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Abstract—A flexible bidirectional fiber-free-space optical (FSO)-
fifth-generation (5G) wireless convergent system with 1-Gb/s/4.5-
GHz sub-6 GHz and 10-Gb/s/28-GHz millimeter-wave (MMW)
(downstream), as well as 10-Gb/s/24-GHz MMW (upstream) 5G
hybrid data signals is built, employing a vertical cavity surface
emitting laser (VCSEL)-based wavelength selector and a remotely
injection-locked distributed feedback laser diode (DFB LD) for pre-
sentation. Itis the first to adopt a VCSEL-based wavelength selector
to adaptively provide 5G applications and an injection-locked DFB
LD to perform a phase modulation-to-intensity modulation trans-
formation with an optical-to-electrical conversion. Good bit error
rate performance and acceptable eye diagrams are achieved over
25 km single-mode fiber transport, 600 m FSO link, and 10 m/4
m RF wireless transmission. Such demonstrated fiber-FSO-5G
wireless convergent system is a promising one toward optical-based
long-haul networks at comparatively high-speed operations. It ex-
hibits an excellent convergence not only due to its development for
incorporating optical fiber with optical/SG wireless networks, but
also due to its enhancement for flexible two-way high-speed and
long-haul communications.

Index Terms—Fiber-FSO-5G wireless convergence, fifth-
generation (5G), VCSEL-based wavelength selector, remotely
injection-locked DFB LD.

I. INTRODUCTION

N recent decades, plentiful innovations in mobile telecom-

munications and its incorporation with optical communi-
cations have greatly pushed industrial revolutions. Broadband
access networks are developing on the advantages of both op-
tical and wireless technologies to realize fiber-free-space opti-
cal (FSO)-fifth-generation (5G) wireless convergences, which
increase the transmission capacity and enhance the coverage
area. 5G networks make use of prolifically innovative and
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developing technologies to provide a variety of emerging ap-
plications, such as high-speed Internet, 4K/8K ultra-HD video
streaming, autonomous vehicles, smart homes/cities, Internet of
Things, etc. [1]-[8]. However, the 5G signal has less ability to
transport wirelessly because of its low diffraction trait. Afford-
ing broadband heterogeneous services with high-transmission-
rate and long-reach transmission is critically important. FSO
communications, which deliver optical signals by laser beam
propagation in free space, have received much attention for
resolving the problem of short-reach 5G wireless transmission
[9]-[12]. FSO-5G wireless convergences can greatly reduce the
number of 5G base stations (BSs). Given the advancements in
5G and FSO technologies, FSO-5G wireless convergences have
been developed to provide multi-gigabit services through the
long-reach free-space link with short-reach RF wireless trans-
mission [13]-[16]. Additionally, given the fast enhancement
of lightwave transmission systems, increasing demands drive
the requirements for high-speed and long-haul applications,
not only for the backbone network based on single-mode fiber
(SMF), but also for the FSO-5G-based reach extender. As a
high-bandwidth transmission medium, SMF offers exceptional
transmission qualities with low attenuation coefficient. Obvious
advantages are afforded by deploying the SMF to increase the
transmission capacity and the coverage area of the FSO-5G
wireless convergences at relatively high speed using the traits
of optical fiber and optical/5G wireless communications. To
incorporate fiber backbone with FSO-5G wireless convergences,
fiber-FSO-5G wireless convergences hold the capabilities of
high transmission capacity with long-haul transmission. Em-
ploying laser lights, sub-6 GHz, and millimeter-wave (MMW)
carriers, a bidirectional fiber-FSO-5G wireless convergent sys-
tem can be built to satisfy the targets of high-transmission-rate
with long-haul transmission (as presented in Fig. 1).

In this work, a flexible bidirectional fiber-FSO-5G wireless
convergent system is successfully demonstrated, with a dual-
arm Mach-Zehnder modulator (MZM) to transport downstream
intensity-modulated 1-Gb/s/4.5-GHz 5G sub-6 GHz and 10-
Gb/s/28-GHz SG MMW hybrid data signals, and a phase modu-
lator to deliver an upstream phase-remodulated 10-Gb/s/24-GHz
5G MMW data signal. The high-frequency band in the spectrum
above 24 GHz (MMW) is targeted to provide a high data rate
of 10 Gb/s, whereas the low-frequency band in the spectrum
below 6 GHz (sub-6 GHz) is targeted to afford a low data
rate of 1 Gb/s. 5G MMW’s limitations make it best suited for
dense, urban areas, or specific areas such as train station or
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airport. In rural and suburban areas, 5G MMW technology is
not practical because it doesn’t have enough range which is
where the 5G sub-6 GHz networks come in. This proposed
flexible bidirectional fiber-FSO-5G wireless convergent system
can not only provide 5G MMW applications for dense/urban
and specific areas, but it can also provide 5G sub-6 GHz appli-
cations for rural and suburban areas. It reveals a prominent one
for 5G applications to target the urban/specific area with high
data rate and the rural/suburban area with low data rate. For
downlink transmission, a fiber-FSO-5G wireless convergence
with 1-Gb/s/4.5-GHz sub-6 GHz and 10-Gb/s/28-GHz MMW
5G hybrid data signals over 25 km SMF transport, 600 m FSO
link, and 10 m/4 m RF wireless transmission is practically
constructed. With the adoption of a wavelength selector based
on a vertical cavity surface emitting laser (VCSEL), one of
the intensity-modulated optical signals is adaptively chosen.
By varying the VCSEL’s operating current, the wavelengths
selected by a VCSEL-based wavelength selector can be varied to
adaptively choose the optical signal [17], [18]. As central optical
carrier and +1 optical sideband spaced by 4.5 GHz are selected, a
1-Gb/s/4.5-GHz 5G sub-6 GHz data signal is produced. Further,
as central optical carrier and 41 optical sideband spaced by
28 GHz are picked, a 10-Gb/s/28-GHz 5G MMW data signal
is generated. With a VCSEL-based wavelength selector, the
optical signal is adaptively chosen for 5G sub-6 GHz or MMW
application. To the author’s knowledge, this is the first to build
a high-speed and long-haul fiber-FSO-5G wireless convergence
with a VCSEL-based wavelength selector to flexibly provide 5G
certain services and applications. This proposed fiber-FSO-5G
wireless convergence is attractive because it prevents the require-
ments of several optical band-pass/band-rejection filters [19], so-
phisticated micro-electromechanical systems-based wavelength
selector [20], and elaborate liquid crystal-based wavelength se-
lector [21]. The system exhibits notable the benefits of simplicity
and flexibility. For uplink transmission, an FSO-fiber-5G wire-
less convergence with 10-Gb/s/24-GHz 5G MMW data signal

5G Sub-6GHz/MMW Ullemn

A flexible bidirectional fiber-FSO-5G wireless convergence with high transmission capacity and long-haul transmission traits.

over a 600-m FSO link, 25-km SMF transport, and 4-m RF
wireless transmission is practically built. A distributed feed-
back laser diode (DFB LD) with remote injection locking is
employed to transform a phase-modulated 10-Gb/s/24-GHz 5G
MMW optical signal into an intensity-modulated one and to
operate an optical-to-electrical (O/E) conversion. A remotely
injection-locked DFB LD works effectively as a transformer
for phase modulation (PM)-to-intensity modulation (IM) and
an optical detector. Given the proposed upstream FSO-fiber-5G
wireless convergence does not use an elaborate fiber Bragg
grating tilt filter [22] or a sophisticated Brillouin-assisted carrier
phase shift [23] for PM-to-IM transformation, it discloses a
promising convergence with low-complexity advantage. The
performances of downstream 1-Gb/s/4.5-GHz 5G sub-6 GHz
and 10-Gb/s/28-GHz 5G MMW data signals, as well as upstream
10-Gb/s/24-GHz 5G MMW data signal are evaluated by bit error
rate (BER) values and eye diagrams. Over 25 km SMF transport,
600 m FSO link, and 10 m/4 m RF wireless transmission, high
BER performance and qualified eye diagrams are attained to
fully satisfy the demands of 5G communications.

A flexible bidirectional fiber-FSO-5G wireless convergent
system with 1-Gb/s/4.5-GHz (sub-6 GHz), 10-Gb/s/24-GHz
(MMW), and 10-Gb/s/28-GHz (MMW) 5G hybrid data signals
is successfully constructed for the first time. For downstream
modulation, the practicality of delivering 4.5 GHz sub-6 GHz
and 28 GHz MMW 5G hybrid data signals with a VCSEL-
based wavelength selector to adaptively afford the desired 5G
application is feasibly developed. For upstream modulation, the
practicality of delivering 24 GHz 5G MMW data signal with a
remotely injection-locked DFB LD to carry out a PM-to-IM
transformation and an O/E conversion is successfully made.
Such proposed fiber-FSO-5G wireless convergence is an inno-
vation aimed at implementing optical-based long-haul networks
with relatively high-speed operations. It presents a noteworthy
convergence not only due to its progression for incorporat-
ing optical fiber with optical/5G wireless networks, but also
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due to its development for two-way high-speed and long-haul
transmissions.

II. EXPERIMENTAL SETUP

Fig. 2 presents the configuration of the demonstrated flexible
bidirectional fiber-FSO-5G wireless convergent system with
a dual-arm MZM to deliver downstream intensity-modulated
1-Gb/s/4.5-GHz sub-6 GHz and 10-Gb/s/28-GHz MMW 5G
hybrid data signals, and a phase modulator to transmit an
upstream phase-remodulated 10-Gb/s/24-GHz 5G MMW data
signal. After polarization using a polarization controller (PC1),
DFB LD1, with a central wavelength of 1540.62 nm (1), applies
an optical carrier on the dual-arm MZM (Sumitomo T.DEH1.5-
40). A 1-Gb/s non-return-to-zero (NRZ) data stream mixes with
a 4.5-GHz MW carrier to create a 1-Gb/s/4.5-GHz 5G sub-6
GHz data signal. After traveling through a modulator driver,
this 1-Gb/s/4.5-GHz 5G sub-6 GHz data signal drives one arm of
the dual-arm MZM. Further, a 10-Gb/s NRZ data stream mixes
with a 28-GHz MMW carrier to produce a 10-Gb/s/28-GHz 5G
MMW data signal. After passing through a modulator driver,
this 10-Gb/s/28-GHz MMW data signal drives the other arm
of the dual-arm MZM. Here, we electrically mix the data and
the carrier before modulating the optical modulator. Given that
appropriate 5G sub-6 GHz and MMW hybrid data signals are
supplied in the dual-arm MZM, only the first-order sidebands
are produced, with wavelength spacing of 4.5 GHz (0.036 nm)
and 28 GHz (0.224 nm). After polarization using a PC2, the
1-Gb/s/4.5-GHz sub-6 GHz and 10-Gb/s/28-GHz MMW hybrid
data signals are boosted by an erbium-doped fiber amplifier
(EDFA), adjusted by a variable optical attenuator (VOA), cir-
culated by an optical circulator (OC1), and communicated over
25 km SMF link. A VOA in front of 25 km SMF optimizes the
optical power supplied in the 25 km fiber links to acquire the
best transmission performances. After that, the optical signal is
transported through 600 m FSO link using a couple of doublet
lenses. Laser light’s free-space distance is increased to 600 m
(50 m x 12) by adopting multiple plane mirrors on both sides
[24].

Through an optical wired-wireless link of 25.6 km (25 km
SMF + 600 m free-space), the optical signals are circulated
by an OC2 and then supplied in a wavelength selector based
on a VCSEL to adaptively choose one of the optical signals.
This VCSEL-based wavelength selector is composed of one
OC, one PC, and one VCSEL. Given that VCSEL’s wavelength
shift with the temperature variation is 0.02 nm/°C, a temperature
controller is employed in the VCSEL-based wavelength selec-
tor to overcome wavelength shift problem due to temperature
variation. For upper path, a 1-Gb/s/4.5-GHz 5G sub-6 GHz
data signal is adaptively chosen by the wavelength selector.
Fig. 3(a) [inset (a) of Fig. 2] shows the optical spectrum before
passing through the wavelength selector. An injection locking
increases lower sideband’s intensity and produces the optical
spectrum as illustrated in Fig. 3(b) [inset (b) of Fig. 2]. The
1-Gb/s/4.5-GHz sub-6 GHz data signal is next detected by a
5-GHz photodiode (PD) (Thorlabs DETO8CFC), amplified by a
power amplifier (PA) with 4.4-5.0 GHz frequency range (Qorvo
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QPA4501), and wirelessly transmitted by a set of 4.5-GHz BS
antennas (MTI MT-443008). After a 10-m RF wireless link, the
1-Gb/s/4.5-GHz sub-6 GHz data signal is detected by an enve-
lope detector (ED) with 0.5-43.5 GHz frequency range (Analog
Devices ADL6010), and driven by a wideband low-noise (LN)
driver with DC-40 GHz frequency range (Anritsu AH34152A).
After driving, the 1-Gb/s NRZ data stream is applied to a BER
tester (BERT) (Anritsu MP1900A) to measure the BER values.
Additionally, a digital storage oscilloscope (DSO) (Keysight
NI1000A DCA-X) is deployed to catch the eye diagrams of
1 Gb/s NRZ data stream. For middle path, a 10-Gb/s/28-GHz
5G MMW data signal is adaptively selected by the wavelength
selector. An injection locking boosts lower sideband’s intensity
and yields the optical spectrum as displayed in Fig. 3(c) [inset
(c) of Fig. 2]. Then, the 10-Gb/s/28-GHz MMW data signal is
received by a 30-GHz PD (Optilab PR-30-A), boosted by a PA
with 27-31 GHz frequency range (Qorvo TGA2594-HM), and
wirelessly transmitted by a pair of Ka-band horn antennas (HAs)
(Warison WGAT-26.5-40). After a 4-m RF wireless transport,
the 10-Gb/s/28-GHz MMW data signal is detected by an ED and
driven by a wideband LN driver. Afterward, the 10-Gb/s NRZ
data stream is sent to a BERT for BER performance analysis.
Furthermore, a DSO is used to capture the eye diagrams of
10 Gb/s NRZ data stream. For lower path, a central carrier is
adaptively picked by the wavelength selector. An injection lock-
ing intensifies central carrier’s intensity and yields the optical
spectrum as displayed in Fig. 3(d) [inset (d) of Fig. 2]. Afterward,
the enhanced central carrier is reused and remodulated by a phase
modulator (Thorlabs LN66S) for upstream modulation.

For upstream modulation, a 10-Gb/s/24-GHz 5G MMW data
signal goes through a modulator driver and then supplies in a
phase modulator. The upstream optical signal is boosted by an
EDFA, optimized by a VOA, circulated by an OC2, and com-
municated through 600-m free-space transmission with 25 km
SMF transport. Next, the upstream optical signal is circulated
by an OCl1 and injected into a DFB LD2 (. = 1540.40 nm) to
make a PM-to-IM transformation and an O/E conversion. The
optical spectrum before remote injection locking is exhibited in
Fig. 4(a) [inset (i) of Fig. 2]. Remote injection locking increases
the upper sideband’s intensity and produces the optical spectrum
as expected in Fig. 4(b) [25], [26]. Then, the 10-Gb/s/24-GHz
5G MMW data signal is amplified by a PA with 17-24 GHz fre-
quency range (Qorvo TGA2522-SM), and wirelessly delivered
by a pair of K-band HAs (Warison WGAT-18-26.5). Through
4 m RF wireless link, the data signal is envelope-detected by an
ED and enhanced by a LN driver. Moreover, the eye diagrams
of 10 Gb/s NRZ data stream are captured by a DSO.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Regarding the VCSEL-based wavelength selector, VCSEL’s
central wavelengths at different operating currents are listed
in Table 1. It is to be found that as the VCSEL’s operating
current adjusts from 2.61 to 2.66 mA, the VCSEL’s central
wavelength varies from 1540.63 to 1540.85 nm. An adjusting
range of 0.22 nm is attained to adaptively enhance the optical
signal’s central carrier or the 41 sideband. As the VCSEL’s
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Fig. 2. Configuration of demonstrated flexible bidirectional fiber-FSO-5G wireless convergent system with a dual-arm MZM to deliver downstream intensity-
modulated 1-Gb/s/4.5-GHz sub-6 GHz and 10-Gb/s/28-GHz MMW 5G hybrid data signals, and a phase modulator to transmit an upstream phase-remodulated
10-Gb/s/24-GHz 5G MMW data signal.
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TABLE 1
VCSEL’S CENTRAL WAVELENGTHS AT DIFFERENT OPERATING CURRENTS
Operating 2.61 2.63 2.65 2.67 2.69 2.62 2.66
Current (mA)
Central 1540.66)| 1540.71 | 1540.74 | 1540.78 | 1540.81 [(1540.85
Wavelength (nm) | | |
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TABLE 2
THE STATUS OF DFB LD2 WITH REMOTE INJECTION UNDER VARIOUS WAVELENGTH DETUNING (AA = A1 — A2), AND THE UPSTREAM MODULATION
RESPONSE IN THE STATES OF DFB LD2 WITH REMOTE INJECTION LOCKING AND SEVERE OSCILLATION

AA=M—Az2 (nm) 0.42 0.32 0.22 0.12 0 -0.12 -0.22 -0.32
Status Severe Injection | Injection | Injection | Injection | Injection | Injection Severe
Oscillation] Locking Locking Locking Locking Locking Locking [ Oscillation
Upstream Modulaton | Noise | 23.8 239 | 238 238 | Noise
esponse (GHz)

WSCEL-Based
Wavelength
Selector

1-Gblsi4.5-GHz
or 10-Gh/s/28-GHz
downstream optical signal

upstream central carrier

10-Ghb/s/24-GHz
upstream optical signal

VSCEL-Based
Wavelength
Selector

Fig. 5. Employing two VCSEL-based wavelength selectors in a bidirectional
fiber-FSO-5G wireless convergent system.

central wavelength is 1540.63 nm, the central carrier is thus
selected for uplink transmission. Substituting the LD for uplink
transmission, the network operator can thereby flexibly con-
struct a bidirectional fiber-FSO-5G wireless convergent system.
Furthermore, as VCSEL’s central wavelength moves toward
1540.66 nm, the 1-Gb/s/4.5-GHz optical signal is consequently
selected for 5G sub-6 GHz application. Moreover, as the VC-
SEL’s central wavelength moves further toward 1540.85 nm,
the 10-Gb/s/28-GHz optical signal is accordingly chosen for 5G
MMW application. By varying the VCSEL’s operating current
(central wavelength), the optical signal picked by the wavelength
selector based on a VCSEL can be adjusted to adaptively afford
5G certain services and applications.

VCSEL-based wavelength selector can only choose one of
the three optical signals (central carrier, 1-Gb/s/4.5-GHz or
10-Gb/s/28-GHz optical signal), the upstream optical carrier
cannot coexist with the 1-Gb/s/4.5-GHz or 10-Gb/s/28-GHz
downstream optical signal. When the 1-Gb/s/4.5-GHz or 10-
Gb/s/28-GHz downstream optical signal is working, there is
no upstream central carrier. To resolve this problem, two
VCSEL-based wavelength selectors can be employed in the

bidirectional fiber-FSO-5G wireless convergent system (as il-
lustrated in Fig. 5). One is utilized for selecting 1-Gb/s/4.5-GHz
or 10-Gb/s/28-GHz downstream optical signal, and the other is
utilized for producing upstream central carrier.

Table 2 shows the status of DFB LD2 with remote injection
under various wavelength detuning (AA = A1 — A3). In the
wavelength detuning range of —0.22 to 0.32 nm, an injection
locking state exists. In the remote injection locking scenario,
DFB LD2 works as a PM-to-IM transformer with an O/E
converter. Not in the wavelength detuning range of —0.22 to
0.32 nm, nevertheless, a severe oscillation state occurs. Table 2
also shows the upstream modulation response in the states of
DFB LD2 with remote injection locking and severe oscillation
(non-injection locking). In the state of severe oscillation, noise
and poor upstream modulation response are obtained. In the
remote injection locking state, however, an enhanced upstream
modulation response (>23.8 GHz) is attained. The results reveal
that a remotely injection-locked DFB LD?2 is powerful enough
to simultaneously transform and detect an upstream 10-Gb/s/24-
GHz 5G MMW data signal. In addition, it should be noted
that optimal remote injection locking appears at a wavelength
detuning of 0.22 or —0.12 nm. With optimal remote injection
locking, a highest upstream modulation response of 24.1 GHz
is achieved.

Fig. 6(a) exhibits the BER performances of 1-Gb/s/4.5-GHz
5G sub-6 GHz data signal in back-to-back (BTB) state, through
25 km SMF transport, through 25 km SMF transport with 600
m FSO link, as well as through 25 km SMF transport, 600 m
FSO link, and 10 m RF wireless transmission. As BER is 102,
there is a large power penalty of 5.6 dB between BTB and that
through 25 km SMF transport. This 5.6 dB power penalty arises
chiefly from dispersion-induced distortion because of 25 km
SMF transport. Over 25 km SMF transport, fiber dispersion
deteriorates the transmission quality and produces worse BER.
Further, with a 10~ BER operation, a low power penalty of
1.6 dB appears between the states through 25 km SMF transport
and through 25 km SMF transport with 600 m FSO link. This
1.6 dB low power penalty is mainly ascribed to the atmospheric
attenuation from the 600-m free-space transmission. Through
600-m FSO link, the atmospheric attenuation fluctuates from
1.2 dB (sunny weather) to 50 dB (heavy rain/snow/fog weather)
[27]-[30]. Here, an atmospheric attenuation of approximately
1.6 dB exists owing to the 600-m free-space transmission. In
addition, as BER is 107, a power penalty of 1.8 dB is observed
between the scenario through 25 km SMF transport with 600 m
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(a) BER performances of 10-Gb/s/28-GHz 5G MMW data signal under different scenarios. The eye diagrams of 10-Gb/s/28-GHz data signal in the

scenarios (b) over 25 km SMF transport, and that (c) over 25 km SMF transport, 600 m FSO link, and 4 m RF wireless transmission.

FSOlink and that through 25 km SMF transport, 600 m FSO link,
and 10 m RF wireless transmission. Over 10 m RF wireless trans-
mission, 1-Gb/s/4.5-GHz 5G sub-6 GHz data signal experiences
fading, thereby causing received signal’s amplitude and phase
fluctuations and bringing on reduced BER. As for eye diagrams,
Figs. 6(b) and 6(c) display the eye diagrams of 1-Gb/s/4.5-GHz
data signal in the states through 25 km SMF transport, and
through 25 km SMF transport, 600 m FSO link, and 10 m RF
wireless transmission. Through 25 km SMF transport, open eye
diagrams are captured at a received optical power of —8.7 dBm
and a BER of 107° [Fig. 6(b)]. In the state through 25 km SMF
transport, 600 m FSO link, and 10 m RF wireless transmission,
clear eye diagrams are captured at a received optical power of
—5.3 dBm and a BER of 10~ [Fig. 6(c)].

Fig. 7(a) presents the BER performances of 10-Gb/s/28-GHz
5G MMW data signal under different scenarios. With a 10~°
BER operation, power penalties of 5.8 dB, 1.6 dB, and 2 dB

exist among BTB, over 25 km SMF transport, over 25 km SMF
transport with 600 m FSO link, and over 25 km SMF transport,
600 m FSO link with 4 m RF wireless transmission. A 5.8-
dB power penalty is primarily ascribed to the fiber dispersion
introduced by the 25 km SMF transmission, a 1.6-dB power
penalty is mostly arisen from the atmospheric attenuation on
account of the 600 m free-space transmission, and a 2-dB power
penalty is mostly attributed to the fading effect from the 4 m
RF wireless transmission [31]-[33]. Power penalty due to fiber
dispersion (PP p) is given by [34]:

Fp\?
140522
+05(FL)

where Fr is the received data rate, and F, is the bandwidth-
distance product. According to the above equation, the power
penalty difference due to 25 km SMF transmission between

PPp = 10log @)
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Eye diagrams of upstream 10-Gb/s/24-GHz 5G MMW data signal in the conditions of (a) 0.22 nm wavelength detuning with 3 dBm injection, (b) 0.22

nm wavelength detuning with —3 dBm injection, and (c) 0.42 nm wavelength detuning.

10-Gb/s/28-GHz 5G MMW data signal and 1-Gb/s/4.5-GHz
5G sub-6 GHz data signal is approached to 0 dB (10log[1 +
0.5(55.%= )% — 101log[1 + 0.5(3%455)%]~ 0), which almost
corresponds with the experimental power penalty difference of
0.2 dB (5.8 — 5.6 = 0.2). Moreover, provided that higher data
rate needs higher received optical power to compensate for the
optical signal-to-noise ratio penalty [35], the received optical
power of the 10-Gb/s/28-GHz MMW optical signal [Fig. 7(a)]
is thereby around 3.3 dB higher than that of the 1-Gb/s/4.5-GHz
sub-6 GHz optical signal [Fig. 6(a)]. Regarding eye diagrams,
in the scenario over 25 km SMF transport, clear eye diagrams
[Fig. 7(b)] are captured at a received optical power of —5.4 dBm
and a BER of 107°. In the scenario over 25 km SMF transport,
600 m FSO link, and 4 m RF wireless transmission, somewhat
clear eye diagrams [Fig. 7(c)] are yielded at a received optical
power of —1.8 dBm and a BER of 10~°.

Figs. 8(a), 8(b), and 8(c) exhibit the eye diagrams of upstream
10-Gb/s/24-GHz 5G MMW data signal in the respective condi-
tions of 0.22 nm wavelength detuning with 3 dBm injection,
0.22 nm wavelength detuning with —3 dBm injection, and
0.42 nm wavelength detuning. With a wavelength detuning of
0.22 nm and an injection power of 3 dBm, clear eye diagrams
[Fig. 8(a)] are captured. With a wavelength detuning of 0.22
nm and an injection power of —3 dBm, somewhat clear eye
diagrams [Fig. 8(b)] are acquired. Over 600 m FSO link, 25
km SMF transport, and 4 m RF wireless transmission, results
show that a remotely injection-locked DFB LD can practically
transform and detect the transmitted 10-Gb/s/24-GHz data sig-
nal. As the PM-to-IM transformation and detection efficiencies
of the remotely injection-locked DFB LD are proportional to
the injection power level [36], a remote injection locking with
higher injection power level produces higher transformation and
detection efficiencies, and thereby enhances the eye diagram’s
quality. Moreover, it is to be found that an amplitude penalty of
around 10 mV emerges between Fig. 7(c) and Fig. 8(a). Given
that a 30-GHz PD has a higher responsivity than that of an
optimally injection-locked DFB LD2 with 24.1 GHz bandwidth
[37], the eye diagram amplitude of the Fig. 8(a) is thus degraded
by about 10 mV, compared to that of Fig. 7(c). Whereas for

a wavelength detuning of 0.42 nm, eye diagram’s fluctuations
are obviously observed in Fig. 8(c). DFB LD2 is ineffectively
injection-locked because 0.42 nm is not in the wavelength de-
tuning range of —0.22 to 0.32 nm, which caused considerable
fluctuations in the eye diagram. Additionally, it is to be noted that
the eye diagrams in Figs. 6(b), [6(c)], [7(b)], [7(c)], [8(a), and
[8(b) have the same distortion in the lower eyelid, which results
in somewhat vertical eye closure. However, the area between
the higher eyelid and the lower eyelid still meets the demand
of open/clear eye diagrams. The distortion in the lower eyelid
is mostly attributed to the optical impedance mismatching [38].
However, it can be mitigated by providing a smooth transmission
to minimize light loss due to reflection at the interface.

The 5G new radio standard uses orthogonal frequency-
division multiplexing (OFDM) on both the downlink and uplink
transmissions. The subcarrier modulation can be quadrature
phase shift keying (QPSK), 16-quadrature amplitude modula-
tion (QAM), 64-QAM or 256-QAM. To have more associa-
tion with the 5G physical layer and this flexible bidirectional
fiber-FSO-5G wireless convergent system, 1-Gb/s/4.5-GHz and
10-Gb/s/28-GHz 16-QAM-OFDM data signals are utilized to
drive the dual-arm MZM (downstream modulation), and 10-
Gb/s/24-GHz 16-QAM-OFDM data signal is utilized to drive
the phase modulator (upstream modulation). These 16-QAM-
OFDM data signals are generated offline by MATLAB programs
and uploaded into Tektronix arbitrary waveform generators (two
AWG70001 + one AWG7102). Through 25 km SMF transport,
600 m FSO link, and 10 m (4 m) RF wireless transmission (down-
link), 1-Gb/s/4.5-GHz (10-Gb/s/28-GHz) 16-QAM-OFDM data
signal is captured by a communication signal analyzer and
post-processed by MATLAB program to calculate the BER
value and the corresponding constellation map. Over 600 m FSO
link, 25 km SMF transport, and 4 m RF wireless transmission
(uplink), in the scenario of 0.22 nm wavelength detuning with 3
dBm injection, 10-Gb/s/24-GHz 16-QAM-OFDM data signal is
seized by a communication signal analyzer and post-processed
by MATLAB program to calculate the BER value and the
related constellation map. Figs. 9(a), [9(b), and 9(c) show the
BER values and the constellation maps of the 1-Gb/s/4.5-GHz,



1304

[BER =34x 1]

[BER=76x10"

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 5, MARCH 1, 2021

transmitting downstream 1-Gb/s/4.5-GHz sub-6 GHz or 10-
Gb/s/28-GHz MMW 5G hybrid data signals is demonstrated.
With a remotely injection-locked DFB LD to make a PM-to-
IM transformation with an O/E conversion, the feasibility of
delivering upstream 10-Gb/s/24-GHz 5G MMW data signal is
developed. This demonstrated fiber-FSO-5G wireless conver-
gent system is a promising convergence that meets the targets
demanded by 5G communications. It opens up an innovative
way for developing a flexible two-way high-speed and long-haul
communication, due to its enhancement for integrating optical
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Fig.9. The BER values and the constellation maps of (a) 1-Gb/s/4.5-GHz, (b)

10-Gb/s/28-GHz, and (c) 10-Gb/s/24-GHz 16-QAM-OFDM data signals after
downlink/uplink transmission.

10-Gb/s/28-GHz, and 10-Gb/s/24-GHz 16-QAM-OFDM data
signals, respectively, after downlink/uplink transmission. For
downlink transmission, BER values of 3.4 x 10~* [Fig. 9(a)]
and 7.6 x 10~* [Fig. 9(b)] with clear constellation maps are
attained. For uplink transmission, BER value of 8.8 x 1074
and a slight clear constellation map are achieved [Fig. 9(c)].
BER values reach 10~* order of magnitude, which are well
below the forward error correction limit criterion of 3.8 x
1073, Sufficiently low BER values and clear constellation maps
demonstrate the feasibility of building a flexible bidirectional
fiber-FSO-5G wireless convergent system. For a flexible bidirec-
tional fiber-FSO-5G wireless convergent system, the modulation
formats are digital modulations such as on-off keying (OOK),
QPSK, 16-QAM-OFDM, and 64-QAM-OFDM. In the proof-of-
concept experiment, OOK is applied to the flexible bidirectional
fiber-FSO-5G wireless convergent system. To compare with
OFDM and OOK modulations, OFDM is less affected by the in-
terferences than OOK, due to the data parallelization over several
orthogonal subcarriers. Given that OOK modulation is feasible
for the flexible bidirectional fiber-FSO-5G wireless convergent
system, OFDM modulation is feasible for this proposed flexible
bidirectional fiber-FSO-5G wireless convergent system as well
due to better interference resilience.

IV. CONCLUSION

A flexible bidirectional fiber-FSO-5G wireless convergent
system with downstream intensity-modulated 1-Gb/s/4.5-GHz
(sub-6 GHz) and 10-Gb/s/28-GHz (MMW) 5G hybrid data
signals, and an upstream phase-modulated 10-Gb/s/24-GHz 5G
MMW data signal through a 25-km SMF transport, 600-m FSO
link, and 10-m/4-m RF wireless transmission is successfully
established. With a VCSEL-based wavelength selector to adap-
tively choose the desired 5G optical signal, the feasibility of

fiber with optical/5G wireless networks.
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