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Abstract: We experimentally demonstrate for the first time a photonic integrated circuit
comprising an optical frequency comb generation unit and an optical injection locking unit, as part
of a fully packaged photonic wireless sub-THz receiver module. © 2024 The Author(s)

1. Introduction

Optical injection locking (OIL) is the process in which the light of a primary laser is injected into the cavity of a
secondary laser, forcing the latter to synchronize in terms of phase and frequency [1]. As a process, OIL finds use in
a plethora of different applications where laser synchronization is necessary. Some indicative examples include local
oscillator (LO) generation in homodyne receivers [2], optical atomic clocks [3], optical signal processing [4], and a
number of different other applications described in detail by the authors in [1]. Furthermore, due to its inherent
ability to generate microwave tones of high purity, OIL has emerged as a key tool in microwave photonics enabled
applications for the generation of mmWave and sub-THz wireless signals in optical heterodyning schemes, where
phase-locked optical carriers are either used at the transmitter side, to down-convert the modulated signal from the
optical domain to the microwave domain, or at the receiver side, to create a stable photonic LO in photoconductive
antenna (PCA) based applications [5]-[7].

On a related note, photonic integrated circuits (PICs) have emerged as a transformative advancement in optical
technologies, offering a spectrum of compelling advantages. Among those, their inherent miniaturized nature
enables substantial size and weight reduction, enabling the consolidation of multiple optical functionalities in a
single microchip. To add on that, the rise of hybrid photonic integration enables the combination of the strengths of
various photonic technologies and platforms, allowing for the incorporation of both passive and active optical
elements to create powerful and versatile integrated optical engines.

In this work we present a fully packaged PIC-based module whose functionality is that of a wireless sub-THz
photonic receiver, comprising different operations i.e., optical frequency comb generation (OFCG), OIL, optical
down-conversion, wireless detection, and amplification. To our specific interest in this work, the module’s OFCG
and OIL units are evaluated. To the best of our knowledge, this is the first experimental demonstration of a fully
packaged PIC encompassing OFCG as well as OIL functionalities enabled by an integrated isolator between them,
whose field of application can be expanded in a plethora of different optical technologies.

2. Photonic integrated circuit (PIC) presentation
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Figure 1: (a) Picture of the packaged TERAWAY module, (b) Picture of the module’s PIC, and (c) Functional
schematic of the module’s evaluated operations in this work

Figure 1 demonstrates the PIC under discussion in this work. A picture of the fully packaged optical engine is shown
in Figure la. The PIC of the module is placed beneath a metal lid used to protect it from both dust contamination
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and potential damage due to direct contact. A fiber array is accommodated, enabling the calibration and
configuration of the individual optoelectronics building blocks. Its electrical configuration is realized through a
printed circuit board (PCB) which is connected to the PIC via DC and RF wirebonds. The PCB hosts SMP and
FFC/FPC connectors to facilitate the interconnection of the PIC with commercially available test and measurement
equipment. From the thermal management point of view, the module encompasses a Peltier thermoelectric cooler
(TEC), two forced convection heat sinks equipped with fans, and a heat spreader (heat pipe). The module is placed
on a Cu plate to ensure thermal dissipation through the fan drive heatsinks.

A close-up picture of the PIC is depicted in Figure 1b. The PIC consists of the hybrid integration of four individual
photonic chips from different technology platforms, exhibiting complementary functionalities. Firstly, an InP chip
encompassing three gain sections offers the optical sources of the PIC (upper-left side of the PIC). A polymer-based
hybrid photonic integration platform named PolyBoard [8] serves as the photonic motherboard of the PIC,
incorporating the tunable distributed Bragg reflector (DBR) lasers’ external cavities, the routing network, optical
couplers, an optical isolator [9], as well as 90-10 tap couplers to be used for monitoring purposes (center of the PIC).
An InP chip enables the PIC’s modulation stage consisting of two cascaded phase modulators (PMs) and a
semiconductor optical amplifier (SOA, upper-right side of the PIC). Finally, the PIC comprises an InP chip
consisting of PCAs integrated with an on-chip transimpedance amplifier (TIA) array (lower-right side of the PIC).
To our specific interest in this work, the OFCG and optical injection locking operations are evaluated, the schematic
of whom is depicted in Figure lc. A DBR tunable laser (TL-1) acts as the primary laser, and serves as the input at
the OFCG stage, consisting of two cascaded PMs and an SOA. When driven with sinusoidal waves, the PMs
generate multiple optical tones at distances defined by the frequency of the sine wave, yielding a comb resembling
optical spectrum, called an optical frequency comb (OFC). An isolator whose output is equally split in two paths is
responsible for injecting the OFC in the secondary DBR lasers (TL-2 and -3). The tunability of the DBRs is
performed by applying current to their cavities’ grating and phase section, providing a 20 nm tuning range [8]. Thus,
phase-locking is achieved by carefully tuning the output wavelengths of the two secondary DBRs to coincide with
the desired tones of the OFC. Monitoring of the spectra of the OFC, as well as of the two secondary DBRs is
enabled by the fiber array described earlier.

3. Experimental results and discussion
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Figure 2: Spectra of the generated OFCs: (a) PM1 individually, (b) PM2 individually and (c) PM1 & PM2 combined

The experimental evaluation we followed was two-fold. In the first step, we assessed the performance of the OFCG,
monitoring the spectrum directly after the SOA at point (1) denoted in Figure 1c, using the corresponding fiber array
port. To that end, an RF LO was used, providing sinusoidal waves at the RF inputs of the PMs through the SMP
connectors hosted at the module’s PCB. The performance evaluation was firstly realized for each PM individually,
followed by the evaluation of the PM cascade. In the latter scenario, the output of the LO was equally split into two
electrical paths, with an RF phase shifter accommodated in one of them to control the relative phase shift of the
sinusoidal waves driving the PMs. In each case, equal power was fed into the corresponding SMP connector of each
PM (20 dBm). The results of this evaluation are presented in Figure 2. More specifically, Figure 2a, b depict the
OFCs obtained from PM1 and PM2 respectively. As can be observed, PM2 exhibited a better performance than PM1
when driven with the same RF power, generating seven optical tones with adequate optical power compared to PM1
which generated five. Considering that the PMs have identical design, any Vr variations between the two are
expected to be negligible, and thus this mismatch is most likely attributed to lower RF power reaching PM1 [10].
When driven concurrently, the PM cascade yields a broad OFC, shown in Figure 2¢, where the 3™ order harmonics
(denoted with the red color) are maximized, symmetrically of the optical carrier. Taking into account the resolution
of the available optical spectrum analyzer (OSA) which was equal to 0.02 nm (~2.5 GHz in C-band), and the
electrical bandwidth of our electrical spectrum analyzer (ESA), equal to 50 GHz, the frequency of the RF LO which
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provided the best trade-off between these two factors was 7.5 GHz, allowing us to perform the injection locking
process with the 3™ order harmonics, whilst being able to clearly assess the shape of the OFC.

At the second step, we examined the performance of the generated microwave tone. To do that, we firstly tuned the
output wavelengths of the two secondary lasers to coincide with the 3rd order harmonics of the comb, monitoring
their spectra in free-running mode (without OFC injection) at points (2) and (3) denoted in Figure 1c. Considering
that the frequency of the LO was equal to 7.5 GHz, these harmonics had a frequency distance of 6x7.5 GHz equal to
45 GHz. Then, we injected the OFC into the DBRs performing the phase-locking process and, using an on-chip
Mach-Zehnder interferometer, we forwarded one output to an external photodetector (PD), feeding its output to our
ESA, whereas the other was used for monitoring purposes, feeding the optical signal into our OSA. Since the fiber
array monitoring ports are fed by the 10% tap couplers, an external erbium-doped fiber amplifier was used to
provide adequate power to the PD. The generated microwave tone is depicted in Figure 3. The central frequency of
the microwave tone was equal to 45 GHz in all scenarios, defined by the frequency of the LO. Figure 3a depicts the
electrical spectrum of the generated microwave tone, when the two DBRs operate in a free-running mode. As
observed, the tone exhibits frequency instabilities due to the lasers’ uncorrelated phase noises, leading to wider
spectral content around its central frequency. As shown in Figure 3b and c, depicting the locked microwave tone,
through the injection locking process the phase noises of the two secondary DBRs become correlated and are
therefore suppressed during the photodetection stage. The generated microwave tone has almost negligible phase
noise, with a 3-dB linewidth below the resolution of the ESA, which was set at 100 Hz.

-40 -40 -40
@) o, ©
-50 -50
-60
—~ -60 ~ -60 -
3 £ g -70
=) = =]
= = =
T -70 T -70 T -80
3 ] 3
: : : 0
& 80 & 80 =
-100
-90 -90
-110
-100 -100 -120 =
Central Frequency: 45 GHz | Span: 1 GHz Central Frequency: 45 GHz | Span: 100 MHz Central Frequency: 45 GHz | Span: 10 kHz

Figure 3: Spectra of the microwave tone after photodetection. (a) Unlocked tone, Span: 1 GHz (b) Locked tone,
Span: 100 MHz (c) Locked tone, Span: 10 kHz

Extension to higher frequencies seems straight-forward, considering that the effectiveness of the injection locking
process is predominantly defined from the injected power and that the power of each harmonic of an OFC is not
dependent on the frequency of the RF sinusoidal wave, but rather on the ratio of its power to the modulator’s Vn
[10]. Therefore, higher LO frequencies could be used leading to generated microwave tones of also higher
frequencies, assuming that corresponding test and measurement equipment is available. Optical phase-locking in
optical heterodyne communications as a means of tackling the phase noise impairments has been under the under the
microscope of the research community, implemented also as a way to generate stable photonic LOs to be fed in
PCAs [7]. As a next step, we intend to explore that possibility using the module described in this manuscript,
exploiting the PIC’s full potential.
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