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We report on the generation and transmission of millimeter-wave (MMW) beat-tone at 28 GHz from an external
injection-locked InAs/InP quantum-dash laser-based comb source emitting in mid L-band. The MMW beat-tone
exhibited a narrow linewidth, and low phase noise of ~ —122 dBc/Hz at 1.0 MHz offset frequency, thus
demonstrating superior characteristics. Thereafter, we achieved a successful transmission of 2 Gbps quadrature-
phase-shift-keying (QPSK) signal over 28 GHz MMW beat-tone carrier on 4 m wireless channel as well as 20 km

single-mode fiber and 4 m wireless hybrid channel, exhibiting receiver sensitivities of —1.0 and —0.5 dBm,
respectively. This demonstration paves the way for the potential deployment of this new-class of MMW photonic
source in future passive optical networks and 5G, enabling exploiting hybrid architectures and extended L-band
wavelength operation besides the conventional C-band.

1. Introduction

The exponential proliferation of smart devices has significantly
intensified the demand for mobile data traffic, projected to reach 77
Exabytes per month by 2022, a staggering sevenfold increase compared
to 2017 [1]. To mitigate this demand, a fifth-generation New Radio (5G
NR) wireless mobile network has been developed to enhance ubiquitous
interconnectivity by offering ultra-reliable and low latency communi-
cations, enhanced mobile broadband, ultra-fast data transfer, and sup-
port applications such as high-definition video streaming, autonomous
driving, teleconferencing, internet of things, etc. [2,3]. The future 5G
wireless technology has been envisioned to provide data rates of Giga-
bits per second for subscribers and employing millimeter-wave (MMW)
frequency band from 20 to 30 GHz, as suggested by 5G Public Private
Partnership [4], since below 6 GHz window is already congested by the
wireless services [5]. Although MMW suffers from significant signal
fading owing to high atmospheric attenuation, the seamless integration
with the existing fiber-to-the-x (FTTX) architecture for last-mile access
can realize the delivery of ultra-broadband wireless signals, which is
also termed as radio-over-fiber (RoF) technology. Moreover, hybrid RoF
and wireless technologies are being considered as potential frontiers for
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next-generation networks, and deploying 28-39 GHz range MMW band
signals [6], which are garnering recent attention owing to their smaller
free-space propagation loss compared to 60 GHz high-frequency bands,
would be a promising solution to address the future needs.

For efficient high-speed mobile communication, the two most critical
factors are optical generation and transmission of MMW, which has
already been given considerable regard as a strong contender for 5G and
RoF because traditional digitized electronic system impedes network
scaling due to high complexity, low spectral efficiency and larger size
[7]. Owing to this, microwave photonics has been extensively utilized to
generate MMW signals in the optical domain. Among various techniques
demonstrated in the literature, optical heterodyning is the most inves-
tigated that relies on beating two optical wavelengths from a comb
source, or dual-wavelength laser, or two free-running laser diodes, at a
photodiode [5]. In general, deploying free-running lasers gives rise to
broadened MMW beat-tone linewidth (Af;) and high phase noise (Sy)
due to incoherency between the two optical wavelength modes. There-
fore, techniques such as optical phase-locked loops [8] and injection-
locking [9] have been employed on the optical source for successful
spectral synchronization and purification of the heterodyned MMW
carrier [6] with ultra-narrow Af; (full width at half maximum) and low
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phase noise, which are imperative for high-performance transmission
[3,10]. To achieve this, optical laser sources based on quantum-dash
(QD), which are quasi-zero dimensional nanostructures, are attracting
much attention as potential contenders in the MMW domain owing to
their superior static and dynamic characteristics and noise, in particular,
compared to their quantum-well counterpart [11,12]. Moreover, the QD
emission spanning S- to L-band region makes QD laser diodes (QD-LD)
promising MMW sources, seamlessly integrating with the existing opti-
cal network infrastructure and potentially satisfying extended L-band
wavelength operation in future optical networks with hybrid architec-
tures that are under serious consideration. Besides, QD-LD’s multi-
wavelength lasing emission nature could also be exploited in future
MMW RoF-WDM systems wherein a single device may supply dual op-
tical carriers to several L-band channels.

In the following, we provide a brief review of QD laser diode (QD-LD)
deployment in the MMW domain, which is concentrated only in the C-
band wavelength-operating window. Reference [13] reported the gen-
eration of 3-20 GHz microwave/MMW beat-tone with Af; < 1 MHz
using dual-wavelength (DWL) QD distributive-feedback (DFB) laser.
Subsequently, in [11], the generation of 146 GHz MMW signal and
wireless transmission of 1.0 Gbps non-return-zero (NRZ) on-off keying
(OOK) data is reported utilizing the QD-LD at ~ 1550 nm. On another
front, in [14], fixed 50-60 GHz and tunable up to 98 GHz MMW signals
were generated using a passive mode-locked (PMLL) ~ 1550 nm QD-LD
with demonstrated Af; < 18 kHz, and Sy —70 dBc/Hz at 10 kHz offset
frequency. Successful transmission of a 3.0 Gbps quadrature amplitude
modulated (QAM) signal on a 60 GHz MMW carrier was demonstrated
on an optimized PMLL QD-LD with Af; ~ 10 kHz [15]. In reference
[3,16], generation of 46 and 48 GHz MMW signal from DWL QD-LD with
Aft, ~ 26 kHz and data transmission of 2.0 Gbps 4-level pulse amplitude
modulation (PAM-4) was reported, while in [17] 1.17 Gbps over 25 km
SMF using orthogonal frequency division multiplexing (OFDM) over 60
GHz MMW carrier was demonstrated employing QD-LD PMLL. Recently,
generation of 40/80 GHz [20] and 50/100 GHz [21] using QD-LD
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Fig. 1. Experimental setup for the generation and
transmission of MMW beat-tone over the hybrid fiber-
wireless channel. PC: polarization controller, QD-LD:
quantum-dash laser diode (slave laser), TL: external
tunable laser (master laser) OC: optical circulator,
EDFA: Erbium-doped fiber amplifier, CP: optical
coupler, TBPF: tunable bandpass filter, OSA: optical
spectrum analyzer. PM: phase modulator, VOA: vari-
able optical attenuator, PD: photodiode, ESA: elec-
trical signal analyzer, AWG: arbitrary waveform

ANS W 0T

generator, LNA: low-noise amplifier, MZM: Mach-
Zehnder modulator, LO: local oscillator.

PD

operating at 1550 nm and transmission over hybrid 50 km SMF and
10/20 m wireless link have been demonstrated. Unfortunately, reports
in the L-band wavelength region for MMW applications are very limited;
for instance, we recently exploited this wavelength domain to demon-
strate a tunable dual-wavelength-mode generation with ~ 62 GHz free-
spectral range and the possibility of tuning the mode spacing for tunable
frequency MMW beat-tones in optical domain [22].

In this work, we report 28 GHz MMW beat-tone signal generation
employing InAs/InP QD-LD operating at ~ 1610 nm, which is in the
extended L-band window. External injection locking (EIL) scheme is
utilized to realize a high spectral purity single locked Fabry-Pérot (FP)
longitudinal mode and subsequent generation of optical comb in
extended L-band region. This is to ascertain spectral synchronization of
the filtered dual-comb lines and purification of the heterodyned 28 GHz
MMW beat-tone carrier. Hence, narrow Af; and Sy as low as ~ —122
dBc/Hz at 1 MHz offset frequency has been achieved. Moreover, we also
demonstrate an error-free transmission of 2 Gbps QPSK signal on this 28
GHz MMW carrier over 4 m wireless and hybrid 20 km SMF — 4 m
wireless channels and emphasize the potential of hybrid network ar-
chitectures for future deployment. To our knowledge, this is the first
report to demonstrate modulated MMW transmission in mid L-band
employing EIL QD-LD over hybrid-channels. Moreover, our work further
substantiates the potential of QD-LD as a candidate MMW source in
future L-band RoF multiplexed passive optical networks while inte-
grating hybrid channels for last-mile access applications [19].

2. Experimental details

In this work, we employed a bare 800 pm cavity length and 4 pm
ridge width InAs/InP QD-LD with four stack quantum-dash chirped
barrier thickness active region. Further details of the device structure
can be found in [18]. The experimental setup developed for the photonic
generation, transmission, and characterization of MMW beat tone is
illustrated in Fig. 1. Firstly, the bare unbounded QD-LD is placed on a
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Fig. 2. (a) Free-running (un-locked) lasing spectrum of QD-LD riding on the ASE of EDFA-1 with the inset depicting the light output-injected current-bias voltage (L-
I-V) characteristics. (b) Filtered dual-mode comb line from the comb source exhibiting identical peak power and 33 GHz free spectral range with inset showing the

external injection-locked single-mode at ~ 1610 nm with 36 dB SMSR.
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Fig. 3. Phase noise Sy characteristics of 28 GHz
modulated (red symbols) and 33 GHz unmodulated
(black symbols) MMW carrier at 1.0 MHz offset fre-
quency, as a function of wireless link length for (a)
wireless and (b) hybrid channels, measured at the
receiver end with an error margin of + 2 dBc/Hz. The
insets of (a) and (b) shows the electrical spectrum and
the Sy curve of 33 GHz MMW unmodulated carrier
measured at the transmitter side. The Tx dotted line in
(a) and (b) corresponds to the phase noise measured
at the transmitter side. (For interpretation of the ref-
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temperature-controlled brass base (TEC, Keithley 2510) to ensure the
lasing wavelength emission within the operating wavelength limitations
of optical equipments and components. The device is manually mounted
and probed with a continuous wave (CW) current using Keithley 2520.
The optical power was measured using an InGaAs photodiode with a
calibrated integrating sphere, and the resulting light-current-voltage (L-
I-V) characteristics are depicted in the inset in Fig. 2 (a), exhibiting a
threshold current (I;) of ~ 90 mA and the near-threshold slope effi-
ciency is ~ 0.13 W/A. Next, the optical power from a single as-cleaved
facet of the FP laser is butt-coupled into an in-house made lensed SMF by
manually tuning a three-axis translational stage, achieving a coupling
efficiency of ~ 5%. The operating current throughout the experiment is
fixed at ~ 110 mA (1.221) with 0.5 mW fiber-coupled power.

The next part of the setup corresponds to the EIL arrangement where
the free-running QD-LD broadband lasing emission is connected to port
2 of an optical circulator (OC) via polarization controller (PC-1). The
output from port 3 of the OC is amplified by an Erbium-doped fiber
amplifier (EDFA-1, Amonics AEDFA-L-18BR) and passed to 98/2% op-
tical coupler (CP) from where 98% port is the available output. The
resulting free-running amplified broadband lasing spectrum, depicted in
Fig. 2 (a), is obtained via an optical spectrum analyzer (OSA, Agilent
86142B) with 60 pm resolution connected to 2% of CP-1 before locking.
Next, a commercial tunable laser (TL, Agilent 81600B) was employed as
a master laser to external injection-lock a single longitudinal mode from
the free-running spectrum by connecting to port 1 of the OC via an
isolator to be fed into the QD-LD active region. The resultant external
injection-locked single-mode at 1609.7 nm is depicted in the inset of
Fig. 2 (b), obtained at an injection ratio of ~ —10 dB, and exhibiting a
side mode suppression ratio (SMSR) of ~ 36 dB. It is to be noted that
throughout this work, the injection ratio is fixed owing to the maximum
optical power limit of the TL, and the EDFA-1 is deployed to compensate
for the coupling loss of QD-LD optical power into the SMF.

In the subsequent arrangement, the externally injection-locked mode
is fed through PC-2 to a phase modulator (PM, EOspace 40 GHz) driven
by a 33 GHz electrical signal (Keysight E8267D PSG). The PM’s output is
a seven-mode comb achieved by creating three harmonics on each side
of the locked mode with 33 GHz mode spacing. It is noteworthy to
mention here that the comb source mode spacing can be altered to
generate tunable MMW frequencies by adjusting the radio frequency
(RF) signal’s frequency. Next, a tunable bandpass filter (TBPF) was
utilized to filter two comparable peak power comb lines, as depicted in
Fig. 2 (b), exhibiting an optical signal-to-noise ratio (OSNR) of ~ 36 dB.
The modes’ peak power was aligned with PC-2 and then amplified to ~
15 dBm using EDFA-2 (AEDFA-L-EX2-B-FA) to compensate for the PM
and TBPF insertion losses (~10-12 dB). These dual modes are then
externally modulated with a 2 Gbps QPSK signal using a single drive
Mach-Zehnder (MZM) modulator. The baseband QPSK signal was
generated in MATLAB by mapping a pseudo-random binary sequence
(PRBS) pattern with a length of 2!1—1 using an arbitrary waveform
generator (AWG, Keysight M8190A with 6 GHz bandwidth) at 12 GSa/s,
which was offset to an intermediate carrier frequency (IF) of 5 GHz,

Wireless Distance (m)

erences to colour in this figure legend, the reader is
referred to the web version of this article.)

thereby essentially translating to 28 GHz MMW transmitted carrier that
is of interest in this work (neglecting other higher frequency MMW beat-
tones while some of them will be filtered out by low noise amplifier, LNA
(operating bandwidth ~ 24-40 GHz), before wireless transmission). The
modulated dual optical modes are further amplified to compensate for
the MZM insertion loss before transmitting over a 20 km SMF.

The modulated optical dual-mode signal from the receiving end of
the SMF is then converted into an electrical MMW signal by beating the
modes in a 70-GHz bandwidth photodiode (PD, Finisar XPDV3120R)
after passing through a variable optical attenuator (VOA, Agilent
N7764A), which serves to investigate the transmission performance. The
modulated MMW carrier is further amplified using LNA before trans-
mitting over horn antennas (26 — 40 GHz bandwidth and 25 dB gain)
that are placed 0-4 m apart, thus corresponding to hybrid channel (20
km SMF and 0-4 m wireless). The received electrical MMW signal from
this hybrid channel is then down-converted by mixing with a local
oscillator (LO) at 28.5 GHz and then demodulated and analyzed using
Keysight 12-bit digitizer (M9730B, bandwidth 1.2 GHz) operating at 3.4
GSa/s. We realized a wireless channel transmission system by removing
the SMF from the system (Fig. 1) while keeping the remaining compo-
nents intact. For the MMW beat-tone performance analysis at the
receiver side, we placed the electrical spectrum analyzer (ESA, Keysight
N9010B EXA) after the receiver horn antenna. On the other front, for the
transmitter analysis in the case of the hybrid channel, we removed the
SMF and connected ESA directly after the PD.

3. Results and discussion

This section presents the RF characteristics and transmission per-
formance of the generated MMW beat-tone signal via the EIL QD-LD
comb source. For this, two-channel configurations have been consid-
ered viz. a wireless channel with a variable distance of 0-4 m (space
between the horn antennas) and a hybrid channel consisting of an
additional 20 km SMF and the 0-4 m wireless channel. Moreover, for
long-distance coherent optical communications, it is imperative that the
MMW carrier possess very narrow Af; and Sy below —100 dBc/Hz at 1
MHz offset [23], and even more so while a phase-sensitive modulation
scheme, QPSK in our case, is being employed. Thus, to analyze and
understand the impact of transmission as well as modulation on the RF
characteristics, we measured Af; and Sy of the MMW beat-tone at the
transmitter as well as receiver end for both unmodulated 33 GHz and
modulated 28 GHz carrier. We selected an offset frequency of 1 MHz and
plotted the measured Sy values for the wireless and hybrid channels in
Fig. 3 (a) and (b), respectively, with an error margin of + 2 dBc/Hz.
Moreover, Sy characteristics, measured at the transmitter side, are
shown in the inset of Fig. 3 (a). The unmodulated 33 GHz exhibited a
value of ~ —122 dBc/Hz at the transmitter side, degraded to ~ —115
(—106) dBc/Hz after 2 (4) m wireless transmission, as depicted in Fig. 3
(a). Considering the modulated 28 GHz MMW carrier, not much change
in Sy is observed (difference of & 1.0 dBc/Hz) compared to the un-
modulated 33 GHz carrier. This is an expected observation since the
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Fig. 4. Transmission performance of EIL QD-LD comb source generated 28 GHz MMW carrier for a wireless link length of 2 and 4 m. (a) EVM versus the received
optical power, and (b) EVM versus the received average SNR. The insets in (b) correspond to the received QPSK constellation and eye diagram at a fixed ~ 10 dB SNR
for 2 m (bottom) and 4 m (top) wireless link lengths. The horizontal dotted lines correspond to the 37% EVM FEC limit.
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Fig. 5. Transmission performance of EIL QD-LD comb source generated 28 GHz MMW carrier for the hybrid channel of 20 km SMF and 2 - 4 m wireless distance. (a)
EVM versus the received optical power (b) EVM versus the received average SNR. The insets in (b) correspond to the received QPSK constellation and eye diagram at
a fixed ~ 10 dB SNR for 2 m (bottom) and 4 m (top) wireless link length of the hybrid channel. The horizontal dotted lines correspond to the 37% EVM FEC limit.

modulated carrier is essentially derived from the unmodulated carrier.
Upon further addition of a 20 km SMF along with the wireless distance
for the hybrid channel case (Fig. 3(b)), we notice an increase in Sy
values. In this case, the unmodulated carrier degraded by an average
value of ~ 6.0 dBc/Hz compared to the wireless channel counterpart,
while the Sy of modulated carrier follows that of the unmodulated car-
rier, again showing consistency of the measurements. We attribute this
inferior Sy on including the SMF to the walk-off effect due to fiber
chromatic dispersion that may reduce the coherency of dual-modes,
thereby increasing the random phase noise of the MMW carrier
[24,26]. Moreover, comparing the 2 m and 4 m wireless links for both
channels, a decrease in Sy by ~ 4.0 dB/Hz/m is noted, which may be
ascribed to possible RF fading [25] which could be due to reflections
from the edges of the receiving antenna, thus affecting the phase noise.
Subsequently, we extracted Af; from the electrical spectrum of the 33
GHz unmodulated (shown in the inset of Fig. 3(b) at the transmitter side)
and 28 GHz modulated carrier at the receiver side. The spectrums are
Lorentzian fitted to extract the Af; values for both channels and at
various wireless channel lengths and observed to be in few kHz range,
which is very narrow and highly stable when observed for a long time.

Next, we evaluate the transmission performance of the 28 GHz
modulated MMW carrier generated by the EIL QD-LD by demodulating
and signal processing at the receiver and measuring the error-vector
magnitude (EVM) and SNR at different received optical power values
that we alter using the VOA. In our case, the successful QPSK trans-
mission is evaluated by sufficient EVM and average SNR of 37% and 8.5
dB, respectively [26], which translates to a BER of 3.8 x 1073, We
investigate 2 Gbps QPSK signal transmission performance over both
wireless and hybrid channels by varying the wireless link length and the
received optical power. The corresponding measured results are plotted
in Figs. 4 and 5. Considering the wireless channel, Fig. 4 (a) shows that

the EVM for 2 m wireless distance degraded from 15.8 to 41.5% on
attenuating the received optical power from 0.4 to —5.6 dBm, while the
EVM of 4 m wireless distance degraded from 23.5 to 45% when the
received power is reduced from 0.7 to —2.3 dBm. Hence, for the suc-
cessful transmission of 37%, the minimum required optical power, or in
other words, the receiver sensitivity of ~ —5.0 and ~ —1.5 dBm, are
noted for the 2 and 4 m wireless channel distances, respectively.
Moreover, we substantiate this observation by plotting EVM as a func-
tion of SNR in Fig. 4(b) that shows SNR of 8.5 + 0.25 dB at 37% EVM
value, in good agreement with the desired value [26]. We attribute the
degradation in receiver sensitivity to the additional RF free space path
loss encountered by the longer wireless distance that also fades the
received SNR. For instance, at a fixed received power of 0 dBm, the EVM
of 2 (4) m wireless channel is noted to be 16.6 (27) %, and the corre-
sponding measured average SNR is 15.6 (10.6) dB, thereby accounting
for ~ 5 dB decrease in SNR. The insets of Fig. 4(b), which plots the
received constellation and eye diagrams at a fixed SNR of ~ 10 dB,
corresponding to ~ 29% EVM, for the 2 m and 4 m link distance,
essentially does not show any penalty and exhibits an almost indistin-
guishable performance with clear cluster separation and an open eye.
Finally, we summarize the performance of hybrid 20 km SMF with
2-4 m wireless channel in Fig. 5(a) as a function of received optical
power. In this case as well, 2 m wireless link showed EVM degradation
from 17 to 42.6% when the received power is attenuated from 0.4 to
—5.6 dBm, while for 4 m wireless link showed an increase of 26 to 39%
when the optical power is reduced from 0.7 to —1.3 dBm. This translates
to a receiver sensitivity of ~ —4.5 and ~ —1.0 dBm for the 2 and 4 m
wireless length hybrid channels, which is ~ 0.5 dB inferior to the
wireless channel case. We attribute this to additional chromatic
dispersion-induced power fading distortion in the transmission channel
due to the addition of SMF. Nevertheless, at 0 dBm received power, the
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received average SNR faded by approximately the same value of ~ 5 dB,
from 15 dB to 10 dB, on increasing the wireless link length from 2 m to 4
m, with a corresponding reduction of EVM from 18 to 29%, as depicted
Fig. 5 (b). The QPSK constellation and eye diagrams, shown in the insets
of Fig. 5(b), for the case of 10 dB SNR, again demonstrate clear open eye
and well-separated constellations for both wireless channel lengths and
affirms consistency of our measurements.

4. Conclusion

In summary, we realized a high-quality photonic generation of MMW
beat-tone at 28 GHz, with a narrow Afj, employing an external injection-
locked QD-LD based comb at ~ 1610 nm for future high-speed hybrid
optical network infrastructures that are capable of potentially exploiting
the extended L-band wavelength of operation. We demonstrated a suc-
cessful QPSK signal transmission at 2 Gbps over 4 m wireless and 20 km
SMF — 4 m wireless hybrid channels with system exhibited Sy of ~ —105
and ~ —100 dBc/Hz at 1 MHz offset frequency, respectively. Moreover,
we performed a comprehensive analysis of the 28 GHz MMW beat-tone
carrier’s generation and transmission performance, suggesting
maximum power fading due to wireless free-space path rather than from
the SMF. Thus, with this work, we strongly believe in mid L-band InAs/
InP QD-LD as a potential candidate MMW photonics source for 5G and
next-generation optical networks.
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