amplified, and down-converted using a co-
herent detection. The down-converted signal is filtered using a
high-bandpass filter to avoid the DC component, amplified, and
sent to a real-time OSC. Finally, the signal is demodulated in
MATLAB. At the RRH for the 25-GHz RAN, the received opti-
cal signal is divided using a 3-dB OC to recover the LO and the
IF signals. After being converted to electrical formats, a RAN
signal at 25 GHz is generated by mixing the signals together us-
ing an electrical balanced mixer. In practical systems, this RAN
signal can be fed to an antenna and transmitted to end users.

Tx. LTE-A Power (dBm) TX. IF Power (dBm)

Signal performance after transmission over the system: (a) 96-RAT F-OFDM signal vs. received optical powers; (b) 96-RAT F-OFDM signal vs. LTE-A

However, in our experiment, owing to the lack of antennas in
the 25-GHz band, we transmit the signal over an RF cable, and
down-convert to an IF band. Finally, the signal is sent to a VSA
and demodulated using the VSA software.

B. Experimental Results

The optical spectra of the signal transmission are shown in
Fig. 16(a), consisting of the optical LO signal with a frequency
separation of 24 GHz between the sidebands and the modulated
optical signal. Fig. 16(b) shows the frequency spectra of the
received electrical signal, measured at the receiver for the LTE-
A signal. Figs. 17(a) and 17(b) show the performance of the F-
OFDM signals for different received optical powers and transmit
powers of the co-transmission LTE-A signal, respectively. In this
experiment, a four-band F-OFDM signal with a BW of 400 MHz
for each sub-band is generated and transmitted over the system
as an example of multiband signal generation and transmission.
The signals carried by the CCs can be independent. However, for
the sake of simplicity, in the experiment, we generate the four
signals with the same parameters, including 256 subcarriers
of which 8 subcarriers are for pilots and 17 subcarriers at each
band edge are null. Satisfactory performance could be confirmed
for 16-QAM signals. The performance of the signal in CC4 is
relatively degraded, especially when the received optical power
is reduced, owing to the non-flat frequency response of the
system. Increasing the transmit power of the LTE-A signal has
a relatively small impact on the performance of the F-OFDM
signals. Fig. 17(c) shows the EVM performance of 256-QAM
LTE-A signals carried by different CCs. The transmission can
easily satisfy the requirement with a sufficiently large power
range. Fig. 17(d) shows the performance of the 25-GHz signal
after transmission over the fiber system at different transmit
powers. The figure shows the performance of both OFDM and
filter bank multicarrier (FBMC) signals. The measured EVM
values are well below the requirement for a 64-QAM signal. The
effect of fiber dispersion on the signal transmission is relatively
small owing to the transmission of signals in low IF bands over
the fiber link.

The satisfactory performance of all signals after being com-
bined and transmitted over the optical fronthaul system using
the SCM IFoF and the electrical up-conversion at antenna sites
present an effective method for the co-existence of multiple
RAN:Ss in the future mobile networks, especially in 5G phase 2
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and beyond networks. The system can be further optimized to
improve the signal performance and to transmit high-speed RAN
signals, such as using advanced optical modulation techniques
and a better LO signal generation. In this experiment, the LO sig-
nal for up-converting the signal to 96-GHz band has a relatively
high noise floor, which is generated by the frequency quadru-
pler. In a practical system, by using a well-tailored narrow-band
frequency converter that can be designed appropriately for the
LO signal generation, the noise level of the generated LO signal
at antenna sites can be significantly reduced; thus, the perfor-
mance of the high-frequency RAN signals can be improved.
The system is cost-effective because optical components at low
speed can be used for the transmission and generation of high-
frequency radio signals. In addition, low fiber dispersion ef-
fects and high-spectral-efficiency systems can be realized by
transmitting signals in the low-frequency bands over the optical
fronthaul links. Notably, the RANSs in this experiment, includ-
ing those at 1.94 GHz, 25 GHz, and 96 GHz, are chosen to
investigate the capability of the system for the transmission
of different RANs at different frequency bands. The system can
support a flexible co-existence and transmission of RAN signals
in different frequency bands through a joint optimization of the
LO signal generation and the IF signal mapping on the optical
channel. For the LO signal generation, the frequency of the LO
signal can be flexibly varied by changing the frequency of the
input electrical signal at the transmitter. For the subcarrier mul-
tiplexing of IF signals, owing to the flexibility of the F-OFDM
signal generation, the IF signals can be mapped to appropriate
bands to be transmitted to the antenna sites. The optimal ar-
rangement plans of IF signals on a fiber link were investigated
in [40]. At the antenna sites, the IF signals can be up-converted
to the desirable RANs by mixed them with the generated LO
signals.

V. CONCLUSION

We have presented different mobile fronthaul systems for
the future mobile networks using seamless convergence fiber-
optic and wireless systems. In the first solution, a flexible wire-
less fronthaul system can be realized using an encapsulation
of wireless signals in the microwave bands onto a converged
fiber—-mmWave system. We successfully transmit and demod-
ulate three different wireless signals over the system and in-
vestigate the effects of fiber dispersion and nonlinear distortion
on the signal performance. The proposed system can be useful
for the transmission of radio access signals in dense small-cell
networks where the use of a fiber cable is not feasible. In the
second solution, we present and investigate the performance of
an OSH system for the generation and transmission of radio
access signals in high-frequency bands. We discuss the effects
of optical and electrical phase noises, and compare the perfor-
mance for different cases, including the use of different laser
types at the transmitter and detection methods at the receiver.
A high-performance system can be realized using a narrow-
linewidth laser at the transmitter, and/or a self-homodyne de-
tection at the receiver. The system can be a promising solution
for the transmission of RAN signals in high-frequency bands,
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such as at 100 GHz over more, in 5G beyond networks. Finally,
an efficient fronthaul system for the simultaneous transmission
of multiple RAN signals in different frequency bands using a
subcarrier multiplexing IFoF system is proposed. By generating
and mapping different RAN signals onto appropriate IFs, mul-
tiple radio signals can be transmitted over a fiber fronthaul sys-
tem simultaneously. Satisfactory performance of the proposed
systems reveals the potential of the seamless convergence and
cooperation between fiber transport and radio access networks.
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