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Abstract: We report a self-injection-locked InAs/InP quantum-dash tunable laser with
~11 nm (~1602-1613 nm) tuning window for next generation multiuser ultrahigh capac-
ity fiber/free-space optics (FSO)/hybrid fiber-FSO-based optical networks. A tunability of
>18 independently locked subcarriers with ~28 dB side mode suppression ratio (SMSR)
and stable (+0.1 dBm) mode power is exhibited, and an estimated small injection ratio of
~—22 dBm is found to sustain locking and SMSR. Error free transmission of 100 and 128 Gb/s
externally modulated dual-polarization quadrature phase shift keying (DP-QPSK) signals
over 20 km single mode fiber (SMF) and 16 m indoor FSO links are demonstrated across 8
and 4 individual subcarriers, respectively, thus covering the entire tuning range. Moreover,
up to 168 (192) Gb/s successful transmission over 10 km SMF (BTB) and 176 Gb/s over
16 m FSO link is achieved on a ~1610 nm subcarrier. Finally, a 128 Gb/s DP-QPSK trans-
mission over 11 km SMF-8 m FSO—-11 km SMF hybrid system is accomplished, thus paving
the potential deployment of this single-chip, cost-effective, and energy efficient tunable light
source in terabits/s next-generation passive optical networks.

Index Terms: Coherent communication, quantum-dash laser diode, self-injection locking,
tunable laser sources, optical access networks, hybrid fiber-FSO system.

1. Introduction

Currently, the need for high bandwidth optical communication networks is intensifying owing to
the sharp increase in both the number of end-users and their demand for high speed mobile
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TABLE 1

Tunability of Various C- and L-Band Sources Employed in Single Channel Fiber/FSO Transmission,
and Comparison of Various Hybrid Fiber-FSO Systems Reported in Literature, Sorted Respectively,
With Increasing Data Rate

Data Rate Tunability Wavelength Modulation Assisting
Source (Gb/s) (nm) (nm) Scheme Channel Scheme Ref.
~6 C-band
RSOA  1.25 (D) (TBoF) (1550 1560) 00K 21 km SMF sIiL [10]
~20 C-band
FP-LD 2.5 (D) (TBPF) (15361556) 00K 85 km SMF sIL [11]
~34 C-band
WFPLD 10 (D) & (1520 1562)  1BQAN-OFDM 60 km SMF EIL 1
~10 C-band
FP-LD 10 (D) o) (15300 1540) 00K 20 km SMF sIiL [12]
~13 nL band
WFPLD 20 (D) & (A57etsgs)  16QAM-OFDM 25 km SMF EIL 8l
BLS 40 (E) ; (Ci'fsafg) 00K 150 m I-FSO OEO 18]
_ 100 (E) ~23 fL-band ) 10 km SMF 9]
QD-LD 100 (E) ©) (~1611-1634) DP-QPSK 4mI-FSO ElL 21]
QD-LD 128 (E) =6 mL-band DP-QPSK 5m I-FSO sIL [22]
(TBPF) (~1601-1607)
MWS* mL-band
QDD 128€)  (1amedes)  (~1600-1810) DP-QPSK 20 km SMF sIiL [16]
QD-LD 128 (E) ; Tjgg?;’ DP-QPSK 10 m I-FSO sIL [17]
168 (E) ~11 mL-band 10 km SMF This
QDD 476 ) (TBPF) (~1602-1613) DIFHCIESR 16 m I-FSO =l work
MWS* C-band
QDD 200(B)  (ovodes)  (~1s3brsds) PM-QPSK 75 km SMF ML [15]
DFB 320 (E) - C-band (~1550)  DP -16QAM 100 m O-FSO - 18]
C-band 100km SMF-54m O-
ECL 5 (E) ; 150 DP-QPSK . ; [22]
-ban m -6m |-
LDFB oo _ Gt e 40k SME10m O _ -
aser -ban m ~10m O-
Array 10 (E) - (~1550) NRZ FSO-40km SMF - (201
=1 mL-band 11Km SMF-8m This
EloALD FU13) (TBPF) (~1608) IR - FSO =it work
C-band 11km SMF-100m O-
aser -Dan m - m -
oy 100 (E) ; Cret) DP-QPSK i ; 5]
~11 mL-band 11km SMF-8m This
e L ze=) (TBPF) (~1608) DIFolREs I- FSO-11km SMF sl work

“C” correspond to conventional tuning via external tunable laser source/broadband light source

“D” and “E” correspond to direct- and external-modulation, respectively, “OEO” correspond to optoelectronic oscillator, and “nL”,
“mL” and “fL” correspond to near-, mid- and far-L-band, O/I-FSO: Outdoor/Indoor free space optical communication
*multiwavelength/frequency comb source with corresponding sub-carriers

and internet connectivity. It is estimated that there will be more than 4.6 billion internet users
with 27.1 billion global IP networked devices by the end of 2021 [1]. In this respect, wavelength
division multiplexed (WDM) based passive optical networks (WDM-PONSs) providing simultaneous
connectivity to multiple remote locations, have been acknowledged as a potential low-cost scheme
for 10G, 100G and 400G NG-PONs that are being developed to provide higher bandwidth solutions
with better privacy and scalability [2]. In literature, generally two research routes are being explored
to mitigate the future requirements; first addressing transmitter/receiver requirements of being
energy efficient, mass producible and deployable for cost-effective capital (CAPEX) and operation
(OPEX) expenditure, for WDM-PONSs, thus relying on the existing network infrastructure [3]. Other
route is examining alternate network architectures such as free space optical communication (FSO),
which benefits from the shared optical domain with the fiber infrastructure, and hybrid fiber-FSO
systems. In fact, FSO and hybrid fiber-FSO architectures are already garnering attention for both
indoor and outdoor networks, and as a supplementary or supporting solution, or as a pure system
backhaul replacement [4]-[6]. A brief review of recent achievements in fiber, FSO and hybrid fiber-
FSO systems, is summarized in Table 1.
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Several WDM-PON architectures employing a variety of light sources have been reported in the
literature, with injection-locked schemes being highly attractive owing to their “colorless” feature,
thereby enabling dynamic wavelength allocation to the subscribers [3]. External injection-locking
(EIL) [7]-[9] using a tunable laser source (TLS) or a broadband light source (BLS) as master source
enabled successful transmission of 60 km—10 Gb/s and 10 km—100 Gb/s data rates over SMF,
by employing weak resonant-cavity Fabry-Perot laser diode (WFP-LD) and quantum-dash laser
diodes (QD-LD), respectively [7], [9]. The corresponding source Fabry-Perot (FP) mode wave-
length tunability was ~34 nm and ~23 nm in C- and L-bands, and achieved by conventional
scheme (i.e., by an external seeding light source). On another front, self-injection locking (SIL)
in PONs was also investigated employing C-band self-seeded RSOA [10] and Fabry Perot laser
diodes (FP-LD) [11], [12] with up to 10 Gb/s OOK transmission over 20 km SMF. While the for-
mer source exhibited locked FP mode tunability of ~6 nm by utilizing a tunable band pass filter
(TBPF) [10], the latter source exploited different fiber Bragg gratings (FBG) [12] to demonstrate
~20 nm tunability. Moreover, sophisticated architectures based on modulation averaging reflector
[13] and Faraday’s rotating mirror [14] have also been utilized with 1.25 Gb/s-60 km and 1.25 Gb/s—
25 km transmission over C-bands, respectively. QD-LD has also been employed as a frequency
comb source in WDM-PON, exhibiting simultaneous generation of ~60 and ~16 FP modes via
mode locking (ML) [15] and SIL [16] assisting techniques and emitting in C- and L-bands, re-
spectively. Besides, a comprehensive comparison of EIL and SIL on QD-LD was also investigated
in [17].

On the other hand, in literature, the viability of FSO has been principally reported with BLS [18],
FP-LD and DFB laser diodes [19], targeting potential outdoor applications such as; transitional and
temporary network connection, network access in isolated premises, etc. [20], and indoor deploy-
ment for data centers and high-performance computing [21]. Very recently, the integration of FSO
with fiber technology (hybrid fiber-FSO) has being recognized as a promising network infrastructure
for first/last mile optical access networks with various demonstrations, as summarized in Table 1,
and mostly concentrating in C-band [20]-[23]. In summary, date rates up to 100 Gb/s, hybrid links
comprising of 100 km fiber length or 100 m FSO channels, have been reported. Besides, real-time
[22] and cable television (CATV) [6] transmission of signals are also demonstrated on this hybrid
network. Alternatively, convergence of injection-locked WDM system with this network infrastruc-
ture is a promising NG-PON, thus providing flexibility and scalability, and low CAPEX and OPEX,
compared to fiber-counterpart. Besides, penetration of this technology for indoor applications would
enable realization of adaptive mega data centers for rack-to-rack, intra-rack, and card-to-card com-
munication, enabling easy upgradability [21]. Hence, with this standpoint, we recently demonstrated
4 m—100 Gb/s indoor FSO link employing a ~23 nm tunable external injection-locked QD-LD [24],
and very recently 5 m—128 Gb/s via ~6 nm tunable self-injection locked QD-LD [25] and 10 m—
128 Gb/s [17] FSO links, in mid L-band region.

In this work, we aim to investigate the potential of employing this new class of self-injection locked
tunable QD-LD in existing fiber technology, and alternate FSO and hybrid fiber-FSO systems. This
is carried out by firstly reporting an extended tuning window of ~11 nm from the QD-LD, thus
covering ~18 independently locked subcarriers with >28 dB SMSR. Moreover, we comprehen-
sively investigated the performance of the tunable laser from short-term stability analysis of mode
power, SMSR and wavelength of various single locked modes across the tuning range, and injec-
tion ratio requirements perspective, to shed light onto the device physics. Thereafter, we report
separate 100 and 128 Gb/s DP-QPSK error free transmission over 20 km SMF and 16 m indoor
FSO links, across >4 randomly selected single subcarriers encompassing the entire tuning win-
dow. Furthermore, we achieved maximum transmission capacities of 192 Gb/s over back-to-back
(BTB) configuration, and 168 and 176 Gb/s over 10 km SMF and 16 m indoor FSO channel, re-
spectively, utilizing ~1610 nm subcarrier, which are the record data rates reported in mid L-band
subcarriers. Finally, for the first time to our knowledge, we demonstrate 128 Gb/s successful trans-
mission over hybrid 11 km—8m-11 km fiber-FSO-fiber system employing ~1608 nm subcarrier,
thus strengthening the potential of this alternate network infrastructure in future optical access
networks.
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Fig. 1. (a) QD-LD self-injection locking and transmission experimental setup. The left, center and right
insets show the probing assembly, zoomed view of a bare QD-LD butt coupled to a SMF and the various

optical channel employed, respectively. (b) SMF coupled L-I-V characteristics of 3 x 600 um? QD-LD
under CW operation. The inset shows the free running lasing spectrum at 110 mA biased current.

2. Tunable Self-Injection Locked QD-LD

We utilized a bare 3 x 600 xm? ridge-waveguide L-band quantum dash-in-a-well laser diode whose
growth and characterization under both pulsed current and continuous wave (CW) operations are
available in [27]. The device was temperature controlled throughout the experiment at 14 °C using
thermo-electric cooler module, as shown in the assembly of Fig. 1(a). The single facet output power
of QD-LD was butt coupled into a lensed SMF via a 3-axis manual translation stage, and the
free running lasing spectrum was observed on an optical spectrum analyzer (OSA) with 0.06 nm-
bandwidth resolution. The L-/-V characteristics of 3 x 600 zm? QD-LD under continuous wave (CW)
operation is shown in Fig. 1(b) exhibiting a threshold current of 100 mA and maximum SMF coupled
power of ~1.9 mW (~2.5 dBm) at 180 mA. The above threshold lasing spectrum of the QD-LD at a
bias current of 110 mA, shown in the inset of Fig. 1(b), was found to have a total fiber coupled power
of ~0.4 mW (~—4 dBm), with ~5% (—13 dB) coupling efficiency. The broadband lasing emission is
centered at ~1615 nm with —3 dB-bandwidth of 7—10 nm and longitudinal mode spacing of 0.6 nm
(70 GHz free spectral range).

The configuration of tunable self-injection locked QD-LD and the transmission setup is illustrated
in Fig. 1(a). An L-band erbium doped fiber amplifier (EDFA) with a 20-dB gain and a TBPF (Santec
OTF-350 flat-top filter shape, variable ~0.1-15 nm bandwidth) with ~7 dB insertion loss was
connected to the bare QD-LD coupled SMF in a feedback loop via an optical circulator (OC).
Besides, a polarization controller (PC) was directly applied to the QD-LD coupled SMF to maximize
the locking efficiency [25]. It is noteworthy to mention that the TBPF allowed filtering out a selected
single FP mode, to be re-injected into the QD-LD via OC and hence assisting in self-injection
locking of that particular FP mode and achieving tuning. Next, a 3-dB coupler (CP) was employed
between EDFA and TBPF to extract the locked mode from the feedback loop, for transmission
experiments as well as monitoring (via another 2:98% coupler) purpose, as depicted in Fig. 1(a).
In our configuration, EDFA served to compensate for the insertion losses of the TBPF and the
SMF-laser coupling loss.

By tuning the central wavelength and passband of the TBPF in the feedback loop to match
a selected FP mode, different individual QD-LD FP modes in the range ~1602—1613 nm with
0.6 nm spacing were self-injection locked, as illustrated in Fig. 2(a). However, by mismatching the
passband and the central wavelength of the TBPF with respect to the FP mode, injection locking dis-
appeared and free running spectrum was recovered. Hence, the wavelength values of the modes,
observed during QD-LD free running mode, should be well respected during the self-injection. Ar-
bitrarily 9 different FP modes were self-injection locked from the available ~18 modes, exhibiting
~11 nm tunable window, as shown in Fig. 2(a) and (b), thus demonstrating the potential of our
proposed broadly tunable self-injection locked QD-LD. It is worth mentioning that the FP mode
spacing could be tailored to meet the coarse- or dense-WDM standards by proper selection of
laser cavity length. moreover, Fig. 2(a) shows that only a small overlap is witnessed between the
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Fig. 2. (a) Free running lasing spectrum and self-injection locking of different FP modes (measured at
2% coupler output). (b) Integrated mode power (measured at 98% coupler output) and SMSR of the
tunable self-injection locked QD-LD.

free-running emission spectrum of the QD-LD and the passband window of the EDFA. As a re-
sult, lasing FP modes lying outside this small overlap, which constitute the majority of the lasing
bandwidth, could not be utilized as an injection-lockable mode, thus limiting the tunability. With
that said, should a more compatible EDFA be acquired with an amplifying wavelength window
that is more in line with the used QD-LD’s free-running spectrum, this would enable a substantial
enhancement in the tuning window of self-locked FP modes. We estimate the tunability to exceed
double that of the current number of modes i.e., >36 modes or >20 nm tuning window, in addition
to large SMSR and mode power, and consequently achieving even higher data rates. Notice that
the self-locked FP modes beyond ~1612 caused considerable reduction in the SMSR (<25 dB),
as summarized in Fig. 2(b). This is a direct consequence of operating EDFA outside its ampli-
fication window which substantially reduced the gain in that wavelength region with subsequent
increase in the amplified spontaneous emission (ASE) near ~1570 nm. This essentially elucidates
the trend of the reduction in SMSR and mode power at longer wavelength self-locked FP modes
compared to shorter wavelengths, thus exhibiting a flatness of ~1 dB, while the SMSR was >28 dB
up to ~1612 nm. Furthermore, the utilized QD-LD was an un-optimized active region device with
inferior L-I-V and spectral performance under CW operation. Employment of an optimized ac-
tive region QD-LD would enable accomplishment of >50 nm wavelength tunability encompassing
>90 FP modes since a -3dB bandwidth of ~50 nm has already been reported in [26] under
pulsed current operation. Besides, the self-locking arrangement could potentially be replaced by
a customized single fiber Bragg Grating (FBG) with specific reflectivity and tunable wavelength,
by exercising assisted piezoelectric and/or temperature control, for successful self-seeding. This
would result in a cost-effective, energy efficient, compact and practical arrangement for commercial
deployment.

Next, we systematically investigated the effect of locking behavior by comparing the short-term
stability test of three different self-locked modes, 1603.2, 1609.6 and 1613.2 nm, covering the
entire tunable band, over 20 min period, as shown in Fig. 3(a)—(c). Comparison across the figures
indicated that the mode peak power and SMSR were more stable, within +0.1 dBm and +1 dB,
respectively, for longer wavelength FP modes. In other words, locking was found to be more stable
for the modes closer to the central lasing wavelength of the QD-LD, in spite of smaller peak power
and SMSR. This is attributed to more appreciable contribution of coherent photons emitting near
the QD-LD central lasing wavelength taking part in the locking process. In general, all the three
FP mode wavelengths were also stable over the entire time period, thanks to the improvement of
the QD-LD linewidth enhancement factor due to self-injection locking [27]. Lastly, we also identified
the minimum injection ratio (i.e., the feedback mode power to the free running mode power ratio,
calculated at the QD-LD facet) required to sustain locking by increasing the mode peak power via
varying the EDFA gain and observing the SMSR of 1609.6 nm FP mode, as shown in the inset
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Fig. 3. Short-term stability test of the mode peak power and SMSR at (a) 1603.2, (b) 1609.6, and
(c) 1613.2 nm self-locked FP modes. The inset of (c) depicts the effect of varying the 1609.6 nm
locked mode peak power (or injection ratio) on the SMSR.

of Fig. 3(c). An abrupt increase in the SMSR from ~11 to ~26 dB was observed on increasing
the mode power from ~5.5 to ~7dBm. Hence, this is the minimum mode power required to sustain
locking, corresponding to ~—22 dB injection ratio. Although the injection ratio was low, self-injection
locking was sustained due to the feedback configuration that forced the filtered single FP mode to
persist and amplify via the laser active region.

3. Tunable QD-LD in High Capacity Optical Communication

The data transmission setup is also shown in Fig. 1(a) where the selected self-locked FP mode,
with mode power ~9 dBm, was picked from the 98% end of the coupler and fed into the dual
polarization in-phase quadrature (DP-1Q) external modulator. Pre-processing of the data signal
was performed using MATLAB by generating pseudo random binary sequence (PRBS) with 21" —1
length, via an arbitrary wave generator (Keysight AWG M8195A), which is mapped into two levels
electrical signal in order to obtain QPSK format; more details could be found in [24]. The data
transmission was characterized under BTB, over 10 and 20 km SMF lengths, 16 m indoor FSO
link, and hybrid 11 km SMF-8 m indoor FSO and 11 km SMF-8 m FSO-11 km SMF links, before
being detected and analyzed by Keysight optical modulation analyzer (OMA-N4391A). A variable
optical attenuator (Keysight VOA-N7764A) with ~1 dB insertion loss was utilized before the OMA
to study error-vector-magnitude bit-error-rate (BER) versus the received power. The indoor 16 m
FSO link was built in the laboratory by 3-axis manual translation stage and implemented using two
SMF collimators (Thorlabs F280APC) and a broadband mirror (Thorlabs BBT-E04). In the case of
hybrid fiber-FSO system, an indoor 8 m FSO link is realized and tested in a similar manner as that
of 16 m FSO link, as discussed above, except that the broadband mirror is excluded.

3.1 SMF Communication

Fig. 4(a) shows the transmission results of DP-QPSK scheme at 25 Gbaud (100 Gb/s), over
20 km SMF, utilizing 8 separate subcarriers (self-locked modes) from ~1602—1613 nm range.
The measured BER was found to be below FEC limit (3.8 x 107°) in all the cases at a stable
average received power of ~—11 dBm, after exhibiting 14 (7) dB modulator (TBPF) loss and fiber
loss of 0.3 dB/km. The corresponding received clear constellation diagrams are shown in the insets
of Fig. 4(a) and affirms possibility of =100 Gb/s/channel transmission across the tuning window. It is
worthy to note that the measured BERs corresponding to >1612 nm locked modes in Fig. 4(a), are
overestimated values and can be straightforwardly improved using additional filtering. In fact, the
received power in both measurement cases includes non-negligible ASE background noise [over
large spectral interval: ~1570-1610 nm, see ASE levels in Fig. 2 (a)] that can be filtered using
an appropriate L-band TBPF. Next, to test the data limit of these self-locked FP modes, a single
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Fig. 5. (a) measured BER versus received power for 32 Gbaud DP-QPSK signal transmission over 16 m
FSO link employing four different self-injection locked FP subcarriers as a source, from the available
tuning range. Inset shows the effect of laser beam misalignment on the BER and received power
for the 1609.6 nm subcarrier. (b) BER versus received power at different symbol rates for DP-QPSK
transmission over BTB (black) and 16 m FSO channel (blue), at a fixed 1609.6 nm subcarrier. The
insets show corresponding constellation and eye diagrams at a received power of ~—14 dBm.

1609.6 nm mode was selected as a subcarrier to transmit DP-QPSK signal at different data rates,
utilizing various channels. Successful transmissions of 168 Gb/s over 10 km SMF was achieved
with a below FEC limit receiver sensitivity of ~—12 dBm, as plotted in Fig. 4(b). While a power
penalty of ~1.6 dB was measured compared to the BTB configuration, clear constellation diagrams
were obtained at a received power of —11 dBm, as shown in the inset of Fig. 4(b). Moreover, an
effective transmission in the BTB configuration was also achieved at 192 Gb/s data rate with receiver
sensitivity of ~—9 dB, however, via 10 km SMF resulted in BER just above FEC limit. This data
rate limitation is partly attributed to the larger linewidth (~0.06 nm) of the self-locked FP modes
which could further be improved by applying high reflection coating on QD-LD facets. Hence,
these results, exhibiting ~3 b/s/Hz spectral efficiency, demonstrate the feasibility of employing the
proposed tunable mid L-band self-injection locked QD-LD as a promising source in next generation
optical networks, in particular 100G NG-PONSs.

3.2 Indoor FSO Communication

For indoor FSO transmission, four different self-locked FP modes at ~1602—-1613 nm range with
~9 dBm average mode peak power are selected as subcarriers for 32-Gbaud (128 Gb/s) DP-QPSK
signal over 16 m FSO channel length. Fig. 5(a) plots the corresponding measured BER versus the
received power, showing a receiver sensitivity of ~—18 dBm for the first two subcarriers and ~—17.5
and ~—16.5 dBm for the latter ones, is required to maintain BER below the FEC limit. By comparing
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the receiver sensitivities for both extreme modes, namely 1603.2 and 1610.8 nm, a power penalty
of ~2.5 dB suggests transmission performance degradation for the longer wavelength subcarri-
ers. This is ascribed to a weaker injection ratio as a result of small mode power, which has been
comprehensively discussed before. This shows the capability of the tunable self-locked QD-LD in
attaining =128 Gb/s/channel transmission across the entire tuning window. Furthermore, in or-
der to investigate the maximum possible transmission capacity of the tunable modes, 1609.6 nm
single self-locked FP mode was again selected as a subcarrier and modulated with 32, 40 and
44 Gbaud (128, 160 and 176 Gb/s), and transmitted over BTB and 16 m indoor FSO channels.
Fig. 5(b) summarizes the DP-QPSK transmission results for both channel configurations. As de-
picted, receiver sensitivities required to maintain an error-free transmission (i.e., BER below FEC
limit) were estimated to be ~—17 (128), ~—16 (160) and ~—14.5 dBm (176 Gb/s). The former two
cases exhibited ~0 dB power penalty due to the FSO channel when compared to BTB configura-
tion that might be due to negligible channel loss as a result of indoor environment. Hence, up to
176 Gb/s data rate with a spectral efficiency of ~3 b/s/Hz is achievable over the indoor 16 m FSO
link by the self-seeded L-band sub-carrier, thus highlighting the potential transmission capability
of these self-seeded FP modes. Furthermore, the insets of Fig. 5(b) show the constellation and
eye diagrams at a fixed received power of ~—14 dBm for all the data rates. Open eyes and clear
constellations further uphold the signature of error-free transmission.

Thereafter, in order to investigate the misalignment effect on the FSO link transmission perfor-
mance, 1609.6 nm locked mode is utilized, and the reception collimator was gradually displaced
with a radial step size of 0.5 mm while measuring the BER and the received power. The results
are plotted in the inset of Fig. 5(a), showing a maximum misalignment tolerance of ~2.8 mm
with ~17.5 dBm received power while maintaining a BER below the FEC limit. This corresponds to
roughly a beam area misalignment of ~60% at the receiver end (neglecting beam diffraction) [28]. A
quasi-linear decrease of received power is observed with misalignment. In fact, the received power
decreases by ~2 dB for 3 mm misalignment. On the other front, the BER linearly (logarithmic)
increases from 1.3 x 107 up to 2.1 x 1072 when misalignment is increased from 1 to 4 mm. We
also estimated an accessible emission limit (AEL) for eye safety by considering maximum attainable
power at the onset of the FSO transmitter collimator (after modulation) as ~—3 dBm. In this case,
assuming the worst case ~3.6 mm, which is equivalent to the diameter of the collimator’s output
beam, the optical power density is estimated to be 4.9 mW/cm? which is way below 100 mW/cm?
according to the IEC 60825-1 standard limit for Class 1 classification for 100 m operations, thus
qualifying our laser operation as safe under all conditions of normal use [28].

3.3 Hybrid Fiber-FSO Communication

The previous discussions of fiber and FSO links has culminated into this part where a hybrid fiber-
FSO system is implemented. This particular architecture is of a great significance to investigate
as it emulates the scenario where two afar SMF networks are inter-connected via FSO links, for
instance, racks within data centers, etc. [21]. As such, two configurations, depicted in Fig. 1(a),
have been implemented, namely H1: 11 km SMF-8 m FSO, and H2: 11 km SMF-8 m FSO-11 km
SMF employing a single locked 1607.7 nm subcarrier with ~10.8 dBm mode power. Starting with
channel H1, a successful transmission is achieved with a data rate of 32 Gbaud (128 Gb/s) in
DP-QDPSK modulation scheme. As illustrated in Fig. 6, H1 channel exhibited a receiver sensitivity
of -18 dBm for attainment of BER below the FEC compared to —18.5 dBm in BTB configuration
with clear QPSK constellations. Thereafter, while adopting the same modulation scheme and data
rate, the second hybrid channel was also investigated by inserting a second 11 km SMF at the
receiver side. As shown in Fig. 6, a BER less than the FEC limit is achieved for received powers
>—18 dBm, which is found to be comparable to the hybrid H1 counterpart. This is ascribed to
the OMA post processing during demodulation by applying dispersion compensation algorithms.
Moreover, this observation could also be a result of H1 and H2 channel measurements taken on
different days which might have altered the locking efficiency (and mode power), thus affecting
the receiver sensitivity. Nevertheless, clear constellation diagrams are achieved in this case thus
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Fig. 6. Measured BER versus received power for 32 Gbaud (128 Gb/s) DP-QPSK and 8 Gbaud 16 QAM
(32 Gb/s) signal transmission. While the former modulated scheme is investigated on both hybrid 11 km
SMF- 8 m indoor FSO (H1) and 11 km SMF-8 m indoor FSO —11 km SMF (H2) channels, the latter one
is investigated on only H1 link. In all the cases, 1607.7 nm self-injection locked FP mode is employed as
a subcarrier. The insets show corresponding constellation diagrams at receiver sensitivities just below
the FEC limit, and at ~—14.5 dBm for the BTB configuration.

upholding error free transmission. Lastly, we conclude this work by reporting our initial results
of employing higher order 16QAM modulation scheme over the hybrid channel H1. However, as
a more sensitive modulation scheme with comparatively high power requirements, in addition to
its associated higher insertion loss (i.e., external modulator loss), successful transmission was
attainable for 8 Gbaud symbol rate (32 Gb/s) with a below FEC limit BER of 2.6 x 102 and a clear
16 QAM constellation diagram, as depicted in the inset of Fig. 6.

4. Conclusion

We investigated comprehensively the performance of tunable self-injection locked mid L-band QD-
LD in terms of mode power and SMSR short-term stability analysis and injection ratio requirements,
and demonstrated an extended tunability of ~11 nm (~1602—-1613 nm). Promising results with
stable >28 dB SMSR is achieved across the tuning window, thanks to the improved mode power
and injection locking efficiency. Firstly, we successfully achieved 100 and 128 Gb/s DP-QPSK
error-free transmission over 20 km SMF and 16 m indoor FSO channels utilizing various single self-
locked modes across the tuning range. Besides, their potential to achieve >176 Gb/s transmission
was demonstrated via successful DP-QPSK transmission of 192 Gb/s (BTB), 168 Gb/s (10 km
SMF) and 176 Gb/s (16 m indoor FSO link) on ~1610 nm sub carrier, thus exhibiting a potential
aggregate capacity of >3Tb/s in mid L-band if all the tunable modes were to be used simultaneously
in fiber/FSO based optical network. Furthermore, a successful 128 Gb/s data transmission was
ultimately achieved over hybrid 11 km SMF-8m FSO-11 km SMF network in mid L-band region,
thus strengthening the prospects of employing tunable L-band self-locked QD-LD as a source, and
hybrid fiber-FSO as an alternate network architecture, in future WDM-PONSs. This would enable
cost-effective deployment of compact and unified transmitters with capability of mass production
and deployment, to serve multi-subscribers, thus satisfying NG-PON source requirements.
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